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Abstra
tThis thesis des
ribes experimental and theoreti
al work and te
hnology development dire
ted towardsthe next generation of X-ray astronomi
al instrumentation. A great heritage exists of instrumentswhi
h are sensitive to X-rays whi
h operate on board spa
e based observatories. The next generationof su
h teles
opes will take advantage of the rapid te
hnology advan
ement of the last four de
adesto more a

urately observe the universe and give greater insight into the obje
ts within it, how theyformed and how they will evolve.Chapters 2 and 3 des
ribe the investigation of extremely high speed mi
ro
hannel plate dete
tors
apable of 
ounting individual photons with a timing a

ura
y of a few tens of pi
ose
onds (1 ps =10�12 s) at extremely high spatial resolution. Although many early X-ray astronomi
al instrumentswere based on MCP dete
tors, it is only re
ent manufa
turing improvements whi
h have enabled theprodu
tion of su
h small pore diameters, enabling the unparalleled temporal and spatial resolution.Prospe
ts for future appli
ation exist in �elds as diverse as X-ray and ultraviolet astronomy and thelife s
ien
es.Chapters 4 and 5 report the testing of Mi
ro
hannel plates as low mass X-ray opti
s where thedevelopment of square pore geometries has made true imaging MCP teles
opes possible. Two 
ightprograms are identi�ed as areas where su
h opti
s will provide tangible s
ienti�
 bene�ts: These areBepiColombo, a European mission to the planet Mer
ury whi
h will 
ontain the �rst ever imagingX-ray teles
ope on a planetary s
ien
e mission and Lobster-ISS, a wide �eld of view teles
ope forX-ray astronomy whi
h will provide 
overage of, almost, the whole sky every 90 minute orbit. Testingreported herein �nds that the manufa
turing te
hniques are maturing to a point where they 
an ex
eedthe � 5 ar
min resolution required for these missions.Chapters 6 and 7 
omprise a des
ription of a 
ompletely novel X-ray polarimeter. For the past threede
ades, little or no progress has been made in the �eld of X-ray astrophysi
al polarimetry owing tothe la
k of suitable instrumentation, this is despite intense s
ienti�
 interest in su
h measurements.A very simple opti
al design for a polarimeter is made possible using highly ordered materials whi
hexhibit di
hroism at �xed, narrow energy bands, for the �rst time allowing simultaneous measurementof ALL astronomi
ally pertinent observables.The areas of s
ien
e in
uen
ed by these three areas of instrument development are shown to be verybroad, in
luding; astrophysi
s and 
osmology, planetary s
ien
e, life s
ien
es, nano-s
ien
e and evenfundamental 
hemistry.
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tor end of the DTF The end 
ange is 
learly visible and iswhere the dete
tor sits on the translation stages. . . . . . . . . . . . . . . . . . . . . . 493.2 Photograph of the SP1 dete
tor mounted onto the test fa
ility end 
ange . . . . . . . 513.3 Modal gain (triangles, right hand s
ale) and pulse height FWHM (squares; left hands
ale) as fun
tions of total MCP voltage. . . . . . . . . . . . . . . . . . . . . . . . . . . 523.4 (left) Peaked X-ray pulse height distribution for C-K X-rays with a total dete
tor biasof 1958 V. (Right) Noise pulse height distribution for the same voltage. . . . . . . . . 533.5 Analysis of the X-ray PHD shown in Figure 3.4. The green points are measured data,the red line an exponential �t to the �rst 15 and last 600 data points where the shape isthought to be dominated by the exponential fun
tion 
hara
teristi
 of MCPs, and theblue points the residual ex
ess noise 
ounts. The ex
ess noise is shown to be peakedand is thought to be 
aused by radioa
tive de
ay in the dete
tor body. It should benoted that the 
ount rate in the residuals is in pla
es negative, this is explained bythe fa
t that in pla
es the exponential �t overestimates the experimental results duemainly to statisti
al s
atter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553.6 Analysis of the noise PHD shown in Figure 3.4. The green points are measured X-raydata, the blue line measured noise 
ounts and the red 
urve the X-ray data with thenoise 
ounts removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563.7 (Upper panel) Pulse width and rise time as a fun
tion of rear voltage in the original
on�guration. NB. � 1 mm between the rear plates and the ele
trode. (Lower panel)Evolution of pulse shape with rear voltage. . . . . . . . . . . . . . . . . . . . . . . . . 59
XIV



3.8 Data from the most optimised dete
tor 
on�guration in the initial work. The rearvoltage was 2021 V. The red line is a Gaussian �t to the the pulse and the + signsare the data points. The relatively poor sampling of the pulse is 
hara
teristi
 of themaximum resolution of the os
illos
ope. . . . . . . . . . . . . . . . . . . . . . . . . . . 613.9 dete
tor pulse with rear grid and 2:5 kV between the grid and rear plate (1900 V onthe MCP sta
k). Note the se
ondary peak has been almost removed. . . . . . . . . . . 644.1 S
hemati
 diagrams of the KB geometry (top) after http://astroa.physi
s.metu.edu.tr/-�emrah/le
e/xteles
opes systems.html and the MCP opti
 geometry where the square
hannels make the two re
e
ting surfa
es of the KB geometry 
oin
ident in spa
e -(bottom) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 704.2 S
hemati
 diagrams of the fo
using me
hanisms of planar (top) and slumped (bottom)MCP opti
s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714.3 S
hemati
 diagram of the MIXS me
hani
al design. The Right hand element of the�gure is the 
ollimator 
hannel whi
h is des
ribed in Carpenter (2006). The Left handpart of the image shows MIXS-T (the teles
ope part of MIXS) where the mirror opti
module (MOM) is shown at the top of the image. The three 
on
entri
 rings of MCPtandems 
an be seen, the white ring 
ontains six 57Æ tandems, the Green ring hastwelve 30Æ tandems and the red outer ring has eighteen 20Æ tandems. Image 
ourtesyof Magna Parva Ltd (Loughborough Innovation Centre, Epinal Way, Loughborough,Lei
estershire, LE11 3EH). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 784.4 The large area MCP dete
tor in the long beamline fa
ility with the two axis rotationstage used for mounting the opti
s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 804.5 The e�e
t of image linearisation on the image taken using the pinhole array. Left, theraw, distorted image. Right, the image after linearisation. Note the good regularity ofthe linearised image in the 
enter and the degradation in linearity towards the edge ofthe �eld of view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 824.6 The 
ru
iform fo
al stru
ture of a planar square pore, square pa
ked MCP opti
. The
entral fo
us 
omprises photons re
e
ted an odd number of times from orthogonalwalls, the base of the pyramid is 2D resulting from the non-ellipsoid nature of the
hannel walls. The unre
e
ted 
omponent has a base size of 2LsD=L, resulting fromthe maximum transmission angle of the 
hannels being D=L. The 
ross arms resultfrom odd-even re
e
tions from orthogonal walls. After Pri
e (2001) . . . . . . . . . . . 83XV



4.7 The illumination geometry of radial plates under X-ray testing. The Blue lines representthe PSF for point to point investigation as des
ribed in Se
tion 4.3.2 . . . . . . . . . . 844.8 The radial 
ross arm stru
ture of a radially pa
ked MCP se
tor, (Left) an X-ray imagewith the illumination geometry of Figure 4.7. (Right) a ray tra
e image of a similargeometry with the opti
 rotated approximately 45Æ azimuthally. . . . . . . . . . . . . . 844.9 (Left) photograph of the short (1.4m) beamline. (Right) the two axis rotation stageused to mount MCP opti
s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854.10 Spe
trum of an ele
tron bombardment X-ray sour
e with a 2 �m ma
rofol �lter (top)and 4 �m aluminium �lter (bottom) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 864.11 S
hemati
 showing the foreshortening of the X-ray sour
e spot in the image plane . . 874.12 S
hemati
 diagram of the Tunnel Test Fa
ility (TTF). . . . . . . . . . . . . . . . . . . 885.1 Images of the test sample MCP opti
s. A � Square pore, square pa
k lobster opti
. B� radially pa
ked opti
 se
tor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935.2 Ray tra
ed simulations showing the e�e
t of in
reasing deformations to the 
hannelalignment for a planar, square pore, square pa
k MCP in point-to-point fo
using mode.The dete
tor pixels are 0.2 mm square. The inserts in the bottom right of ea
h panelare zoomed in versions of the 
entral 50 pixels of the point spread fun
tion magni�edby a fa
tor of 3. A) zero 
hannel deformation B) 2 ar
minute RMS 
hannel deformationC) 3 ar
minute RMS 
hannel deformation D) 5 ar
minute RMS 
hannel deformation.The 
olour s
ale represents the e�e
tive area (in 
m2) per pixel in the image plane andshould be interpreted as intensity in the X-ray image. The images have a 
ommonsaturation level of 10�2 
m2 per pixel in order to in
rease the 
ontrast between thebright 
ental fo
us and the lower level stru
ture. . . . . . . . . . . . . . . . . . . . . . 945.3 Ray tra
ed images showing the e�e
t of in
reasing deformations to the 
hannel align-ment for a planar, square pore, square pa
k MCP fo
using almost parallel X-rays in a27 m beamline. The dete
tor pixels are 0.045 mm square. The inserts in the bottomright of ea
h panel are zoomed in versions of the 
entral 200 pixels of the point spreadfun
tion magni�ed by a fa
tor of 3. A) zero 
hannel deformation B) 2 ar
minute RMS
hannel deformation C) 3 ar
minute RMS 
hannel deformation D) 5 ar
minute RMS
hannel deformation. The 
olour s
ale is as des
ribed in Figure 5.2. . . . . . . . . . . . 96XVI



5.4 Images showing the modal average of the number of re
e
tions undergone by rays inorder to arrive at the fo
al plane in the given position. The 
olour s
ale representsthe number of hits plus one, in order to di�erentiate between pixels with no events andthose with an average of zero re
e
tions. A) planar MCP in a 1.4 m beamline. B) MCPslumped to 750 mm spheri
al radius of 
urvature in a 27m beamline � the position ofthe fo
al plane is 370 mm from the opti
 in order to a

ount for the �nite length of thebeamline. Both models assume 2 ar
minute blurring of the 
hannel axes. . . . . . . . . 975.5 Image showing the number of re
e
tions vs the x/y position of the last re
e
tion onthe opti
 rear surfa
e. The image is dire
tly 
omparable with Figure 5.4 and shows,on average, where on the opti
 the features in the PSF originate from (the same 
olours
ale is applied as Figure 5.4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 975.6 Ray tra
e images of a se
tor with the same parameters as the slumped opti
 to showthe fo
al stru
ture as the image moves o� axis. A) 20 ar
minutes o� axis horizontally.B) 20 ar
mins o� axis verti
ally. C) 20 ar
mins o� axis verti
ally (in opposite dire
tionto B). D) 10 ar
mins o� axis in both axes. The 
olour s
ale is as des
ribed in Figure 5.2.1005.7 A) data from ray tra
e modeling showing the modal average of the number of re
e
tionsundergone by rays. The 
olour s
ale represents the number of hits plus one, in order todi�erentiate between pixels with no events and those with an average of zero re
e
tions.B) As in A but the image positions represent the position of the ray in the opti
plane (i.e. where the rays are re
e
ted in the opti
 - for the �nal re
e
tion if multiplere
e
tions). The model assumes the MCP is slumped to 1333 mm spheri
al radius of
urvature and is �tted in a 27m beamline � the position of the fo
al plane is 650 mmfrom the opti
 in order to a

ount for the �nite length of the beamline. Both modelsassume zero blurring due to random misalignment between 
hannel axes (i.e. that all
hannels point towards the 
entre of 
urvature of the opti
) and that the o� axis angleis zero in both axes. No RMS blurring of the 
hannel axes was in
luded as I 
ould notmake the blur give physi
ally reasonable deformations in the ray tra
ing software thiswill be in
luded in the next phase of study. . . . . . . . . . . . . . . . . . . . . . . . . 1025.8 Diagram to demonstrate the Abbe sine 
ondition, both rays interse
t at the fo
al pointmeaning that they have the same magni�
ation. . . . . . . . . . . . . . . . . . . . . . 1025.9 Comparison of e�e
tive area as a fun
tion of energy for sour
e distan
e u =27 m (redand light blue) and u = 1 (green and dark blue) with either an unobstru
ted 40 mmby 40 mm �eld of view (green and red) or with a 35 mm � 35 mm aperture to representthe mounting stru
ture (two blue 
urves). . . . . . . . . . . . . . . . . . . . . . . . . . 104XVII



5.10 A) Linearised image of the PSF from the 
at plate point-to-point measurement. Theellipti
al 
entral fo
us is a 
onsequen
e of the ellipti
al sour
e spot. The dire
tion ofthe 
ut shown in panel B is from bottom left to top right. Ea
h pixel is � 76�m andthe 
olours indi
ate normalized intensity. Data from Brown & Yates (2006). B) Cuttaken through Figure 5.10 as indi
ated by the bla
k line. The FWHM indi
ates anopti
 resolution of 3:1 ar
mins before sour
e size 
orre
tion. . . . . . . . . . . . . . . . 1065.11 A) 
ut taken through Figure 5.10 as indi
ated by the bla
k line in Figure 5.10-A. Thegreen \�t lines" represent the model pro�les and the red points are measured data pointsfrom Figure 5.10-B. B) 
ut perpendi
ular to that in panel A. The bla
k triangular linein both panels is the response when the sour
e size is approximated by a delta fun
tioni.e. it is the limiting resolution as sour
e size tends to zero. The �t lines represent (inorder of in
reasing width) ratio of sour
e size to opti
 FWZM of approximately 0.2,0.3, 0.45, 0.55. The sharp 
hange in gradient of the model 
urves towards the edge ofthe plots is simply the edge of the modeled region and is not a physi
al e�e
t. . . . . . 1075.12 (right) is an X-ray image taken in point to point fo
using mode in the 1.4 m beamlinewith a radially pa
ked se
tor. A re
tangular aperture was pla
ed in front of the MCP toprevent stray X-rays rea
hing the fo
al plane. The axes are pixels (0.27 mm a
ross) andthe 
olour s
ale is 
ounts per pixel. (Left) a ray tra
e model of the same 
on�guration.In the model, the opti
 has an o�-axis angle of � 0:5Æ in both axes of the rotationstage, and is 50 mm out of fo
us. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1085.13 (Left) saturated ray tra
e image of a similar geometry to the test. (Right) X-rayimage of the point spread fun
tion measured by point to point fo
using. The FWHMresolution is � 7 ar
mins. The 
omponents of this image are as reported in Figure 5.12. 1105.14 Cut through Figure 5.13 in a dire
tion tangential to the radial 
ross arm from top leftto bottom right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1105.15 Variation in opti
 resolution as a fun
tion of position along the opti
al axis. Ellipti
alapproximation is the square root of the produ
t of the two axes shown in this �gure(dashes). Axis 1: Squares, Axis 2: Triangles. The 
ir
led data points are 
onsideredanomalous and are ex
luded from the �tted 
urve. . . . . . . . . . . . . . . . . . . . . 1125.16 Logarithmi
ally s
aled image of the 
ru
iform PSF from the slumped plate. The axesare in pixels with 1 pixel = 38 �m. No 
olour bar is in
luded as the shape is of primaryinterest in this 
ase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112XVIII



5.17 X-ray image formed by the (nominal) 1.33 m slumped radially pa
ked opti
 KL001-2.The FWHM angular resolution is 8.9 ar
mins in the verti
al dire
tion. The band ofintensity at the bottom of the image is due to dire
t transmission around the mountingstru
ture. The panels to the left of and below the main image are horizontal and verti
alintegrations of the image. Axes in (0.27 mm) pixels. The plot in the bottom left hand
orner is the MCP dete
tor pulse height distribution (units of 
hannels). . . . . . . . . 1155.18 (Left) image with dete
tor � 3 
m behind the fo
us. (Right) image � 20 
m in front ofthe fo
us. The shape of the fo
us 
hanges as the dete
tor moves from behind the bestfo
us to in front of it. The images are taken in the same way as Figure 5.17. . . . . . . 1165.19 A true 
ut through the 
entral fo
us shown in Figure 5.17. The 
ut is in the y � axis. 1175.20 Surfa
e height pro�le (blue) measured for the slumped opti
, the radius of 
urvaturewas � 69 
m. Superimposed is the best �t model pro�le of the mounting jig whi
hshowed a radius of 
urvature of � 38 
m, half the required value. Therefore, mountingstresses are likely to be distorting the opti
. . . . . . . . . . . . . . . . . . . . . . . . . 1196.1 Diagram showing the e�e
t of adding two ele
tromagneti
 waves. Top, the waves arein phase leading to linear polarised light. Bottom, The waves are �=2 radians out ofphase leading to 
ir
ular polarisation. Figure 
ourtesy of www.s
ielo.br/img/fbpe/qn/-v25n5/11410f2.gif . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1256.2 Diagrams of the beaming e�e
t of syn
hrotron emmission. Left panel, in the restframe of the ele
tron, the dipolar lines around the ele
tron represents the intensity ofthe emission in that dire
tion and is also 
hara
teristi
 of 
y
lotron radiation. Rightpannel, demonstrating the e�e
t of the Lorentz transform into the rest frame of theobserver, the strong beaming e�e
t is often 
alled the headlight e�e
t. Image fromhttp://www.astro.utu.�/�

ynn/astroII/l4.html . . . . . . . . . . . . . . . . . . . . . 1306.3 Diagrams of Bragg 
rystal polarimeters (left - (A) is in non-fo
using mode, (B) isfo
using) and Thompson s
attering polarimeters (right). . . . . . . . . . . . . . . . . . 1376.4 The 19% polarisation modulation 
urve reprodu
ed from Weisskopf et al. (1978b), Fig-ure 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1386.5 Diagrams of Bragg 
rystal polarimeters Flown on the OSO 8 spa
e
raft (reprodu
edfrom Novi
k (1975) - Figure 9). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1396.6 Shemati
 of the MPP design taken from Costa et al. (2001). . . . . . . . . . . . . . . . 142XIX



6.7 The X-ray absorption �ne stru
ture for a sili
on wafer. The \ripples" after the mainedge are a 
onsequen
e of the ele
troni
 states 
lose to the ex
ited sili
on atom. Imagereprodu
ed from http://pfwww.kek.jp/kitajima/sx/bl11b e.html. . . . . . . . . . . . . 1457.1 Transmission spe
tra from Collins et al. (2002) for a dibromoalkane/urea in
lusion
ompound (left) and Chao et al. (2003) for a 1-Bromoadamantane/Thiourea in
lusion
ompound (right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1517.2 Stru
ture of YC19 showing the bond orientations and the position of the atoms. The
opper atoms are shown in light blue and in between them lies a planar bridging ligandwhi
h, along with the ring stru
tures either side of the 
opper atoms 
onstrain the
rystals to grow in a regular manner, for
ing the ele
troni
 stru
ture into a mono-axial
on�guration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1527.3 Photograph of the experimental arrangement for testing di
hroi
 
rystals at station16.3 of the Daresbury SRS. The � axis is a rotation around the green ring in the 
enterof the image and � is a rotation at 90Æ to this axis about the sample mounting stru
ture.1557.4 S
hemati
 diagram of the experimental arrangement for testing di
hroi
 
rystals atstation 16.3 of the Daresbury SRS. Panel A shows the plan veiw with the plane of thesyn
hrotron and therefore the X-ray polaratation in the page. The ion 
hambers usedfor dete
tion are shown. Panel B is a view from ion 
hanber 2 towards the syn
hrotronsu
h that the plane of polarisation is now horizontal on the page. The 
hi axis isarotation around the opti
al axis of the beamline (i.e. around the green ring) the Phiaxis is verti
al in the Figure 7.3 and is represented as rotation around the sample inpanel A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1567.5 Energy spe
tra for an in
lusion 
ompound of 1-Bromoadamantane/Thiourea. The red
urve is for � = 90Æ and the bla
k 
urve for � = 0Æ where � is the angle between theaxis of the 
rystal expe
ted to be parallel to the bond whi
h leads to the di
hroism andthe polarisation dire
tion of the photons. . . . . . . . . . . . . . . . . . . . . . . . . . . 1597.6 Surfa
e showing absorption as a fun
tion of photon energy and 
rystal orientation fora 1-Bromoadamantane/Thiourea in
lusion 
ompound. . . . . . . . . . . . . . . . . . . 1607.7 Transmission spe
trum of a 1-Bromoadamantane/Thiourea in
lusion 
ompound, theextended energy range from Figure 7.5 demonstrating the narrow bandwidth of thedi
hroi
 response. The 
urves are as des
ribed in Figure 7.5 . . . . . . . . . . . . . . . 161XX



7.8 Energy spe
tra for an in
lusion 
ompound of a 1-Iodoadamantane guest in a Thioureahost. The 
urves are as des
ribed in Figure 7.5 . . . . . . . . . . . . . . . . . . . . . . 1627.9 Transmission spe
tra for a Ferro
ine/Thiourea in
lusion 
ompound (left) and an in
lu-sion 
ompound of benzene 
hromium(0) Tri
arbonyl in Thiourea. The signi�
ant dipin the plot for the 
hromium 
ompound is not real. It is believed to be indi
ative ofa mono
hromator glit
h meaning that data from this 
ompound is not as reliable asfor the other materials. This and the poor signal to noise ratio of the data mean thatthe only realisti
 
on
lusion obtainable from this data set is that there is no signi�
antdi
hroi
 e�e
t. The 
urves are as des
ribed in Figure 7.5 . . . . . . . . . . . . . . . . . 1627.10 Showing the broadband transmission properties (Henke et. al. 1993), for Thiourea(bla
k) and urea (red). Left, arbitrary sample thi
kness = 0.5 mm. Right, samplethi
kness = 0.1 mm (as for Cr 
ompound). . . . . . . . . . . . . . . . . . . . . . . . . 1637.11 Diagrams of the unit 
ell of the 
oordination 
ompounds (A) YC19 (B) YC31
. InYC19 the bonds pertinent to di
hroism are parallel, for YC31
 they are in
lined withrespe
t to ea
h other. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1647.12 Energy spe
tra for YC19. The 
urves are as des
ribed in Figure 7.5 . . . . . . . . . . 1657.13 Energy spe
tra for YC31
. The 
urves are as des
ribed in Figure 7.5 . . . . . . . . . . 1657.14 Engineering sket
h of a potential �lter wheel design for the di
hroi
 �lter polarimeter(
ourtesy of Baden Favill, University of Lei
ester). . . . . . . . . . . . . . . . . . . . . 1687.15 Overplot of the di�eren
e in transmission 
hange between the two axes of the polariserfor all three useful di
hroi
 materials. The results indi
ate that polarisation informationis 
ontained within a bandwidth of a few hundred eV of the absorption edge(I-K 33:17keV, Br-K 13:47 keV, Cu-K 8:98 keV). . . . . . . . . . . . . . . . . . . . . . . . . . . . 1697.16 The modulation fa
tor plotted as a fun
tion of �lter thi
kness for the 1-Bromoadaman-tane/thiourea in
lusion 
ompound. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1707.17 The �gure of merit � as a fun
tion of �lter thi
kness for the 1-Bromoadamantane/-Thiourea in
lusion 
ompound (left) and YC19 (right). . . . . . . . . . . . . . . . . . . 1717.18 The e�e
tive area of the XEUS mirrors based on the most re
ent opti
al 
on�guration(June 2007) with a multilayer 
oating. No dete
tor eÆ
ien
y is in
luded in the 
urve.(Data 
ourtesy of Willingale (2007a)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174XXI



7.19 Fra
tional absorption in the �lter 
al
ulated using the NIST web 
al
ulators (Chantler,1995). The empiri
al formula for the mole
ule was used in the 
al
ulation and the data�tted to the absorption edge measured at the Daresbury SRS. . . . . . . . . . . . . . . 1787.20 Theoreti
al X-ray spe
trum of the 
rab nebula 
al
ulated using the parameters in Table7.2. The absorption features are explained in S
hattenburg & Canizares (1986), wherethe main feature is oxygen in the interstellar medium. Also present are Nitrogen, Iron,Magnesium and Sili
on. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1787.21 The dete
ted spe
trum from the Crab nebula assuming the XEUS e�e
tive area andtransmission through a 1-Bromoadamantane/Thiourea in
lusion 
ompound �lter withtransmission given by experiments at the Daresbury SRS. It should be noted that a
onstant, 100% dete
tor eÆ
ien
y is assumed over the whole energy range � resultsshould, therefore, be s
aled a

ording to dete
tor eÆ
ien
y. . . . . . . . . . . . . . . . 179
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Chapter 1Introdu
tion
X-ray astronomy is now a mature s
ien
e. The \a

idental" dis
overy of 
osmi
 X-ray emission(Gia

oni et al., 1962) marked the beginning of a dis
ipline whi
h has provided new insights into theuniverse we live in and the obje
ts within it. In parti
ular, observing X-ray emission from 
elestialsour
es has allowed astronomers to probe the most exoti
 and energeti
 pro
esses in the 
osmos.These in
lude: a

retion power (the loss of gravitational energy as matter falls onto a 
ompa
t obje
tin an a

retion disk, leading to intense heating of the disk to millions of degrees Kelvin), ele
tronsa

elerating in strong magneti
 �elds at speeds approa
hing the speed of light, and the afterglow fromgamma ray bursts whi
h are thought to be the birth of bla
k holes by the 
ollision of neutron starsor the 
ollapse of supermassive systems.X-ray astronomy began in the 1960s with sounding ro
ket experiments 
arrying Geiger 
ounters abovethe atmosphere to look for high energy photons. Although Friedman et al. (1951) had observed the�rst example of X-ray emission from a 
elestial obje
t (the sun), it was not until the 1960s that extra-solar X-ray emission was 
on�rmed. Gia

oni et al. (1962) reported a sounding ro
ket experiment,designed to dete
t the 
uores
en
e X-rays from the surfa
e of the moon. These were expe
ted to1



be indu
ed by the impa
t of the solar wind on the lunar regolith. However, the experiment \failed"owing to a very high measurement ba
kground. This was shown to have a 
osmi
 origin and wasinterpreted as a di�use ba
kground radiation with a dis
rete sour
e (or sour
es) superimposed on it.The dis
rete sour
e was later resolved and found to be in the 
onstellation S
orpio and was named S
o-X1, 
on�rming the existen
e of extra-solar X-ray sour
es. Subsequent in
reases in opti
 performan
ehave allowed mu
h of this di�use ba
kground to be resolved into known point sour
es. However, thereis still a di�use, unresolved 
omponent to 
osmi
 X-ray emission.It was not until the U.S. Apollo moon program in the late 1960s and 70's that Gia

oni's lunar X-ray 
uores
en
e measurements be
ame possible (Adler & Trombka, 1977). This is be
ause of thelow signal from the moon and high sky ba
kground. The �rst X-ray image of the moon taken fromEarth orbit was a
quired by the ROSAT Position Sensitive Proportional Counter (PSPC) (Figure1.1) and demonstrates the rather poor statisti
al dis
rimination between the sky ba
kground and
uores
en
e from the lunar surfa
e, despite the signi�
antly improved instruments onboard ROSAT(when 
ompared to the early sounding ro
kets). Chapters 4 and 5 des
ribe a new kind of X-ray opti
whi
h 
ould enable the same observations to be made of the surfa
e of the planet Mer
ury.X-ray astronomy has remained the predominant observational probe of extreme astrophysi
al envi-ronments for over 40 years. Sin
e the early ro
ket borne experiments, it has developed at a fast pa
e,enabled largely by the rapid improvements in instrumentation designed for su
h observations. Yetdespite the major breakthroughs in X-ray astronomy in re
ent years, many fundamental questions re-main unanswered. As we approa
h the se
ond de
ade of the new millennium, several new and ex
itingmissions are planned whi
h will further our understanding of the X-ray universe.This thesis des
ribes new te
hnologies for X-ray astronomi
al instrumentation. It 
an be brokendown into three broad areas; high speed mi
ro
hannel plate dete
tors, mi
ro
hannel plate X-rayopti
s and new instrumentation for X-ray polarimetry. These will be 
onsidered with referen
e to the2



Figure 1.1: Image of the moon taken by the ROSAT PSPC, showing the 
uores
en
e X-rays from thesunlit side and no signi�
ant emission from the unilluminated side. The events present on the darkside of the moon are attributed to geo
oronal emission in the Earth's atmosphere.
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te
hnology development, s
ienti�
 drivers and possible appli
ation in a number of spa
e and terrestrialenvironments, while 
on
entrating on their use in X-ray astronomy.This 
hapter provides a broad overview of the s
ien
e goals whi
h motivate the work, introdu
es someof the te
hnology ne
essary to pursue these s
ienti�
 obje
tives, and �nally provides a plan of thethesis.1.1 Astrophysi
al X-ray generationX-rays are high energy (� 0:1 keV � E� 100 keV, 0.1�A� � � 100�A) ele
tromagneti
 photons. Thislarge energy range and the variation in the behaviour (re
e
tion, absorption et
.) of the photonswithin this range means that X-rays are further divided into \soft" (low energy) and \hard" (highenergy). These de�nitions are somewhat arbitrary and depend on the 
ontext of the dis
ussion. Inthis thesis, soft X-rays will be de�ned as those with energies below 10 keV, and hard X-rays thosephotons with E � 10 keV. Any deviation from this 
onvention will be explained in the text.Many astrophysi
al pro
esses 
an produ
e X-rays. These pro
esses are often divided into two areas;\thermal" and \non-thermal" emission, and are explained in detail below.1.1.1 Thermal emissionThe main example of thermal emission is bla
k-body radiation, where a sour
e emits a spe
trum ofphotons 
hara
teristi
 of its temperature. This spe
trum is des
ribed by the Plan
k fun
tion (Equation1.1), giving the proportion of the radiation emitted from a sour
e of a given temperature as a fun
tionof wavelength (or energy),
4



I (�; T ) = 2h
2�5 1e h
�kT � 1 ; (1.1)with I the emitted intensity of radiation as a fun
tion of wavelength, � (in metres) and temperature(T, in Kelvin), h is Plan
k's 
onstant (6.63�10�34 Js), k is Boltzmann's 
onstant (1.38�10�23 J/K)and 
 is the speed of light in a va
uum (3�108 m/s). Wein's law relates the peak of the Plan
kfun
tion to a given wavelength, su
h that:
�max = bT ; (1.2)where �max is the peak wavelength (in nanometres), b is Wein's displa
ement 
onstant (2.898�10�3nm K) and T is temperature (in Kelvin). Therefore, Equation 1.2 gives the wavelength at whi
hmost photons are emitted from the sour
e. For a thermal X-ray emission pro
ess, this wavelength isin the X-ray regime, and the sour
e emits a signi�
ant fra
tion of the radiation in the X-ray band.Assuming the peak of the Plan
k fun
tion lies at an X-ray wavelength of 10 �A, Wein's law impliesa 
hara
teristi
 temperature of � 3 � 106 K. At these temperatures, thermal ex
itation of ele
tronsfrom atoms 
an lead to multiple ionisation of the matter in the sour
e, meaning that thermal X-raysour
es often 
onsist of highly ionised plasmas (explained in more detail in Se
tion 2.4).Another example of a thermal emission pro
ess is thermal bremsstrahlung radiation, where 
hargedparti
les (usually ele
trons) are slowed when they s
atter o� other 
harged parti
les su
h as atomi
nu
lei. The Maxwell-Boltzmann distribution governs the velo
ities of the ions within a thermallyex
ited plasma, and 
an be stated as

f (v) = 4p� � m2kT �3=2 v2e�mv2=2kT ; (1.3)5
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Figure 1.2: The shell pi
ture of ele
tron orbitalswhere f (v) is the fra
tion of parti
les having velo
ity v, and m is the parti
le mass. The otherparameters are as de�ned in Equation 1.1. If we assume that the s
attering is inelasti
, the averagevelo
ity distribution is 
onstant on a ma
ros
opi
 s
ale, but 
ontinual 
hanges in the dire
tion ofparti
les as they s
atter o� ea
h other leads to the emission of X-ray radiation (here the 
ooling e�e
timplied by the radiation of energy as X-rays is 
onsidered negligible).1.1.2 Non Thermal emissionX-ray 
uores
en
e is an example of a non-thermal pro
ess. As a photon or 
harged parti
le impingeson an atom, it deposits its energy and photo-ionises a 
ore level ele
tron. This 
reates an instabilityin the ele
troni
 stru
ture of the ionised target anode material and ele
trons fall from higher energyele
tron orbitals (shells) into the lower energy states va
ated by the ionised ele
tron. The extraenergy is released as an X-ray photon whose energy is given by the di�eren
e in the atomi
 energy6



Figure 1.3: Typi
al theoreti
al X-ray spe
trum from an ele
tron bombardment sour
e, in
luding trans-mission through an aluminised lexan �lter to remove the low energy photons. The tube a

eleratingvoltage was assumed to be 2 kV. The Bremsstrahlung 
ontinuum is seen to be signi�
antly lowerintensity than the L-shell 
uores
en
e from the 
opper anode.levels involved. K-shell emission o

urs when the ex
ited ele
tron 
omes from the innermost ele
tronorbital (the K-shell) and an ele
tron falls into the K-shell from the L- or M-shells, L-shell emission iswhen an ele
tron is emitted from the L-orbital and ele
trons fall from the M- or N-shells (Figure 1.2).This pro
ess is used in the laboratory as a method for produ
ing an approximately mono
hromati
beam of X-rays in an ele
tron bombardment sour
e (see Se
tion 4.3.2 and Figure 1.3). In addition tothis 
uores
en
e line, a non-thermal Bremsstrahlung 
ontinuum will be present (Figure 1.3). This is
aused by ele
trons being slowed as they impinge on the metal anode.In a 
elestial 
ontext, ex
itation of a planetary surfa
e by solar X-rays and solar wind parti
les leadsto an X-ray 
uores
en
e spe
trum 
hara
teristi
 of the surfa
e 
omposition (see Se
tion 4.2).Other non-thermal pro
esses in
lude 
y
lotron and syn
hrotron emission, where X-rays are emittedowing to the a

eleration of ele
trons in 
ir
ular orbits within an intense magneti
 �eld. These7



pro
esses will be 
onsidered further when the produ
tion of polarised X-rays is dis
ussed in Chapter6.1.1.3 Astrophysi
ally signi�
ant observablesX-ray emission pro
esses all manifest themselves in terms of \observable parameters." To date the onlyextensively used observables are spe
tros
opy, photometry, imaging and timing, whi
h are des
ribedbelow. They have provided extremely powerful diagnosti
s to 
onstrain models proposed to explainthe emission from 
elestial sour
es.Spe
tros
opy is the study of the fra
tion of photons seen from a sour
e at di�erent energies. This
an give information on the temperature, elemental 
omposition, ionisation state and redshift(therefore distan
e) of matter where the photons are 
reated. Spe
tros
opy also provides theonly method of remotely measuring the magneti
 �eld where the X-ray is emitted (at least inthe absen
e of polarimetry, more later). This is done by observing the Zeeman e�e
t whereemission lines are split into dis
rete states by the presen
e of a magneti
 �eld. In pra
ti
e, itis usually the inverse Zeeman e�e
t that is observed, where a similar splitting is observed forabsorption edges (Kit
hin, 1984). Therefore, emission and absorption features in the spe
trumgive a wealth of information about the nature of the environment in whi
h they are 
reated.Photometry is the study of the number of photons emitted in all energy bands from a sour
e.Spatially resolved photometry is often used, giving an image of the extended nature of a sour
e(see imaging bullet). The nature of the bright and dim regions allow dis
rimination betweendi�erent emission pro
esses o

urring at di�erent positions in an extended sour
e (e.g. supernovaremnants).Imaging a key data produ
t from X-ray observatories is given by images of the morphology of8



extended obje
ts. These images allow us to re
ognise stru
tures like the shells of some supernovaremnants whi
h give information about where the X-rays are 
reated and the pro
esses whi
hare 
ausing their emission.Timing allows study of the evolution of the emission from a sour
e as a fun
tion of time. Almost allX-ray sour
es exhibit variability at some temporal s
ale, a good example being X-ray pulsars.Pulsars 
an be des
ribed as astronomi
al lighthouses as they emit beamed radiation whi
h passesinto and out of our line of sight to the obje
t as a fun
tion of time. The typi
ally millise
ondinterval between the re
eption of 
onse
utive pulses is interpreted as the rotation period of thesour
e. If we observe pulsars for years or de
ades, pulsar spin periods are typi
ally observed to bede
reasing very slowly due to energy lost through radiation. Therefore, on times
ales of hundredsto thousands of years the rate a pulsar spins at will 
hange signi�
antly, thus demonstrating thebroad array of 
hara
teristi
 times
ales even in a single astrophysi
al sour
e.Independently, all four measurements are powerful diagnosti
s of the behaviour of matter within thesour
e, but by 
ombining them, substantially more information is revealed. Consider an instrumentthat 
an measure the intensity and energy of the in
ident photons as a fun
tion of position and time.Su
h an instrument 
an re
ord all three of these observables and give a mu
h more 
omprehensivepi
ture of a sour
e than any of them individually. An obvious example of su
h a devi
e is a CCD(des
ribed below), whi
h 
an re
ord the position (at an a

ura
y of approximately the pixel size ofthe devi
e), the measured energy of the photon (limited by the Fano fa
tor1) and, �nally, the time ofarrival of the photon (limited by the readout time or 
lo
king frequen
y).A number of unanswered questions exist in X-ray astronomy be
ause of the degenera
y of predi
tionsfrom 
ompeting models of 
ertain emission pro
esses when 
onstrained solely by these three observ-1This is a measure of the dispersion of the statisti
al distribution of the number of ele
tron hole pairs 
reated onabsorption of a photon with a given energy. For sili
on dete
tors su
h as CCDs, this number is � 0.12 (Mi
hette, A.,1993). 9



ables. One example of this was the argument in the early 1970s as to whether the emission from theCrab nebula was governed by a 
omplex thermal spe
trum, or by emission via a syn
hrotron pro
ess.It was only with the dire
t measurement of polarisation of the X-rays that this degenera
y 
ould bebroken. Unfortunately, to date this remains the only 
on
lusive measurement of polarisation in an as-trophysi
al X-ray sour
e (Chapter 6). The implied diÆ
ulty of polarisation measurements is real andmeans that the long-awaited addition of two new observable parameters (the degree (P ) and dire
tion(�) of polarisation) released by X-ray polarimetry is yet to be a
hieved. This will be dis
ussed furtherin Se
tion 1.5.3 and Chapters 6 and 7.Measurements of these observables must be extremely well understood in terms of the instrument
hara
teristi
s in order to e�e
tively 
onstrain theories on astrophysi
al X-ray emission. Instrumente�e
ts must be distinguished from those o

urring in the target obje
t where typi
ally, several emissionpro
esses will be o

urring in any given sour
e. Add to this the absorption of X-rays due to gas, dust,plasmas et
. along the line of sight to the obje
t and it be
omes very diÆ
ult to disentangle all ofthe pro
esses whi
h are o

urring. Consequently, the instruments used to make these measurementsmust be extremely well 
alibrated and 
hara
terised. They must also have high eÆ
ien
y in orderto 
apture as mu
h of the (intrinsi
ally low) 
ux from 
elestial X-ray sour
es as possible. Therefore,highly 
omplex spa
e based teles
ope systems are needed to generate useful data in X-ray astronomy.Su
h observatories have existed for over 30 years, in
reasing in 
omplexity over time but yielding newdiagnosti
 power with every new instrument.1.2 Histori
al X-ray astrophysi
al observatoriesInstrumentation for X-ray astronomy has to be spa
e based due to the attenuation of X-rays by theatmosphere. High altitude balloon 
ights and sub-orbital sounding ro
ket 
ights were used extensivelyin the early days of X-ray astronomy in order to over
ome this attenuation and are still used today10



(e.g. Crudda
e et al. (2002) or Harrison et al. (2000)). However, the short exposure times, 
oupledwith the typi
ally weak signals from these sour
es makes su
h transient observations problemati
.A better way of observing X-ray sour
es is from a dedi
ated orbital platform where the observationtime is not limited to the (�few minute to few hour) duration of the ro
ket or balloon 
ight. Theearly OSO series of satellites2, used mainly to observe the Sun, employed 
ollimators to restri
t the�eld of view and as su
h had little imaging 
apability (the only imaging being possible by rasteringthe �eld of view over an obje
t). Nevertheless, these satellites provided a marked step forward inour understanding of the X-ray universe. For instan
e, OSO 8 dete
ted the iron line signature in
lusters of galaxies (Mushotzky et al., 1978, Smith et al., 1979), dete
ted the bla
k body nature ofX-ray bursts (e.g. Swank et al. (1976)) and pla
ed upper limits on the polarisation of a number of
elestial X-ray sour
es (e.g. Long et al. (1980))3. These remain the latest results X-ray astronomi
alpolarimetry, a topi
 whi
h will be 
overed in more detail in Chapters 6 and 7.Einstein was laun
hed in November 1978 and was the �rst orbital platform to employ grazing in
iden
e(Wolter 1) fo
using opti
s (Gia

oni, 1980). As su
h, its sensitivity was over 100 times greater thanany previous X-ray instrumentation, reserving its pla
e as the �rst of the great X-ray observatories.It performed the �rst high resolution spe
tros
opy on supernova remnants as well as being the �rstteles
ope to resolve numerous dis
rete X-ray sour
es (for instan
e in the Andromeda galaxy). Einsteinwas followed by EXOSAT whi
h allowed imaging, photometry and medium resolution spe
tros
opy.The impressive array of instruments it 
arried allowed it to dis
over quasi-periodi
 os
illations (theperiodi
 
aring of low mass X-ray binaries � e.g. Dieters et al. (2000)) and X-ray pulsars, as wellas studying the variability of a
tive gala
ti
 nu
lei and the presen
e of iron lines in gala
ti
 andextra-gala
ti
 sour
es.2http://en.wikipedia.org/wiki/Orbiting Solar Observatory3http://imagine.gsf
.nasa.gov/do
s/sats n data/missions/oso8.html11



The laun
h of ROSAT in 1990 and the subsequent de
ade of its operational life saw yet another greatleap forward for X-ray astronomy. The �rst 6 months of operation were dedi
ated to the �rst everall sky surveys using imaging instruments. These were in the energy ranges 0.1 � 2.5 keV, using the2.4 m fo
al length teles
ope and imaging, Position Sensitive Proportional Counter (PSPC) dete
torand in the � 60� 200 eV range using the wide �eld 
amera (WFC) whi
h had a mi
ro
hannel platedete
tor (Pounds et al., 1993). Both of these teles
opes employed Wolter-1 fo
using opti
s, optimisedfor the energies of interest. Later, targeted observations with ROSAT showed the X-ray brighteningof Jupiter's auroral zones after the impa
t of the 
omet Shoemaker-Levy 9 in 1994 (Waite et al., 1995)and also dis
overed persistent X-ray emission from 
omets. The length of the mission allowed the�rst temporal studies of the emission from stars over the stellar magneti
 
y
le (11 years for the sun,typi
ally 8-15 years in most solar-like stars).1.2.1 Mature X-ray dete
tor te
hnologiesThe �rst dete
tors used in X-ray astronomy were simply Geiger 
ounters atta
hed to sounding ro
kets,and possessed no imaging 
apabilities. However, there now exists a broad array of suitable equipmentavailable for astrophysi
al X-ray dete
tion (Figure 1.4).1.2.1.1 Gas 
ountersAbsorption of an X-ray in a gas leads to the generation of ions and ele
trons whi
h 
an then bea

elerated towards an ele
trode by the appli
ation of an ele
tri
 potential. This a

eleration leads tofurther ex
itation of se
ondary parti
les, indu
ing a signal on the ele
trodes. If this 
harge is \read"by grids of ele
trodes, the position of the in
ident 
harge 
an be re
onstru
ted. Hen
e, the devi
eis an imaging, photon 
ounting dete
tor. The advantage of these devi
es is that they 
an be madeextremely large to 
over a large fo
al plane. They also have a dire
tly 
al
ulable eÆ
ien
y making12



Figure 1.4: A sele
tion of di�erent dete
tor te
hnologies. Clo
kwise from the left; a sele
tion ofmi
ro
hannel plates, the XMM - EPIC 
amera CCD fo
al plane, A 
hannel ele
tron multiplier and as
hemati
 diagram of a super
ondu
ting tunnel jun
tion.them ideal as a referen
e standard dete
tor for photometri
 
alibration and possess limited energyresolution (e.g. � 51/E�0:5% for the medium energy dete
tor array (MEDA - Turner et al. (1981))and � 27/E�0:5% for the gas s
intillation proportional 
ounter (GSPC - Pea
o
k et al. (1981, 1985)),both 
own on EXOSAT and reviewed by Fraser (1989) further generations of this te
hnology have
own on, for example, beppoSAX (e.g. Smith et al., 1987)).1.2.1.2 Ele
tron mulitpliersAlthough the �rst solid state X-ray multipliers were dis
rete dynode devi
es � where ele
trons werea

elerated from one dynode to another by an ele
tri
 potential, a better solution is a
hieved usinga 
ontinuous dynode ele
tron multiplier or 
hannel ele
tron multiplier (CEM). In su
h a devi
e, X-rays in
ident on semi
ondu
ting glass tubes of diameter � 0:1 � 1 mm emit ele
trons and yield anexponential ampli�
ation (or avalan
he) of 
harge when a high voltage is applied between the two endsof the tube. This gain of � 106 ele
trons is high enough to indu
e spa
e 
harge saturation, meaning13



that no more ele
trons 
an be ex
ited from the glass near the 
hannel exit. Therefore, the CEM 
anbe used as a photon 
ounting dete
tor be
ause the gain and eÆ
ien
y is 
onstant for small 
hangesin bias voltage. The tubes are generally 
urved to prevent ions, 
reated by ionisation of residualgas within the tube, from propagating to the input surfa
e and initiating spurious noise 
ounts in apro
ess known as ion feedba
k.An array of su
h devi
es 
ould be used to provide an imaging 
apability, by sta
king CEMs together.However, a mu
h better way of doing this be
ame available after the de
lassi�
ation of mi
ro
hannelplate te
hnology in the late 1960s. Mi
ro
hannel plates (MCPs) o�er the ideal solution to the need tosta
k many dis
rete CEMs to simulate an imaging dete
tor. MCPs are lead glass disks with millions of
losely sta
ked mi
ros
opi
 pores. Typi
al 
hannel diameters are � 10-20 �m with ea
h pore workingin a similar manner to a CEM 
hannel. MCPs have a similar high gain, but with mu
h more 
ompa
tgeometry and higher spatial resolution than possible with an array of CEMs.1.2.2 The 
urrent state of the art dete
torsThe 
urrent great observatories have di�ering fo
al plane instruments, the 
handra high resolutionimager is based on MCP te
hnology (se
tion 1.2.2.1), whereas the prin
ipal instruments on XMM aresolid state dete
tors (se
tion 1.2.2.2).1.2.2.1 Mi
ro
hannel plates MCPsThe Chandra High Resolution Camera (HRC) (e.g. Lees & Pearson (1997)) is a large area mi
ro
han-nel plate dete
tor. As this thesis is 
on
erned primarily with X-ray instrumentation, it must be statedthat the HRC is likely to be the last MCP dete
tor ever 
own on a large s
ale X-ray astronomysatellite. The reason for this fall in popularity of MCPs in X-ray astronomy 
an be explained by thegrowing desire for high resolution imaging spe
tros
opy. Devi
es optimised for su
h measurements14



in
lude CCDs and possibly in the future, arrays of 
ryogeni
 dete
tors (Saab et al., 2004).Despite this rather bleak outlook for the MCP, if we broaden the wavelength range of interest to in
ludelonger wavelengths between ultraviolet and X-rays, MCPs will retain their importan
e be
ause of theirunparalleled 
ombination of spatial and temporal resolution. The future for these devi
es is likely tolie in two areas;� Orbiting Ultraviolet observatories, where their high eÆ
ien
y and high spatial resolution makethem ideally suites to sit in the fo
al plane of dispersive spe
trometers (Barstow et al., 2003)or as the imaging dete
tor for a wide �eld of view teles
ope for ultraviolet auroral imagery(Bannister et al., 2007).� Spin-out into terrestrial appli
ations (Chapters 2 and 3).A detailed des
ription of MCPs is left until Chapter 2.1.2.2.2 Charge 
oupled devi
es - CCDsIn simple terms, a CCD is an integrated 
ir
uit 
ontaining an array of 
oupled 
apa
itors. These
apa
itors store 
harge ex
ited by the arrival of a photon until it 
an be read out and 
an, therefore,be used as dis
rete pixels in an imager. A 
lo
king me
hanism is used to transfer 
harge form onepixel to the next and eventually into the readout ele
troni
s. An image 
an later be re
reated duringdata analysis so long as the readout sequen
e is known.The amount of 
harge deposited in the dete
tor is dire
tly proportional to the energy of the in
identphoton (so long as only one event falls in the pixel before it is read out) meaning that a CCD isintrinsi
ally an imaging spe
trometer. This makes them ideally suited to X-ray astronomy wherenumerous examples 
an be quoted (eg. Soltau et al. (1996), Ambrosi et al. (2002), Bautz et al. (2000)15



or future proposed instruments reported by Short (2005) and Str�uder (1999)).1.2.3 Imaging and early opti
sIn sele
ting the best dete
tor for a given appli
ation, it is ne
essary to 
onsider the 
hara
teristi
s ofthe \opti
s" whi
h are employed. For instan
e, a 
ollimated devi
e or wide �eld teles
ope will needan extremely large area dete
tor, meaning that the most appropriate 
hoi
e is probably a gas 
ounter.Conversely, if a high resolution fo
using opti
 is used, a dete
tor with good imaging resolution isneeded and the requirements on energy/timing resolution di
tate whi
h one is used (Se
tion 1.3).This se
tion summarises some of the most 
ommon X-ray opti
al designs used in X-ray astronomymissions.1.2.4 CollimatorsInstruments 
own on the �rst sounding ro
ket 
ights had no 
ollimation and hen
e viewed large areasof the X-ray sky providing little information on sour
e distribution. To resolve sour
es from ea
hother, it was ne
essary to add 
ollimation to the dete
tors to help restri
t the �eld of view and givea 
rude imaging 
apability. True imaging 
ame later, using grazing in
iden
e, fo
using opti
s andallowed morphologi
al studies of extended X-ray sour
es.Collimators work by restri
ting the �eld of view to a given \open angle." Consider an array of parallel
hannels whose walls are made out of a strongly absorbing material. An X-ray whi
h is in
ident at anangle su
h that it passes down the 
hannel without interse
ting the wall will be transmitted throughthe 
ollimator, while a ray whi
h impinges on the 
hannel wall will be absorbed. This de�nes anangular �eld of view equal to the open aperture of the 
hannel, i.e. twi
e the angle given by the ratioof the 
hannel length to diameter (Figure 1.5). 16
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Figure 1.5: S
hemati
 diagram of the operation of a 
ollimator. The blue rays are transmitted whilethe red rays are absorbed and the open angle of the 
hannels (ie the ratio of length to diameter)de�nes the angle of a

eptan
e.Restri
ting the �eld of view in this way means that rastering the instrument over an extended sour
egives a poor resolution \image" of that sour
e. True imaging opti
s are required to a
hieve betterresolution.1.2.5 Imaging opti
sAt X-ray energies, photons are diÆ
ult to bring to a fo
us be
ause of the low 
riti
al angle for X-ray re
e
tion. At angles greater than � 1 � 5Æ, X-rays are absorbed by the medium on whi
h theyare in
ident rather being re
e
ted by it. This means that the standard, normal in
iden
e, teles
opegeometries used for opti
al light are inappli
able to high energy teles
opes. To e�e
tively fo
us X-rays,the photon in
iden
e dire
tion must form a shallow \grazing angle" to the surfa
e from whi
h it willre
e
t. Hen
e, the development of a number of grazing in
iden
e geometries for fo
using high energyphotons (Figure 1.6).A Kirkpatri
k Baez (KB) opti
 uses two sequential ellipsoidal surfa
es whi
h are arranged in seriesand are set orthogonal to ea
h other (Kirkpatri
k & Baez, 1948). Ea
h re
e
tion brings the photonto a line fo
us in the dire
tion perpendi
ular to the prin
ipal axis of the ellipse. As the axes of thesu

essive ellipses are orthogonal, two su

essive re
e
tions bring the photon to a point like fo
us.17



Angel (1979) des
ribed a modi�
ation to the KB geometry in whi
h the su

essive orthogonal re
e
torsare 
oin
ident in spa
e, thus e�e
tively forming square 
hannel 
ross se
tion pores. If the axes of the
hannels lie perpendi
ular to the surfa
e of a sphere, photons from in�nity are fo
used onto a spheri
alfo
al plane that is half the radius of this sphere. This is the fo
using me
hanism employed in theeyes of lobsters and other 
rusta
eans and is, therefore, often 
alled the lobster eye geometry. It isinteresting to note that su
h an opti
 
an theoreti
ally give a 4� Sr �eld of view, making it ideallysuited for appli
ation as a wide �eld teles
ope.The �nal geometries I will 
onsider (and the ones most 
ommonly used in X-ray astronomy) arethose proposed by Wolter (1952a,b) and reviewed in English by As
henba
h (1985). There are threetypes of Wolter teles
ope (types I, II and III), all of whi
h are based on two su

essive re
e
tions o�paraboloids, hyperboloids or ellipsoids of revolution as shown in Figure 1.6. For a single re
e
tionfrom a fo
using mirror shell, severe 
oma distortion is expe
ted for o� axis sour
es (those where thewavefronts are not perpendi
ular to the opti
al axis). The double re
e
tion in the Wolter geometriesredu
es the image distortion expe
ted from a single grazing in
iden
e re
e
tion from photons whi
harrive at an o� axis angle and as su
h, the Wolter-I geometry has been used extensively in X-rayastronomy satellites.To simulate a large area teles
ope aperture, it is ne
essary to nest large numbers of mirror shells insideea
h other as the proje
tion of a surfa
e of revolution at the 
riti
al angle for X-ray re
e
tion willbe small. Mirrors are formed and polished to the required paraboli
 and hyperboli
 surfa
e for theWolter I system then nested inside ea
h other to �ll the geometri
 open aperture of the teles
ope.
18



Figure 1.6: The Wolter geometries (after Gia

oni et al. (1969))panels a, b and 
 are respe
tively; theWolter-I , Wolter-II and Wolter-III geometries
19



Figure 1.7: Photographs of the three operational observatories in their 
lean rooms prior to laun
h.From left to right Swift, XMM and Chandra (Photos 
ourtesy of NASA (left and right) and ESA(
enter)).1.3 Current observatories and instrumentsThe 
urrent \great observatories," Chandra and XMM Newton and the Swift gamma ray burst ob-servatory (des
ribed by Winkler et al. (1993), Janson & Murdin (2002) and Gehrels & Swift (2004)respe
tively) (Figure 1.7) have built on the experien
e gained from the early missions and the rapidadvan
es in mirror and dete
tor te
hnologies mean that they have allowed the �eld of X-ray astronomyto 
ourish in re
ent years. These teles
opes 
ontinue to yield a great deal of new s
ien
e be
ause oftheir unpre
edented angular, energy and spatial resolutions. The 
apabilities of the three teles
opesare 
omplementary and by 
ombining data from them, mu
h greater insight into astronomi
al sour
esis possible as di�erent mirror te
hnologies and fo
al plane instrumentation optimise XMM for spe
-tros
opy, while Chandra has better imaging 
apabilities (Chandra has a lower e�e
tive area, 400 
m2at 0:25 keV, but a mu
h higher angular resolution, � 1 ar
se
ond, 
ompared XMM 's 1500 
m2 and 6ar
se
ond resolution).Swift's, high speed slewing 
apabilities and the broad array of instruments it 
arries has enabled studyof the most energeti
 events in the universe - the gamma-ray bursts. These events are thought to20



be the birth of new bla
k holes and the in
ux of data from Swift has helped to 
onstrain models ofhow this o

urs and in
reased our understanding of the fate of numerous stars. Su
h dis
overies havefueled the desire for more powerful instruments to probe the X-ray sky.All three of the 
urrent \great observatories" employ the Wolter-I geometry, with the nature of thenested shells di�ering for ea
h of the three teles
opes. XMM uses 58 lightweight metal-foil mirrors togenerate a large e�e
tive area, Chandra uses more robust glass substrate mirror te
hnology to give itshigh spatial resolution, and the XRT on Swift is a similar design to XMM but with fewer shells (12)be
ause of its smaller size and mass.1.4 Future spa
e missionsThe future of X-ray astronomy is bright as a wide variety of observatories have been proposed whi
hhave been 
on
ieved in order to answer the questions whi
h remain unaddressed by today's opera-tional observatories. The European and US 
agship missions s
heduled for laun
h in the next de

adeare XEUS and Constellation-X whi
h will 
ombine mu
h in
reased e�e
tive area and 
omparableangular resolution to XMM and Chandra. These 
hara
teristi
s will enable observations of mu
hfainter, and therefore more distant sour
es, allowing astronomers to brobe previously unseen regionsof the universe as well as improving our understanding of the obje
ts we know of today. The Rus-sian Spe
trum Roentgen Gamma (RG) mission is intended to have 
arry a high energy resolution
ryogeni
 spe
trometer as well as the sky survey instruments e-Rosita and WFT whi
h will over the
ourse of the mission 
reate the most detaild X-ray sky surveys to date (more later). NEXT is aJapanese mission dedi
ated to hard X-ray (> 10 keV) imaging spe
tros
opy opening up an area ofs
ien
e whi
h is to date highly underdeveloped when 
ompared to observations in the soft X-ray band(http://www.astro.isas.a
.jp/future/NeXT/). 21



As well as these missions led by the traditional \heavyweight 
ountries" of X-ray astronomy, a numberof other missions exist whi
h are due for laun
h in a similar time s
ale. These in
lude; Astrosat -the �rst Indian astronomi
al satellite, the Chinese Hard X-ray modulation teles
ope (HXMT) whi
hwill o�er the most detailed hard X-ray (20-200 keV) sky survey to date (Li et al., 2006), and MI-RAX, a Brazillian X-ray astronomy mission to provide 
ontinuous broadband imaging spe
tros
opi
observations of a large number of sour
es in the 
entral Gala
ti
 plane region (Braga et al., 2004).I will now dis
uss a dis
rete number of these future spa
e missions in X-ray astronomy (spe
i�
allythose whi
h are expe
ted to employ the di�erent instruments des
ribed in this thesis). These are listedin Table 1.1. In these missions, the higher e�e
tive area, spatial and spe
tral resolution and improvedtemporal 
overage of obje
ts in the sky will undoubtedly lead to more dis
overies of new and ex
itingpro
esses whi
h are 
urrently unobservable be
ause of the limitations of existing te
hnology.The future instruments onboard XEUS (Parmar et al., 2006) and the wide �eld teles
ope WFT onSpe
trum RG (Pavlinsky et al., 2006) will not only improve our knowledge of known phenomena, butwill open up a new \dis
overy spa
e" 
ontaining new and unforeseen s
ien
e. They are des
ribed inmore detail in Chapter 4 and Se
tion 1.4.1.As well as these advan
es in traditional X-ray astronomi
al instrumentation, a 
ompletely new �eldwill be enabled by the ESA BepiColombo mission to the planet Mer
ury as it 
arries the �rst everfo
using X-ray teles
ope for planetary s
ien
e appli
ations. The teles
ope will perform a similarexperiment for Mer
ury to that attempted by Gia

oni et al. (1962) and Adler & Trombka (1977)for the moon, by measuring the solar wind indu
ed X-ray 
uores
en
e from the surfa
e of the planet.This should yield the 
omposition of the regolith and any in
uen
es thereon 
aused by the geologi
alhistory of di�erent regions of the surfa
e. This will be dis
ussed in Chapters 4 and 5 where the designand 
hara
terisation of the opti
s for the experiment are 
onsidered.22



Name Laun
h date Agen
ies DetailsWorld Spa
e Obser-vatory � 2012 China, Rus-sia + bilater-als Orbital ultraviolet teles
opes.BepiColombo � 2012 ESA, JAXA Mission to study the planet mer
ury.First X-ray teles
ope on a planetary s
i-en
e mission.WFT[1℄ � 2012 Russia (IKI) Wide �eld of view X-ray teles
ope. Ex-tremely high temporal 
overage, on
eper orbit.XEUS � 2020 ESA, NASA 5 m2 e�e
tive area. Unpre
edentedspe
tral resolutionTable 1.1: Detailing the future spa
e missions towards whi
h this work is dire
ted. [1℄ on boardSpe
trum RG1.4.1 XEUSThe European Spa
e Agen
y (ESA) XEUS mission (Parmar et al., 2006) and NASA's Constellation-X (hereafter Con-X) (Tananbaum et al., 1999) are the su

essors to XMM-Newton and Chandra,s
heduled for laun
h in the timeframe 2015-2025. They are ambitious teles
opes o�ering severalsquare metres of e�e
tive area (�5 m2 at 1 keV for XEUS (Bavdaz et al., 2006)) and in
orporateinstrumentation in
luding 
ryogeni
 spe
trometers 
apable of �eV energy resolution, at high spatialand temporal resolution. XEUS 
omprises two spa
e
raft, a mirror module and a dete
tor module
own in formation to a pre
ision of a few mm, the teles
ope fo
al length is 35 m with a �eld of view of� 1 ar
min and angular resolution of � 2-5 ar
se
 for the narrow �eld, high energy resolution dete
torand � 7 ar
min for the wide �eld instrument giving CCD-type (�70-100 eV energy resolution). Theenergy bandpass is 0.5 keV � E � 50 keV.Con-X has evolved from an original 
on
ept of a four-teles
ope 
onstellation, to a mission with fourteles
opes on a single platform. It has an e�e
tive area of � 1 m2 at 1 keV and an energy bandpass of23



0.25 keV � E � 80 keV, 
overed by di�erent teles
opes optimised for a parti
ular energy range4. Mostof the following dis
ussion relates to XEUS and therefore further dis
ussion of the Con-X design isomitted.1.4.1.1 Cryogeni
 dete
torsImprovement in spe
tral resolution is of key importan
e for the next generation of spa
e teles
opes.For CCDs, redu
ing the temperature of operation yields improved spe
tral resolution until the intrinsi
limit (typi
ally greater than � 100 eV) set by the Fano fa
tor is en
ountered. This limit is 
aused bydissipation of a �nite amount of energy in pro
esses whi
h do not lead to the 
reation of ele
tron-holepairs in the sili
on latti
e (Janesi
k, 2001) and is a
hieved at temperatures of � -50 ÆC. To a
hieveresolution in ex
ess of this limit, 
ryogeni
 devi
es whi
h operate at extremely low temperatures (�mK to a few K depending on whi
h type) are needed.Cryogeni
 dete
tors are the future of X-ray spe
tros
opy. The low noise in these super
ondu
tingdevi
es means that the intrinsi
 energy resolution is only a few eV, approximately 100 times betterthan a CCD at 
omparable photon energies. There are two main types of 
ryogeni
 dete
tor. One isa super
ondu
ting tunnel jun
tion (STJ), where ele
trons tunnel through a potential barrier into theele
troni
 
ondu
tion band of the atomi
 latti
e. The se
ond is a transition edge sensor (TES). Here,a material is maintained at a temperature whi
h lies on the transition between a super
ondu
tingand normal state. An in
ident photon raises the temperature of the absorber, leading to a large,measurable, 
hange in the resistivity of the material and a measurable pulse whi
h is proportional tothe energy of the in
ident photon. Attempts to make large arrays of TESs 
apable of operating as ahigh resolution imaging spe
trometer for XEUS are ongoing (e.g. Saab et al. (2004)).4http://
onstellation.gsf
.nasa.gov/
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1.4.1.2 The future of X-ray opti
sThe opti
s for Con-X are similar to those of Chandra but with more 
ompa
t nesting to give in
reasede�e
tive area. It is proposed that XEUS will in
orporate a new mirror te
hnology manufa
tured frommi
ro-ma
hined sili
on wafers (Bavdaz et al., 2006). This mi
ropore te
hnology is expe
ted to enablehigh e�e
tive area for a given mass. Both teles
opes employ a Wolter-I geometry.1.4.2 WFT and BepiColomboTwo other missions exist whi
h 
ould have a big role in future X-ray astronomy. These are ESAsBepiColombo mission to the planet Mer
ury, whi
h will 
arry the �rst ever imaging X-ray teles
opefor planetary s
ien
e appli
ations, and the Russian Spe
trum RG mission (Pavlinsky et al., 2006)whi
h 
ould 
arry the British-led wide �eld teles
ope (WFT ). This is a teles
ope o�ering almost full-sky 
overage every orbit of its parent platform. This enormous temporal 
overage of the sky will o�eran ex
iting new perspe
tive on the 
osmos whi
h will be des
ribed in more detail in Chapter 4.1.4.2.1 Dete
torsGas 
ounters are the proposed fo
al plane dete
tor for WFT, where the need to 
over a large fo
alplane makes 
ompeting te
hnologies su
h as CCDs impra
ti
al (the need to 
ool su
h a large CCDfo
al plane would mean the power 
onsumption would be too high).BepiColombo will employ a radiation-hard type of sili
on dete
tor be
ause the high radiation envi-ronment at Mer
ury would degrade the performan
e of a CCD too qui
kly. This devi
e is known as aDEPFET a
tive pixel sensor. However, the spe
i�
 details of these devi
es are omitted as this thesisis 
on
erned with the opti
s for these missions and not the dete
tors.25



1.4.2.2 Novel mi
ro
hannel plate opti
sBoth WFT and BepiColombo employ mi
ro
hannel plate opti
s, a new te
hnology of X-ray opti
o�ering unsurpassed e�e
tive area for a given mass. They are parti
ularly good for wide �eld tele-s
opes, as they 
an be made to approximate to the lobster eye geometry des
ribed by Angel (1979)and for 
ompa
t, low mass Wolter-type systems where the size and mass of traditional opti
s makethem unsuitable. These opti
s have been des
ribed widely in the literature and will be des
ribed indetail in Chapters 4 and 5.1.5 The subje
t of the 
urrent thesisThe pre
eding se
tions of this 
hapter have summarised a number of the advan
es made in X-rayastronomy. Progress in instrumentation has always led to improvements in our understanding of theX-ray Universe, providing the s
ienti�
 driver for the 
urrent work and this thesis is 
on
erned withe�orts to develop te
hnology in three areas, whi
h are des
ribed brie
y in this se
tion.1.5.1 Small pore mi
ro
hannel plate dete
torsAs dis
ussed in the previous se
tions, MCP dete
tors are a well established te
hnology for 
urrentand future X-ray instrumentation (Se
tion 1.2.1). Many examples of the use of mi
ro
hannel platedete
tors 
an be quoted in an astrophysi
al 
ontext (e.g. Barstow et al. (1985a), Fraser (1989), Lees &Pearson (1997) and future proposed appli
ations e.g. Barstow et al. (2003) or Bannister et al. (2007)).Manufa
turers have progressively redu
ed pore sizes to the 
urrent limit of � 2 �m (e.g. Laprade &Reinhart (1989), Laprade & Star
her (2001)) in order to improve the mass resolution for time of 
ightmass spe
trometers and spatial resolution for single photon 
ounting dete
tors. For photon 
ountingdete
tors, the spatial resolution is limited by the pore diameter so long as the readout 
an a
hieve26



better than this intrinsi
 limit (e.g. Lapington (2004)). However, MCP's high speed timing responseis also limited by the pore diameter, where redu
tion in the size of the 
hannels leads to improvedtemporal resolution (Fraser, 1990). This unique 
ombination of � �m imaging resolution and 10s ofpi
ose
ond time resolution makes the new small pore MCPs, designed for a spa
e environment, ideallysuited for terrestrial biologi
al imaging solutions.The desire to \spin out" these MCP dete
tor te
hnologies from astronomy into terrestrial appli
ationshas been pursued for a number of years by the University of Lei
ester's Bioimaging unit5. For instan
ethe high resolution 
amera for the Chandra X-ray observatory has found a new use in biologi
al imagingthrough the �eld of MCP-Beta Autoradiography (Lees & Pearson, 1997, Lees et al., 1997). Chapters2 and 3 des
ribe preliminary work undertaken by the author to demonstrate the feasibility of usingthe ex
eptional temporal resolution of new small pore MCPs (Fraser, 1990) in a terrestrial 
ontextfor a new te
hnique to enable high speed imaging of biologi
al samples (Se
tion 2.4.2.1).1.5.2 Mi
ro
hannel plate opti
sSe
tion 1.2.3 des
ribes the development of fo
using geometries for X-ray radiation. Square poremi
ro
hannel plates 
an be used to approximate to the Wolter I geometry if the pores are arranged ina radial fashion. A tandem of MCPs slumped to di�erent radii of 
urvature form a 
oni
 approximationto the paraboloid and hyperboloid surfa
es in the Wolter-I geometry (Pri
e et al., 2002a). This 
oni
approximation holds be
ause of the short (few mm) length of the MCP 
hannels and two su

essivere
e
tions from the 
hannel surfa
es bring X-rays to a point fo
us.If a 
artesian (square pa
ked) pa
king geometry is used, then MCPs approximate to the KB or Lobstereye geometries, depending on whether the opti
 is planar or slumped to a spheri
al radius of 
urvature(e.g. Brunton et al. (1995, 1997), Pri
e et al. (2002b) and referen
es therein). A planar, square pore,5http://www.sr
.le.a
.uk/proje
ts/bioimaging/ 27



square pa
ked MCP 
an be used as a point to point imaging devi
e forming an unmagni�ed, image ofthe sour
e with a 
ru
iform point spread fun
tion if the image distan
e is equal to the obje
t distan
e.The true lobster geometry is a
hieved if su
h a square pore, square pa
ked opti
 is slumped to aspheri
al radius of 
urvature, enabling fo
using of obje
ts at in�nity.MCPs o�er a moderate (ar
minute) spatial resolution. However, they do so over a very large area, for afra
tion of the mass required for more traditional mirror shell te
hnologies, meaning that the e�e
tivearea for a given mass is drasti
ally in
reased. This will enable true X-ray imaging opti
s to formpart of planetary s
ien
e missions su
h as BepiColombo, where a 
onventional X-ray teles
ope wouldbe prohibitively heavy. This will enable X-ray 
uores
en
e spe
tros
opy of the planetary surfa
e, inorder to determine its 
omposition from orbit.MCP opti
s are des
ribed more 
omprehensively in Chapters 4 and 5 where the authors work to testand verify the performan
e of re
ent radial and 
artesian-pa
ked MCP samples is dis
ussed. The aimof this work was to prove that the manufa
turing pro
ess has matured sin
e earlier work (e.g. Pri
e(2001) or Nussey (2005)) and that it is approa
hing the requirements for WFT and BepiColombo.1.5.3 X-ray polarimetryTo date, the only observable parameters used extensively in X-ray astronomy have been imaging,spe
tros
opy, photometry and (to a lesser extent) timing (Se
tion 1.1.3). However, there exist anothertwo observational parameters, routinely used in astronomy in other wavelength bands, whi
h are botha

essed by observing the linear polarisation of light from the sour
e.Photons 
onsist of perpendi
ular ele
tri
 and magneti
 �elds oriented at 90Æ to the velo
ity ve
torof the photon, where linear polarisation is a measure of the orientation of the ele
tri
 �eld in spa
e.A 100% polarised beam has all photons with their ele
tri
 �eld ve
tors parallel, and an unpolarised28



beam has random orientation of the ele
tri
 �eld (Se
tion 6.1). Di�erent emission me
hanisms for thephotons give di�ering degrees of linear polarisation. Therefore, measuring the degree (P ) and angle(�) of polarisation allows dire
t diagnosis of the emission me
hanism and geometry of the emittingregion.To date the instrumentation used to measure linear polarisation at X-ray wavelengths has remainedinsensitive to all but the Crab nebula. This is be
ause of its seemingly unique 
ombination of highbrightness and relatively large polarisation at X-ray wavelengths. However, the expe
ted arrival ofthe next generation of X-ray teles
opes XEUS and Constellation-X (Se
tion 1.4.1) have reopened thepossibility of 
ying a highly sensitive X-ray polarimeter. A number of attempts have been made toprovide su
h a devi
e using a multitude of di�ering te
hnologies, these will be dis
ussed in detail inChapters 6 and 7 where parti
ular referen
e will be made to the author's 
ontribution to produ
ingnarrow bandwidth polarising �lters and how these devi
es 
ould impa
t on the s
ien
e questionsaddressed by studying 
elestial X-ray polarimetry.1.6 Thesis outlineThe following 
hapters des
ribe the author's work in the three areas des
ribed in Se
tions 1.5.1 to1.5.3. The thesis 
hapters are arranged as follows:MCP dete
tor te
hnologyChapter 2 introdu
es mi
ro
hannel plates and their use as X-ray and 
harged parti
le dete
tors. Itgoes on to des
ribe the te
hnologi
al and experimental fa
tors whi
h govern their behaviour and�nally dis
usses the potential future appli
ation of MCP dete
tors in a number of 
ontexts. Chapter3 des
ribes a number of experiments to validate the operation a set of new small pore (3.2 �mpore diameter) MCPs as high speed, imaging, photon 
ounting dete
tors and dis
usses the potential29



advantages of using these new, smaller pore sizes. It 
on
ludes that ultra fast timing resolution ispossible with these new MCPs but further work is proposed to optimise their response both in thetemporal and spatial domains.MCP opti
sChapter 4 introdu
es the use of square pore MCPs as fo
using X-ray opti
s, des
ribing the di�eren
esbetween MCPs for appli
ation as dete
tors and opti
s. Future appli
ations are dis
ussed in the
ontext of both terrestrial use in the laboratory and in two spa
e missions WFT onboard Spe
trumRG and BepiColombo. The di�eren
es between di�erent fo
using me
hanisms (Wolter and \Lobstereye") are des
ribed, along with di�erent methods of testing slumped and planar opti
 samples bothme
hani
ally and opti
ally at X-ray wavelengths6. Chapter 5 des
ribes experimental testing of anumber of opti
s along with theoreti
al Ray tra
e modeling to explain and interpret the experimentaldata. Comparisons are drawn between theoreti
al and experimental results.X-ray polarimetryChapter 6 forms a summary of the work so far 
ompleted in astrophysi
al X-ray polarimetry. First,the 
hapter des
ribes the polarisation of light, the me
hanisms whi
h 
an 
ause it and te
hniquesfor measuring it. Future proposals for making sensitive polarimetry measurements are reviewed interms of a number of new dete
tion te
hnologies. Finally, a polarisation analyser based on narrowband di
hroi
 transmission �lters is proposed as a potential instrument for future X-ray observatories.Chapter 7 des
ribes theoreti
al and experimental investigation of the di
hroi
 �lter 
on
ept outlinedin Chapter 6. Experimental 
haraterisation leads to a theoreti
al instrument response model whi
h isused to predi
t the sensitivity of the potential instrument to X-ray polarisation in the 
ontext of theXEUS X-ray teles
ope.6NB. as a 
onvention, all des
ription of \opti
al measurements" reported herein should be 
onsidered to refer to theopti
al properties at X-ray wavelengths. Any deviation from this 
onvention will be explained in the text.30



Finally, Chapter 8 
on
ludes the work in this thesis, bringing together the experimental and theoreti
alwork in all three areas and proposing a number of improvements or dire
tions for future work to follow.
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Chapter 2Mi
ro
hannel Plate X-rayDete
tors
2.1 Mi
ro
hannel platesMi
ro
hannel plates (MCPs) are lead-glass disks with millions of mi
ros
opi
 pores et
hed out ofthem during manufa
ture (Wiza, 1979). They have been used extensively in astronomy and planetarys
ien
e instrumentation as imaging, photon 
ounting X-ray dete
tors (or single ion 
ounting dete
tors)as well as in more traditional, terrestrial, appli
ations as photomultipliers or mass spe
trometers (eg.Wilken et al. (1987) or Lees & Pearson (1997)).MCPs were originally 
lassi�ed te
hnology due to their appli
ation in low light imaging devi
es formilitary appli
ations. However, after de
lassi�
ation in the late 1960s, they qui
kly established areputation as the dete
tor of 
hoi
e for many astronomi
al and terrestrial appli
ations, this reputationhas remained until the present day (eg. Wiza (1979), Barstow et al. (1985a), Wilken et al. (1987),Lees & Pearson (1997), Bannister et al. (2000) and Lapington et al. (2007)).32



Parameter MCP CCD TES1A
tive area (mm) �100�100 �25�25 �2.5�2.5�x (�m) Pore size 10's (pixel size) 10's (pixel size)�T (�s) � 10�5 � 10�6 1-2500 10-50�E (eV at 5.9keV) none �140 �2Curvature? Grind/slump Sta
k devi
es None demonstratedTable 2.1: Comparison of dete
tor te
hnologies, �x is spatial resolution, �T is temporal resolutionand �E is energy resolution. These values are for a typi
al (X-ray sensitive) devi
e. It should benoted that sub pixel imaging is possible with CCDs (and presumably with TESs). However, the pixelsize is indi
ative of spatial resolution without 
lever pro
essing te
hniques.The development of the 
harge 
oupled devi
e (CCD), a
tive pixel sensors and 
ryogeni
 dete
torssu
h as transition edge sensors (TESs) or super
ondu
ting tunnel jun
tions (STJs) has progressivelyredu
ed the impa
t of the MCP in many areas. MCPs do, however, still o�er advantages over thesete
hnologies in terms of their large area, photon 
ounting operation (a signi�
ant advantage overCCDs) and improved quantum eÆ
ien
y in the ultraviolet and extreme ultraviolet regions of theele
tromagneti
 spe
trum. This 
hapter addresses the unparalleled 
ombination of high spatial andtemporal resolution for mi
ro
hannel plates where Table 2.1 
ompares the operating 
hara
teristi
sof MCPs with CCDs and TESs.MCP's are no longer solely used as dete
tors, a new, growing, area of MCP appli
ation is in the �eldof mi
ropore X-ray opti
s. This thesis des
ribes MCPs as both dete
tors (this 
hapter and Chapter 3)and opti
s (Chapters 4 & 5), showing how re
ent advan
es in manufa
turing te
hniques have initiatedsigni�
ant progress for both of these appli
ations. The rest of this 
hapter des
ribes the operation ofMCPs as X-ray and 
harged parti
le dete
tors, 
on
entrating spe
i�
ally on astronomi
al appli
ationsand the bene�ts of going to smaller pore sizes (higher spatial and temporal resolution - see se
tion2.3). Chapter 3 des
ribes experimental work to 
hara
terise the behaviour of a new generation ofsmall pore MCPs. 33



2.1.1 Mi
ro
hannel plate manufa
tureMany people have des
ribed the manufa
turing pro
ess used to make MCPs; eg. Fraser (1989), Martin(2000), Nussey (2005), who show that the manufa
turing pro
ess of an opti
 is remarkably similar tothat of a standard ele
tron multiplier MCP. First, a number of �bres of the required 
ross se
tion aresta
ked and fused together with a di�erent kind of (
ladding) glass. This is then drawn out under heatand pressure to form what is known as primary (or �rst draw) �bre. These �bres are then sta
ked intoan array of the required dimensions and are drawn again to form a bundle of mi
ros
opi
 
hannels,known as a multi-�bre. These are then in turn, sta
ked and fused to form a \blo
k" whi
h has avery large number of parallel glass rods whi
h are housed in a matrix of the 
ladding glass. Finally,plates are 
ut from the blo
k and et
hed (with either a
id or alkali, depending on the type of glass)to remove the 
entral glass rods, leaving the more robust glass matrix, whi
h forms the MCP. At thispoint, the opti
s are 
omplete. However, for dete
tor MCPs, one �nal stage remains where the glassis redu
ed in a hydrogen atmosphere to provide an ele
tron emitting surfa
e on the pore walls.As part of this manufa
turing pro
ess, a number of geometri
al aspe
ts of the MCP 
an be altered(Figure 2.1):Slump radius, the plates 
an be slumped to a given radius of 
urvature. Initially this was doneby pressing the opti
s over a steel mandrel using a spring (eg. Pri
e (2001) and referen
estherein). This has been superseded by a te
hnique whi
h uses a 
onvex and 
on
ave se
tionof an appropriate spheri
al surfa
e to e�e
tively sandwi
h the MCP, applying equal pressureall over the surfa
e to redu
e the e�e
t of shearing 
hannels with respe
t to ea
h other. Thisspheri
al pro�le is used to either mat
h the 
urvature of the fo
al plane of a given instrument(e.g. The Auroral imager - Bannister et al. (2007)), or, in the 
ase of mi
ropore opti
s, to de�nethe fo
al length of the opti
 (half the slump radius Pri
e (2001)). In the past, to get an MCP34
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βFigure 2.1: S
hemati
 diagram of the MCP parameters whi
h govern dete
tor/opti
 response. Notethe di�eren
e in 
hannel alignment between a slumped plate, where the 
hannels point towards theradius of 
urvature (left) and a ground plate, where the 
hannels are all parallel (
enter). L is the
hannel length, D is the 
hannel diameter and � is the bias angle of the MCPs.to mat
h the 
urved fo
al plane of an instrument they would be manufa
tured as a thi
k plateand then ground to mat
h the fo
al plane (Barstow et al., 1985a). This is an expensive pro
esswhi
h is wasteful of MCP material and hen
e, the ability to slump an MCP to mat
h the fo
alplane would o�er a big te
hnologi
al and �nan
ial advantage as long as the performan
e of thedete
tor was not 
ompromised. Hamilton (2005) 
on
ludes that a slumped MCP dete
tor 
an
ertainly meet the requirements of the wide �eld auroral imager des
ribed by Bannister et al.(2007).The bias angle, is the angle between the axes of the 
hannels and the normal to the MCP surfa
e. Itis varied by altering the angle at whi
h the plates are 
ut from the blo
k and 
an be 
ontrolledto an a

ura
y of a few ar
minutes. For dete
tors, this is of paramount importan
e be
auseof the quantum eÆ
ien
y advantage gained when the X-rays strike the pore walls at an angleapproximately equal to the 
riti
al angle for the in
ident photon energy in MCP glass (Pearson,1984). The bias angle 
an be mat
hed to a spe
i�
 dete
tor/teles
ope geometry to maximiseoverall eÆ
ien
y. For opti
s, the bias angle of the plate should be as 
lose to zero as possible,to ensure that all 
hannels point to a 
ommon (on axis) 
enter of fo
us after slumping.35



Channel geometry, the size and length of the 
hannels 
an be altered during manufa
ture, whereimprovements to the MCP manufa
turing te
hniques allow the pores to be made with a mu
hwider range of sizes and even with square 
hannel 
ross se
tions. While this square geometrywas reported to give mu
h improved quantum eÆ
ien
y at soft X-ray and extreme ultraviolet(EUV) energies (Fraser et al., 1991a), it has remained relatively unused in dete
tor systemsdue to 
on
i
ting reports of quantum eÆ
ien
y performan
e (Siegmund et al., 1992). The newgeometry did however, open up a new and ex
iting appli
ation of MCPs in the �eld of mi
ro-poreX-ray opti
s whi
h are dis
ussed in Chapters 4 & 5.2.2 MCPs as X-ray and 
harged parti
le dete
torsMCP dete
tors work by an avalan
he e�e
t where in
ident photons ex
ite a small number of ele
tronsinto the 
hannels via either the photoele
tri
 or Auger e�e
t. These ele
trons are then a

elerateddown the 
hannels by a large ele
tri
 �eld where any subsequent 
ollisions with the walls ex
ite further(se
ondary) ele
trons. An exponential multipli
ation in the size of the 
harge 
loud propagatingthrough the MCP ensues, this is known as an ele
tron avalan
he (eg. Wiza (1979) or Fraser (1989)).Comparison of the avalan
he in an MCP 
hannel to a standard \dis
rete dynode" ele
tron multiplierimplies that the 
ontinuous nature of the 
hannel walls 
an be approximated as a large number ofdynodes (Fraser et al. (1988) and Fraser (1990)). After this ampli�
ation, the ele
tron 
loud emergesfrom the rear aperture of the 
hannel and diverges towards a readout anode where it is dete
ted. Asthe ele
trons are 
on�ned in spa
e by the 
hannel walls during ampli�
ation, spa
e 
harge saturationleads to a dis
rete 
harge pulse on the anode for ea
h (high gain) avalan
he, where the 
entroid ofthis 
harge footprint represents the in
ident position of the photon.The gain of the MCP is de�ned as the number of ele
trons whi
h es
ape the pores onto the readout36
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Figure 2.2: S
hemati
 of the P5 dete
tor with salient features marked. Note the 
hevron arrangementof the 
hannelsat the ba
k of the plate per primary ex
itation of the input surfa
e. It is determined by the voltageapplied to the plate, the se
ondary ele
tron emission properties of the MCP glass and the poregeometry. For eÆ
ient photon 
ounting operation, the gain must be high enough to indu
e spa
e
harge saturation of the avalan
he (typi
ally � 106�107) su
h that ea
h pulse 
ontains a well de�nedamount of 
harge and the quantum eÆ
ien
y of the dete
tor does not 
hange as a fun
tion of biasvoltage. In normal 
ir
umstan
es, it is not possible to operate a single MCP at a high enough gainto produ
e the saturated pulses needed for photon 
ounting operation. This is be
ause, the highpotential allows positive ions 
reated by ionisation of residual gas in the 
hannels to propagate ba
kup the 
hannel, gaining suÆ
ient energy to initiate a (spurious) high gain avalan
he (Fraser et al.,1987).A number of methods of preventing ion feedba
k have been developed, but the most 
ommonly usedis the two plate 
hevron. Creating a plate with a bias to the 
hannel orientation allows operation of apair of MCPs in 
hevron format, where the bias angles of the two plates are arranged su
h that theyare oppositely oriented in the dete
tor, see Figure 2.2. As ions are preferentially 
reated in the se
ondMCP (be
ause of the greatly in
reased ele
tron density in the avalan
he), this means that there isa dis
ontinuity in the path an ion travels from where it is 
reated to the input surfa
e of the plate.37



This e�e
tively 
on�nes the ion to the rear plate of the sta
k, meaning that the pulse that it initiates
ontains a mu
h redu
ed amount of 
harge and falls below the ele
troni
 low level dis
riminator. Othermethods of redu
ing ion feedba
k in
lude Z�sta
ks and introdu
ing 
urvature to the MCP 
hannels2.2.2.1 Control of dete
tor responseApplying voltages a
ross the MCP fa
es gives rise to the a

eleration of the ele
trons and, therefore,to the multipli
ation pro
ess. Control of these voltages is extremely important in understanding andoptimising the performan
e of the dete
tor. It is preferable to have total 
ontrol of the voltage onea
h fa
e of either MCP in the 
hevron. Su
h 
exibility allows manipulation of the voltage a
ross ea
hplate individually, a
ross the inter-plate gap and between the rear of the MCP sta
k and the readout.For 
ight instruments, deployed in a spa
e environment, it is often ne
essary to sa
ri�
e some of this
ontrol for experimental and logisti
al reasons. This is sometimes also the 
ase in a lab environmentwhen pra
ti
alities su
h as the fragility of the MCPs di
tate a di�erent approa
h (more in Chapter3).Grids 
an be used in a number of pla
es within the dete
tor to optimise its response to a parti
ularappli
ation. It is possible to have a repeller grid in front of the MCPs at high negative potentialto repel ele
trons emitted from the surfa
e of the plate ba
k down into the 
hannels. This in
reasesdete
tor eÆ
ien
y at the 
ost of redu
ed spatial resolution be
ause the ele
trons redire
ted into theMCP by the grid are 
olle
ted in adja
ent 
hannels (eg. Barstow et al. (1985b)). Another pla
e wherea grid is 
ommonly used is behind the MCP sta
k. This grid is held at ground potential to de
ouple thereadout from any ele
troni
 signal indu
ed on the rear surfa
e of the MCP. As the ele
tron avalan
he2Z�sta
ks are like a 
hevron but with three plates in the sta
k, this geometry more e�e
tively redu
es ion feedba
kand in
reases the a
hievable gain, however, it degrades the ultimate spatial resolution of the dete
tor be
ause of anextra interfa
e between MCPs. Curved 
hannel 
on�gurations redu
e the 
han
es of the ion rea
hing the input surfa
eof the plate by in
reasing the 
han
e that it 
ollides with the wall a signi�
ant distan
e along the 
hannel, meaningthat it does not produ
e a dete
table pulse. 38



ex
ites a signi�
ant number of ele
trons from the pore walls, the MCP be
omes highly positively
harged near its exit surfa
e until 
urrents within the glass matrix neutralise this 
harge build up.The high resistivity of the MCP glass means that this neutralisation 
an take a signi�
ant amount oftime to o

ur3, meaning that the rear edge of the ele
tron 
loud 
ould potentially be slowed by theindu
ed potential. The in
lusion of a grounded mesh after the MCP exit surfa
e means that after theele
trons have transited this mesh, they are e�e
tively shielded from this indu
ed potential, allowingthe 
loud to propagate onto the readout without being slowed down (more in Chapter 3).2.2.2 Diagnosti
s from MCP dete
torsThe overall MCP performan
e is 
hara
terised by a pulse height distribution (PHD) and the eventpulse shape measured dire
tly on a high bandwidth os
illos
ope.A PHD is a frequen
y distribution of the amount of 
harge 
ontained within ea
h dete
tor pulse,re
orded on a multi-
hannel analyser (MCA). The 
hannels of the MCA represent dis
rete 
hargebins and the absolute 
harge 
ontained within ea
h bin therefore needs to be 
alibrated. Dividing the
hannel number where a test pulse appears on the MCA by the (known) amount of 
harge withinthe test pulse, gives the 
onversion gain of the ele
troni
s in 
hannels per pi
o-Coulomb (pC). The
apa
itor on the test input of the Preamp used here was known to be 1 pF. Therefore, given thatthe 
harge, Q, is equal to the 
apa
itan
e, C, multiplied by the voltage applied, V , it was possible to
al
ulate the amount of 
harge going through the preamp from a test pulse of known voltage. Twotest pulses with di�erent voltages were used to 
al
ulate the 
onversion gain as this allows the removalof any DC o�sets in the ele
troni
s during data analysis.There are two 
hara
teristi
 shapes to PHDs from MCP dete
tors. One is an exponential de
ay of3The re
harge time is governed by the RC time 
onstant for re
harging a single 
hannel. Equation 1 in Fraser et al.(1991b) predi
ts a re
harge time for a single 
hannel of 2.5 ms taking the appropriate values given therein and assumingthat the 
hannel is fully re
harged after 5 time 
onstants. 39



the frequen
y with in
reasing 
harge. This is indi
ative of a la
k of pulse saturation when X-rays arein
ident on the dete
tor and is also expe
ted from noise 
ounts, on a

ount of the noise sour
e beingevenly distributed along the 
hannel length (Fraser et al. (1987) � more in Chapter 3). Se
ond is apeaked (saturated) distribution whi
h shows a most likely 
harge from a dete
tor pulse. This typeof distribution indi
ates that the ele
tron avalan
he has saturated, meaning no further ampli�
ationof the ele
tron 
loud will o

ur. Saturation is indu
ed when the ele
tron 
loud gets suÆ
iently largethat it e�e
tively shields ele
trons towards the rear of the avalan
he from part of the potential applieda
ross the MCPs (spa
e 
harge saturation). For a dete
tor to operate in photon 
ounting mode,a saturated PHD is needed as it ensures that the quantum eÆ
ien
y of the dete
tor is maximisedand is not a fun
tion of the bias voltages. The width and position of the peak of the PHD 
anbe manipulated by 
hanging the �elds within (and hen
e the potentials applied a
ross) the MCP.Ideally, a dete
tor would have a low peak gain to redu
e the amount of 
harge lost from the MCPsper avalan
he, (prolonging their life) and narrow width so that the output 
harge pulses are veryregular and 
onsistent. Unfortunately, these two 
onditions are mutually ex
lusive. Hen
e, subtlemanipulation of the voltages are required to bring the width of the distribution down for a pra
ti
alpeak gain.2.3 Small pore sizesThe Mi
ro
hannel plate (MCP) ele
tron multipliers used in most X-ray dete
tors typi
ally have porediameters of order 10 � 12�m. MCPs with smaller pore size (2 � 6�m pore diameter) have beenshown to promise major improvements in the time resolution, 
ount rate 
apability, dark noise andspatial resolution of imaging mi
ro
hannel plate dete
tors. These improvements arise be
ause theperforman
e 
hara
teristi
s are fundamentally determined by the MCP 
hannel array geometry; porediameter, D, 
hannel length, L, and pit
h, p. Modeling of the propagation of the ele
tron 
loud is40



des
ribed by Fraser et al. (1988) and Fraser (1990), where the transit time is shown to be proportionalto L2D . Hen
e, for a given aspe
t ratio (
hannel L : D) it is proportional to the 
hannel diameter, D.Transit time varian
e (or pulse width) is shown to be proportional to the 
hannel length, L. Therefore,redu
ing the pore size of the a
tive MCP redu
es the transit time and transit time spread for a givenaspe
t ratio.Developing MCPs with su
h small pore diameters has been a major te
hnologi
al 
hallenge, requiringnew manufa
turing te
hniques whi
h have progressively redu
ed D from 25 �m to the present limit of2-4 �m (Laprade & Reinhart (1989), Laprade & Star
her (2001)). These improvements were drivenmainly by appli
ations in night vision intensi�
ation and mass spe
trometry, where any improvementin temporal resolution (�t) translates into better mass resolution, parti
ularly for ion analysers forspa
e plasmas (Wilken et al., 1987). A fortunate 
oin
iden
e of all this development work is a po-tentially major improvement for s
ienti�
 �elds su
h as; X-ray, EUV and FUV astronomy as well asnew, terrestrial, appli
ations su
h as biologi
al imaging, where the dete
tor parameter spa
e around�t � 1 ns, �x � 10 �m is of fundamental interest. MCPs remain the only 
lass of dete
tor 
apableof operating in this regime (Table 2.1).2.4 Appli
ations2.4.1 AstronomyTo date, MCPs remain an important 
lass of dete
tors for X-ray astronomy missions, for instan
e, thehigh resolution imager on the Chandra observatory is a large area mi
ro
hannel plate dete
tor (Lees& Pearson, 1997). However, due to te
hnologi
al improvements in other areas of dete
tor te
hnologyand the drive towards high resolution imaging spe
trometers for the fo
al plane of XEUS or Con-X,no MCP dete
tor is proposed as part of their payload. The 
ombination of imaging and spe
tros
opy41



(eg. CCDs/TESs) is a mu
h more attra
tive option for the future X-ray astronomi
al observatories.However, MCPs remain in use in astrophysi
s be
ause of their unparalleled performan
e at ultraviolet(UV) wavelengths. The open window, solar blind response of MCPs makes them ideal for dete
tingultraviolet and extreme ultraviolet (EUV) light. Dete
tors with a signi�
ant response to visible radia-tion require 
omprehensive shielding in order to minimize the ba
kground for UV/EUV measurements.This shielding is often a
hieved using thin aluminium �lms whi
h 
an be made of two layers su
h thatthe 
oin
iden
e of pinholes in ea
h layer is unlikely, thus redu
ing the opti
al transmission of the �lter(e.g Mitrofanov (1998)). Having a dete
tor whi
h is inherently insensitive to photons outside the bandof interest is of value to redu
e the shielding requirement and hen
e redu
e the 
onstraints on the�lter. The eÆ
ien
y of an MCP falls almost exponentially with in
reasing wavelength from � 2% at200 nm to � 10�9% at 260 nm (Wiza, 1979). However, it is important to note that while MCPs areintrinsi
ally blind to opti
al photons, they still sometimes require shielding from these wavelengthsas the enormous 
ux from the Sun 
auses a statisti
ally signi�
ant number to ex
ite the MCP. Anelegant way of performing this shielding is to use a high eÆ
ien
y, solar blind (opaque) photo
athode,whi
h not only blo
ks visible light, but also provides an in
rease in the EUV eÆ
ien
y of the dete
tor(Tremsin & Siegmund, 2000). However, some �ltering is still often required but it needs to be mu
hless 
omprehensive than for a dete
tor whi
h is inherently sensitive to visible wavelengths.EUV spe
trometers have been 
own on sounding ro
kets to investigate the emission from astrophysi
alplasmas, su
h as the atmospheres of white dwarf stars (Bannister et al., 2000). In order to obtainspe
tra of suÆ
iently high energy resolution to resolve the features (absorption lines) in the spe
trumwithin the 5 � 10 minute observation period of a sub-orbital sounding ro
ket 
ight, a dete
tor withboth high quantum eÆ
ien
y (QE ) and high spatial resolution is required. For a dispersive gratingspe
trometer, photon position in the fo
al plane is a fun
tion of photon energy with high spatialresolution leading to high energy resolution. However, there must be a statisti
ally signi�
ant number42



of events in ea
h energy bin of the spe
trum, and hen
e the dete
tor must have good QE to preventobservations being photon limited (i.e. limited by the Poisson statisti
s of the number of dete
tedphotons).To date, the resolution of sounding ro
ket borne, EUV spe
trometers has not been suÆ
ient to un-equivo
ally resolve the Helium lines of interest in the atmospheres of these stars (eg. Crudda
e et al.(2002)). Therefore, a redu
tion in MCP pore size 
ould potentially have a drasti
 impa
t in this �eldbe
ause of the higher spatial (and energy) resolution enabled by small pore MCPs and new readoutte
hnologies. A number of readouts are 
apable of a
hieving MCP pore-limited resolution; delay lines,vernier anodes and 
ross strip anodes, these are reviewed by Lapington (2004).The World Spa
e observatory (WSO � Barstow et al. (2003)) is the future su

essor to the UVinstruments onboard The Hubble Spa
e Teles
ope (HST). A number of the potential dete
tors forWSO are based on MCPs, their imaging 
apabilities are used either to provide high resolution imagesof the sky dire
tly or as the imaging element in the dispersive spe
trometers. Barstow et al. (2003)proposed the use of the high resolution J-PEX MCP dete
tor for both the imager and the long slitspe
trometer as its spatial resolution lends itself ideally to this purpose.The generi
 dete
tor, originally proposed for all three of the spe
trographs on WSO is a Z-sta
kdete
tor already demonstrated in the ORFEUS instrument 
own form the Spa
e Shuttle in 1993 and1996 (Barstow et al., 2003). This dete
tor has dimensions of 30�40 mm, ideally suited for the UVESand VUVES instruments, yet the dispersion from the long slit (LSS) instrument is 80 mm, requiringtwo dete
tors to 
over the ne
essary area. The J-PEX dete
tor 
onsists of a 
hevron of 6 �m poreMCPs read out by a vernier anode and has been demonstrated su

essfully onboard a sounding ro
ket
ight (eg. Bannister et al. (2000) or Crudda
e et al. (2002)). Su
h a dete
tor 
ould 
ompress the LSS�eld onto a single dete
tor and also o�ers the best option for the fo
al plane imagers, despite beinglimited by the 6 �m pore diameters. The validation of the operation of smaller pore size MCP dete
tors43



would therefore o�er improved imaging resolution assuming the readout is 
apable of a
hieving porelimited images.The WSO would be in an ideal pla
e to build on the s
ien
e gained from HST, investigating a highlyimportant region in the ele
tromagneti
 spe
trum. Pagano et al. (2006) point out that the resonan
elines of most atoms/ions/mole
ules of astrophysi
al signi�
an
e lie in the UV waveband, making it ahighly signi�
ant area of resear
h. UV absorption spe
tros
opy 
an yield mu
h information about thematter whi
h lies in the line of sight to a bright obje
t (Stellar/planetary atmospheres, inter stellarmedium, et
.). For instan
e, by observing the absorption lines in the atmospheres of white dwarf stars,the interstellar medium and even the atmospheres of extrasolar planets, the 
hemi
al 
omposition ofthese plasmas 
an be determined.As an example: By analysing the absorption spe
tra both in and out of the transit phase of the orbit,exoplanet HD209458b has been shown by Vidal-Madjar et al. (2003, 2004) to have an atmospherewhi
h 
ontains hydrogen, 
arbon and oxygen. Although this in itself is a remarkable result, thesepapers take the analysis one stage further, allowing interpretation of the motion and behaviour of theatmosphere as well as its 
omposition. In this 
ase, the material is found to be es
aping from theplanetary atmosphere as it extends beyond the Ro
he-lobe, (the boundary of a stable atmosphere)forming a 
omet like tail behind the planet. WSO would o�er mu
h more pre
ise investigation of su
hphenomena and 
ould extend the analysis to other exo-planets.Although I have restri
ted my dis
ussion of the astrophysi
al importan
e of the UV region to dis
ussionof one appli
ation, G�omez de Castro et al. (2006) review a great number of other areas where these kindof observations would be of fundamental interest. The great diagnosti
 power of the UV region of theele
tromagneti
 spe
trum for astrophysi
al targets is evident, indi
ating the fundamental importan
eof dete
tor development for high resolution UV imaging and spe
tros
opy.44



2.4.2 Terrestrial appli
ationsDete
tors optimised for parti
le physi
s, spa
e s
ien
e and astronomy are ideally suited for use indiverse areas of s
ien
e from biologi
al and 
hemi
al resear
h to surfa
e analysis and syn
hrotronphysi
s. Therefore, new developments in MCP te
hnology should be targeted at as broad a range ofpotential appli
ations as possible. A number of appli
ations exist whi
h would bene�t from a generi
te
hnology with large e�e
tive area, high spatial and temporal resolution and whi
h is 
apable ofhandling a high event rate. Su
h a program has been funded by the RCUK�Basi
 te
hnology resear
hprogram and is led by Jon Lapington at the University of Lei
ester. This resear
h aims to push MCPsbeyond their 
urrent performan
e by developing new MCPs made from Bulk 
ondu
tive glass (toin
rease the dynami
 range in timing), develop new, high resolution, high speed readout te
hnologiesbased on ASIC ele
troni
s and �nally to investigate the new breed of small pore size MCPs and howthey behave when operated as single photon/parti
le 
ounting dete
tors (Lapington et al., 2007).Chapter 3 reports experimental validation of the operation of small pore MCPs as high gain dete
torsand represents the �rst stage in the design of a dete
tor geometry suitable for these fragile plates.2.4.2.1 Biologi
al imagingThe re
ent su

ess of the human genome proje
t, and more generally, the enormous �eld of geneti
shave been driven, in part, by te
hnologi
al advan
ements in 
uores
en
e measurements. However,these methods are not stri
tly quantitative and 
annot be used for the study of proteins in living 
ells.This study of 
omplex proteins in vivo, (within a living 
ell) is in its infan
y and the advent of new,ultra-fast, small pore MCPs 
ould, 
on
eivably, provide the te
hnology driver for this area of resear
hby drasti
ally redu
ing the 
ost and 
omplexity of su
h measurements. The multiplexing of a largenumber of observations simulaneously, as enabled by large area MCPs, would greatly in
rease thespeed of data 
olle
tion and allow even faster timing response than with a standard photomultiplier45



tube. This arises be
ause of the minaturisation of the multiplier leads to a shorter transit time andtransit time spread for the ele
tron avalan
he.High time resolution imaging of the 
uores
en
e from a biologi
al sample would allow the determina-tion of the behaviour of proteins as they intera
t, drasti
ally improving the diagnosti
 power of thete
hnique. The � ps resolution whi
h is theoreti
ally possible with small pore MCPs makes them theideal dete
tor for this type of appli
ation.2.5 SummaryThis 
hapter des
ribes the operation of MCPs as imaging, photon/single-ion 
ounting dete
tors ofX-rays and 
harged parti
les. The potential improvements in dete
tor response enabled by the new,smaller pore size MCPs are reviewed and pla
ed in the 
ontext of a number of possible future ap-pli
ations both in spa
e and in a terrestrial environment. Here, the 
ombination of high quantumeÆ
ien
y, good imaging resolution and extremely high temporal resolution means that MCPs will re-main a 
ru
ial dete
tor te
hnology with s
ienti�
 areas as diverse as X-ray/ultraviolet astronomy andthe life s
ien
es identi�ed as areas where this superb 
ombination of temporal and imaging resolution
ould have a signi�
ant impa
t.Chapter 3 reports re
ent experiments whi
h validate the operation of these new MCPs and provide agood platform for developing extremely high speed dete
tors out of them.
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Chapter 3Photon 
ounting with small poremi
ro
hannel plates
3.1 Introdu
tionChapter 2 has des
ribed the operation of MCPs as imaging, photon 
ounting dete
tors and the po-tential s
ienti�
 bene�ts of using smaller pore diameter MCPs. This 
hapter des
ribes experimentalinvestigation of a set of 3:2�m diameter pore MCPs produ
ed by Photonis SAS (Brive, Fran
e).3.2 Experimental 
hara
terisationThe small pore plates under investigation here represent extremely new te
hnology. Therefore, anumber of questions needed to be answered regarding their operation before they 
ould be 
onsideredfor pra
ti
al use as X-ray dete
tors in a new generation of s
ienti�
 instrumentation.The handling and manipulation of these plates was 
ompli
ated by their extreme fragility. Hen
e, the47



pra
ti
ality of su

essfully assembling a dete
tor with su
h fragile plates needed to be demonstrated.Furthermore, it was not 
ertain that a saturated gain 
ould be a
hieved before ion feedba
k be
amesigni�
ant, di
tating whether these MCPs 
ould be used as photon 
ounting X-ray dete
tors.By 
hara
terisation of the �eld needed to indu
e pulse saturation, and assessing the pra
ti
ality ofsu
h a �eld by demonstrating long duration operation without ele
troni
 breakdown, these questions
ould be answered. Subsequently, the more pertinent s
ienti�
 questions about the dete
tor signalspeed and dark noise were addressed. Future work will need to be undertaken to address issues su
has the intrinsi
 quantum eÆ
ien
y and limiting spatial resolution of these new plates as this has notbeen 
onsidered in this preliminary investigation.3.2.1 The test fa
ilityThe Fa
ility used in this work was originally developed for the 
alibration 
ampaign of the ROSATwide �eld 
amera and is known as the dete
tor test fa
ility (DTF - See Figure 3.1). It is an ultrahigh va
uum (UHV) beamline whi
h typi
ally operates at pressures � 1� 10�6 mbar and below. Thereason for using su
h low barometri
 pressures is twofold: One, the dete
tors must be kept extremely
lean; free from dust, moisture and 
ontaminants whi
h 
an 
ause noise hotspots on the dete
tor.Se
ondly, low pressures mean that the dete
tor 
an be operated with less probability of ele
troni
breakdown. Voltages needed for standard (10 �m pore size) plates are �1 kV, di
tating a �eld of�2.5 kVmm�1. Su
h high �elds will 
ause breakdown events at atmospheri
 pressure, where a sparkjumps through the air and 
ould damage (or destroy) the dete
tor or the expensive ele
troni
s usedto read it out. For this reason, high voltages were not applied to the plates until the system rea
hedpressures of � 2� 10�6 mbar.E�e
ts su
h as outgassing of the MCP pore walls 
an lead to lo
al in
reases in pressure and anin
reased potential for breakdown. The dete
tors were therefore baked out before use and powered up48



Figure 3.1: Photograph of the dete
tor end of the DTF The end 
ange is 
learly visible and is wherethe dete
tor sits on the translation stages.very slowly at �rst to remove mu
h of the outgassing produ
ts. A pumping time of several hours afterthe system rea
hed its base pressure was 
onsidered good pra
ti
e before powering up the dete
tor toallow for the lo
al pressure in
reases 
aused by outgassing to dissipate.Su
h an event was noti
ed when using a Le
roy os
illos
ope and it damaged the input ele
troni
s ofthe devi
e. However, despite apparent burn marks on the front of the MCP, the dete
tor still workedafter this event (more later).To produ
e the photons needed for testing the dete
tors, a number of sour
es 
ould be used. APenning dis
harge sour
e or a deuterium lamp, 
oupled with a grating mono
hromator gives low energy(Extreme (EUV) and Far (FUV) ultraviolet) photons and an ele
tron bombardment sour
e with anodeand �lter 
ombinations produ
es the more energeti
 (soft X-ray) photons. All data reported in this
hapter used the soft X-ray sour
e alone with a ma
rofol (2�m aluminised lexan) �lter. A sili
on
arbide (SiC) 
oated 
opper anode was bombarded with ele
trons to produ
e 
arbon-K (0:28keV )X-rays. To optimise the emission line to brehmssrahlung ba
kground ratio an a

elerating voltage of49



0.7 kV (just over twi
e the line energy) was used.The dete
tor was assembled as detailed in se
tion 3.2.2 and was mounted at the opposite end of thebeamline to the X-ray sour
e, on an X � Y translation stage so that the beam 
ould be a

uratelypositioned at the 
entre of the dete
tor. The 
ange also had a rotational degree of freedom about averti
al axis at the 
entre of the dete
tor 
ange. This allowed the dete
tor to be a

urately positionedso that its fa
e was perpendi
ular to the X-ray beam.3.2.2 Dete
tor assemblyThe extreme fragility of the small pore plates be
omes apparent when 
onsidering that they are, verysimply, plates of glass � 150�m thi
k with � 70% of their bulk et
hed away during manufa
ture. Itbe
ame immediately apparent that the standard dete
tor design extensively used within the group(the P-series dete
tors, shown s
hemati
ally in Figure 2.2) was wholly inappropriate for these newplates. This was due to the need to manipulate relatively large and 
umbersome 
omponents in very
lose proximity to the fragile plates. It was also extremely diÆ
ult to make a good ele
tri
al 
onta
tonto the surfa
es of the plates using the 
ompression spring without putting undue pressure onto theplates, risking shattering them. After an in
ident where one of the plates was damaged in a P-typedete
tor, a de
ision was taken to use a standard photomultiplier body to house the MCPs. This widelyused, mu
h simpler me
hani
al design allowed ele
tri
al 
onta
t to be made using a 
ir
lip and provedto be a mu
h better solution than a spring for su
h fragile plates. This dete
tor was designated theSP1 dete
tor (Figure 3.2).The SP1 dete
tor 
on�guration 
onsisted of two solid edge, 18 mm diameter a
tive area MCPs pro-du
ed by Photonis SAS (Brive, Fran
e), mounted in dire
t 
onta
t. The 
hannel aspe
t ratio L:Dwas 55 : 1, the 
hannel bias angle 6Æ and the open area fra
tion was 66%. The total thi
kness of theMCP pair was only 0:35 mm, so despite 
hanging the me
hani
al design of the dete
tor, the plates50



Figure 3.2: Photograph of the SP1 dete
tor mounted onto the test fa
ility end 
angestill required great 
are during dete
tor assembly.A 
ir
ular 
opper dis
, 20 mm in diameter, was used as the non-imaging readout ele
trode. This
ondu
ting plane was held at ground potential behind the MCP sta
k, and 
onne
ted through a 50
impedan
e mat
hed transmission line (Laprade & Reinhart, 1989) to either a LeCroy Wavemaster8600A (6 GHz bandwidth) os
illos
ope for fast timing measurements, or a 
harge sensitive preampli�er(Orte
 109PC) for measurements of gain and dark noise. The preamp had the fa
ility to 
onne
t a highvoltage (HV) to the dete
tor. This is needed, for example, when operating gas proportional 
ountersor 
hannel ele
tron multipliers (CEMs) as it provides the ele
tri
 �eld, required for the ele
tronmultipli
ation in these devi
es. In the present arrangement, this fa
ility was super
uous. Hen
e, thehigh voltage 
onne
tor was shorted to the preamp ground using a 
ap on the HV 
onne
tor, removinga possible aerial from the system and redu
ing the ele
troni
 noise. Carbon-K (0:28 keV) X-rays froman ele
tron bombardment sour
e were used to illuminate an � 2 mm diameter spot on the input MCPat normal in
iden
e, di
tating an e�e
tive in
ident angle of 6Æ to the 
hannel axes.
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Figure 3.3: Modal gain (triangles, right hand s
ale) and pulse height FWHM (squares; left hand s
ale)as fun
tions of total MCP voltage.3.2.3 Photon 
ountingIn order for these plates to be operated as saturated gain X-ray dete
tors, their optimum operating
onditions required investigation. The photon 
ounting behavior of these plates was assessed usingpulse height distributions for C-K (0:28 keV) X-rays, and also for the unilluminated dete
tor (toestablish noise 
hara
teristi
s).3.2.3.1 Voltage optimizationThe �rst phase of testing was to perform voltage optimisation. Taking a number of pulse heightdistributions for di�erent applied voltages (a
ross the MCP sta
k) allows the optimum voltage for thedete
tor to be dedu
ed. Figure 3.3 shows how the gain and full width at half maximum (FWHM)of the pulse height distribution vary as a fun
tion of dete
tor voltage. Se
tion 2.2.2 states that theideal dete
tor is one with a low FWHM and low gain1 and therefore, optimisation between FWHM1Paradoxi
ally, high gain is what gives us a measurable signal but the plates should be operated at as low gain asis pra
ti
al to redu
e the amount of 
harge removed from the glass by ea
h event. This is be
ause the lifetime of the52



Figure 3.4: (left) Peaked X-ray pulse height distribution for C-K X-rays with a total dete
tor bias of1958 V. (Right) Noise pulse height distribution for the same voltage.and gain is required (see Figure 3.3). To zeroth order, this 
an be taken to be the point at whi
h thetwo 
urves in Figure 3.3 
ross. However, it is sometimes better to 
hoose a slightly di�erent voltageto in
rease the dete
tor gain or redu
e the FWHM as required. This is 
hosen by 
areful analysis ofthe shape of the PHD and the number of 
ounts within a given range of the peak gain. The optimumvoltage setting was found to be � 1920 V, di
tating a �eld a
ross the � 0:35 mm dete
tor sta
k of� 5:5 kVmm�1. This is an extremely high �eld for MCP operation; by 
omparison, a standard 40 : 110� m pore MCP is typi
ally operated with a �eld of � 2:5 kVmm�1.3.2.3.2 X-ray and noise 
ountingFigure 3.4 (left) shows the peaked soft X-ray (C-K, 0:28 keV) pulse height distribution measured at atotal MCP bias of 1958 V (the highest voltage used). Figure 3.4 (right) shows a deep (long duration -overnight) noise pulse height distribution, taken at the same bias voltage, from whi
h, the assessmentof dark noise was made. The noise above 10% of the modal gain should s
ale with plate thi
kness for agiven aspe
t ratio (Fraser et al., 1987). The sum of 
ounts above this threshold gives the dete
tor darknoise for the whole dete
tor. The two PHDs shown in Figure 3.4 indi
ate a spe
i�
 problem with theSP1 dete
tor design. The expe
ted exponentially de
aying PHD, indi
ative of dete
tor dark noise, isplate before it undergoes gain de
ay is strongly linked to the amount of 
harge whi
h has been removed from the glassduring operation. 53



in fa
t a peaked distribution. This is believed to be 
aused by ex
ess 40K in the 
erami
 
omponents ofthe photomultiplier body whi
h degrades the X-ray PHD (Figure 3.4 (left)) by in
reasing the numberof 
ounts below the X-ray peak, broadening the FWHM.The dark noise of the dete
tor is 0:9 s�1
m�2, 
ompared to � 0:4 s�1
m�2 for larger pore size plates(Fraser et al. (1987)). The intrinsi
 ba
kground rate due to 40K in the glass is expe
ted to be mu
hredu
ed, owing to the redu
tion in MCPmass of a fa
tor� 2:25 over a single thi
kness MCP with 10�mdiameter pores. However, this expe
ted redu
tion in MCP dark noise has not been demonstrated. Itis believed that the noise pulse height distribution is 
omposed of two dis
rete populations of events:First, the exponentially de
aying (as a fun
tion of gain) noise 
ount rate expe
ted from MCP dete
tors(Fraser et al., 1987) owing to the distribution of radioa
tive elements in the glass. This exponentialde
ay is a 
onsequen
e of the even distribution of radioisotopes along the 
hannel length and theredu
tion in gain for events whi
h are initiated down the length of the 
hannel.Se
ond is an ex
ess noise 
ontribution whi
h is due to external radioa
tive de
ay of 40K in the 
erami

omponents of the dete
tor housing. Fraser et al. (1987) shows that of the two de
ay pro
esses for 40K,only the 
ontribution from the 1.31 MeV beta de
ay is signi�
ant for MCP noise and therefore I willnegle
t the 1.46 MeV gamma ray from my dis
ussion. The beta parti
les in
ident onto the dete
tor
an initiate an ele
tron avalan
he in the same manner as the X-ray events, yet the distribution looksrather di�erent to the X-ray pulse height distribution (even after the removal of the internal MCPnoise - see Figure 3.5. This di�eren
e is not believed to be unreasonable as the pre
ise pulse heightdistribution for ele
trons will depend strongly on the ele
tri
al and magneti
 environment around thedete
tor. These will 
ontrol how far into the 
hannels ele
trons travel before intera
ting with theglass, initiating the avalan
he. It should be noted that the bias �eld is su
h that it will a

elerate anyele
tron whi
h gets into a pore towards the ba
k of the MCP, in
reasing the likelihood of intera
tiondown the 
hannel - hen
e the broader pulse height distribution for ele
trons than X-rays.54
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Figure 3.5: Analysis of the X-ray PHD shown in Figure 3.4. The green points are measured data, thered line an exponential �t to the �rst 15 and last 600 data points where the shape is thought to bedominated by the exponential fun
tion 
hara
teristi
 of MCPs, and the blue points the residual ex
essnoise 
ounts. The ex
ess noise is shown to be peaked and is thought to be 
aused by radioa
tive de
ayin the dete
tor body. It should be noted that the 
ount rate in the residuals is in pla
es negative, thisis explained by the fa
t that in pla
es the exponential �t overestimates the experimental results duemainly to statisti
al s
atter.
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urve the X-ray data with the noise 
ountsremoved.Figure 3.6 shows that the high gain tail 
an be explained by the total noise observed from the MCP,meaning that the X-ray events do not lead to the high gain tail. However, at low 
harge, the pulseheight distribution is only weakly in
uen
ed by the noise 
ount rate. The asymmetry and non-zerobaseline of the PHD is therefore believed to be real. My experien
e of optimising these kind ofdete
tors suggests that the ability to manipulate the �elds independently within the plates and in thegap between them would allow this low 
harge tail to be signi�
antly redu
ed by in
reasing the biason the front MCP in the 
hevron with respe
t to the rear plate.3.2.4 TimingMany appli
ations, in
luding time of 
ight (TOF) mass spe
trometers, 
avity ring down spe
trometersand 
uores
en
e lifetime imagers require extremely high temporal resolution (� 1 ns). One of the56



major potential advantages of smaller pore MCPs is the improvement in temporal resolution gainedthrough the redu
ed transit time, and transit time varian
e, for the ele
tron avalan
he within the
hannels (Fraser et al., 1988). Therefore, 
hara
terisation of the pulse rise time and pulse width wasperformed in order to assess the performan
e of the new plates and 
ompare them to theoreti
al valuesderived in the literature.3.2.4.1 Models from the literatureFraser et al. (1988) 
onsider a single 4 �m, 80:1 MCP at 1 kV and 
al
ulate a transit time2 of 180 psfor an ele
tron avalan
he, with a 35 ps transit time spread3. Using the s
aling laws and 
al
ulationsin Fraser (1990) and Fraser et al. (1988) to s
ale to the 
urrent 55 : 1, two MCP 
hevron design allows
omparison of the theory and experimental results. Using equation 7a in Fraser (1990), the transittime (tf ), and transit time spread (�tf ) s
ale as:-
tnewf = toldf �L2=D�old(L2=D)new ; (3.1)and,
�tnewf = �toldf LnewLold ; (3.2)where new indi
ates the plates of interest, old the 
al
ulated values, L is the length, and D is thepore diameter of the plates.Equation 3.1 predi
ts a transit time of 68 ps and equation 3.2, a transit time spread (equivalent to the2Transit time is the delay between pulse initiation and its exit from the MCP.3The transit time spread is the FWHM width of the avalan
he whi
h is 
aused by the 
omplex propagation of theavalan
he through the 
hannels - this 
an be 
ompared with experimental pulse widths and rise times, both of whi
hare a measure of the spread in transit times for ele
trons in the avalan
he.57



pulse width) of 19 ps for a single plate. To 
onvert this \single-plate" value into a number representinga 
hevron pair of MCPs, the transit times add dire
tly and the transit time spreads add quadrati
ally.These 
al
ulations lead to expe
ted values of 136 ps and 27 ps respe
tively for transit time and transittime spread for the dete
tor under investigation here.3.2.4.2 Timing resultsThe mean pulse width (FWHM) and rise time (10� 90% of the pulse maximum) were re
orded as afun
tion of the �eld between the rear of the sta
k and the readout (Figure 3.7 (Top)). A

eleration ofthe pulses on to the readout by the rear �eld redu
es any further pulse broadening (after broadeningwithin the pores). When the pulse exits the MCP, the ele
trons have an energy (and thereforevelo
ity) 
hara
teristi
 of where along the 
hannel axis they were emitted, this variation in outputele
tron energy may give rise to further pulse broadening in the output stage of the dete
tor.There is a 
lear 
hange in the gradient of the pulse width 
urve (Figure 3.7 top) at a potential di�eren
eof � 740 V, this is justi�ed by 
omparing the statisti
al signi�
an
e of di�erent �ts, an exponential(green line) and a two 
omponent linear �t (blue line). Visually, it is 
lear that the broken linear�t gave a mu
h improved 
orrelation with the data with a break point at 740 V, this is supportedmathemati
ally by the in
lusion of the 
oeÆ
ient of determination, R2, whi
h is a measure of thedi�eren
e between the measured values and those predi
ted by the model, it approa
hes unity for aperfe
t �t. It is expe
ted that at a 
ertain voltage, the improvement in the speed of the dete
torpulses with in
reasing voltage would 
ease, eviden
e for tailing o� of the gradient is seen in the plot,explaining the la
k of perfe
t 
orrelation for the linear model.The data points (pulse widths and rise times) 
onsist of the mean of a statisti
al sample of manythousand individual events, error bars are measured in hardware and are plotted as one standarddeviation of the statisti
al distribution of measured pulses. A better estimate of the width of this58



Figure 3.7: (Upper panel) Pulse width and rise time as a fun
tion of rear voltage in the original
on�guration. NB. � 1 mm between the rear plates and the ele
trode. (Lower panel) Evolution ofpulse shape with rear voltage.
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distribution would be the full width at half maximum (FWHM), whi
h for a Gaussian, would equal2.36 times the standard deviation. However, this would mask the fa
t that there is a genuine downwardtrend in the 
urves as voltage is in
reased. The size of the error bars are also believed to be questionableas they appear too large. This is believed to be 
aused by imperfe
t triggering of the os
illos
opewhere a small number of extremely long pulses bias the average and standard deviation of pulse widthand rise time to larger values. This is explained in more detail in Se
tion 3.2.5, along with a way toredu
e its e�e
t.The 
hange in temporal pulse shape whi
h gives rise to the gradient 
hange in Figure 3.7 (top) isevident in the lower panel of the �gure. At low voltages and hen
e weaker �eld strength, the pulsesare single peaked and wide, whereas at higher voltages, the double-peaked nature of the pulse be
omesapparent. This double peaked nature is less evident at low �elds be
ause it is smeared out by pulsebroadening. The se
ond peak is not expe
ted in the output signal and is likely to be indi
ative ofthe ele
tri
al problems (ringing and 
oupling) within the system mentioned in se
tion 3.2.4. Theseproblems will be dis
ussed in more detail later when experimental modi�
ations are dis
ussed (se
tion3.3). On
e the dip between the two peaks ex
eeds 50% of the peak amplitude, the 
al
ulation ofpulse width by the LeCroy os
illos
ope no longer takes a

ount of the se
ond peak. This explainsthe apparent dis
ontinuity in the 
urve of pulse width as a fun
tion of rear output voltage shown inFigure 3.7 (top).The average pulse rise time (10� 90%) of the fastest dete
tor 
on�guration was found to be 189 ps.After removal of the os
illos
ope rise time by the method outlined in Laprade & Reinhart (1989), thepulse width was found to be 284 ps. Figure 3.8 shows a typi
al os
illos
ope tra
e for a single event, theGaussian �t (red) implies an un
orre
ted FWHM and rise time of 174 and 125 ps respe
tively. This is,therefore, a pulse towards the \fast end" of the statisti
al distribution sampled and demonstrates thatthe os
illos
ope is not the limiting fa
tor in the measurements. These values 
ompare well with the60
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Figure 3.8: Data from the most optimised dete
tor 
on�guration in the initial work. The rear voltagewas 2021 V. The red line is a Gaussian �t to the the pulse and the + signs are the data points. Therelatively poor sampling of the pulse is 
hara
teristi
 of the maximum resolution of the os
illos
ope.122 ps rise times reported by Photek (Milnes & Howorth (2005)) for a number of MCP photomultipliertubes.3.2.5 Experimental issuesSeveral modi�
ations were ne
essary in order to improve the timing response of the ele
troni
s andto s
reen out slow de
aying signals indu
ed on the MCP rear surfa
e.The �rst modi�
ation was in the triggering of the os
illos
ope. Initially, it was believed that a \widthtrigger" would e�e
tively 
onstrain the dete
ted pulses to true dete
tor output-pulses and reje
tele
troni
 noise. The width trigger for
ed the os
illos
ope to trigger on a pulse as the voltage 
rossedthe mean ba
kground level on the trailing edge of the pulse. As the pulse shape should, in theory, be
onsistent and triangular, this should have given a very stable triggering s
heme, removing unwanted61



noise signals. Gross 
hanges in the standard deviation of the pulse width and rise time were observedwhen the trigger level was 
hanged, 
on�rming that the width trigger was very sensitive to the triggerlevel, pre
isely what it was being used to avoid.Dis
ussions with Martin Dinmore4 made it 
lear that it would be mu
h more su

essful to use a simpleedge trigger (i.e. trigger on the leading edge of the pulse) and 
onstrain a gate, or region of interestfor the trigger. This e�e
tively 
onstrained the os
illos
ope to disregard noise pulses and make themeasurements less sensitive to the experimental setup of the trigger level and made the readings morerobust and repeatable. Using the edge trigger and region of interest proved extremely su

essful,redu
ing both the absolute value and the standard deviation on the pulse width and rise time5.Investigation into the double peaked nature of dete
tor pulses and slower than expe
ted rise timesrevealed a number of possible 
auses for these e�e
ts (Martindale et al., 2007b).� Impedan
e mismat
h in the ele
tri
al 
onne
tion between anode and 50
 feedthrough 
ouldhave 
aused ringing in the ele
troni
s 
hain. The baseline overshoot, apparent after the pulse,is indi
ative of some level of re
e
tion within the transmission line.� Se
ondary ele
trons, emitted from the anode as a result of the impa
t of the primary 
harge
loud. Their later re
olle
tion on the anode would give rise to the after pulse.� A double peaked ele
tron energy distribution in the MCP output pulse giving rise to two distin
t
harge 
olle
tion times on the anode, resulting from the 
olle
tion of a fast ele
tron 
omponentinitially, followed later by a slow ele
tron 
omponent.� The net positive 
harge left on the MCP pore walls 
lose to the 
harge exit aperture, 
ould4LeCroy sales and support engineer5Although this may appear to be arti�
ially in
uen
ing the data 
olle
tion by disregarding \unwanted" signals, it isjusti�ed be
ause of the e�e
t of a single, extremely long, slow pulse on the statisti
s of the data. A pulse lasting manyns is unphysi
al and must be an ele
tri
al artifa
t, yet even a small number of these signals would signi�
antly 
hangethe mean and standard deviation of the true dete
tor pulses if they were a

epted in the data analysis.62




ouple onto the MCP output and readout ele
trodes. This would indu
e a positive signal witha slow de
ay, redu
ing the anode ele
tron signal amplitude and in
reasing its rise time.3.3 Modi�
ations and improvements3.3.1 Prote
tion of ele
troni
sDuring operation of the dete
tor, a breakdown event was noti
ed whi
h was attributed to simultaneous�ring of many 
hannels by the impa
t of a 
osmi
 ray. This event 
aused serious damage to the inputstage of the os
illos
ope. Unfortunately, it is not possible to prote
t the input in any 
omprehensiveway as to do so would degrade the impedan
e mat
hing within the signal 
able. This impedan
emat
hing is ne
essary for high speed readings as any mismat
hes would 
ause re
e
tions within thesignal line and redu
e the apparent speed of the MCP pulses. The only possible me
hanism for inputprote
tion is a high frequen
y attenuator whi
h would 
ut the magnitude of the input signal. Althoughthis would redu
e the possibility of driving the input over its upper voltage limit, these high 
hargeevents may still damage the ele
troni
s.3.3.2 Unwanted 
ontributions to the signalIt 
ould be argued that the dispersion of ele
trons within the avalan
he (whi
h is implied by the
al
ulation of the expe
ted transit time and transit time spread in Se
tion 3.2.4.1), 
ould be usedto dedu
e the temporal broadening after exiting the MCP. However, it should be noted that thedispersion relation inside the MCP is very di�erent from that after the avalan
he has exited the
hannel plate. In the �rst region, the avalan
he is perturbed by the 
on�nement within the 
hannel,the random emission dire
tion of se
ondary ele
trons, the wall 
harge left after ex
itation of these
ondary ele
trons and �nally the e�e
t of the other ele
trons in the avalan
he. Outside the plate63



Figure 3.9: dete
tor pulse with rear grid and 2:5 kV between the grid and rear plate (1900 V on theMCP sta
k). Note the se
ondary peak has been almost removed.the ele
trons simply follow ballisti
 traje
tories within the ele
tri
 �eld. It is true that the �eld is stillperturbed by the wall 
harge on the 
hannel exit aperture and the presen
e of the other ele
trons.However, the la
k of 
on�nement within the 
hannel means that the dispersion relation is so di�erentfor the two regions that no further pulse broadening 
an be removed in the data analysis.A possible solution to the problem of double peaked dete
tor pulses and slow rise times is to 
ouplethe MCP output ele
trode to ground using a high voltage 
apa
itor with very high frequen
y response.This gave rise to minor improvements in the signal speed; however, it was believed that introdu
ing this
omponent signi�
antly in
reased the possibility of breakdown events damaging the MCPs. Therefore,it was removed.Another solution, used for 
ommer
ial high speed mi
ro
hannel plate dete
tors, is to pla
e a gridbetween MCP and anode to pre-a

elerate the output ele
trons before they are dete
ted by the anode.This serves to de
ouple the anode from indu
ed signals on the MCP by shielding it ele
tri
ally.Preliminary tests with the grid between the rear of the MCP and 
ounting ele
trode showed a marked64



redu
tion in the se
ondary peak, and a signi�
ant improvement in the rise time. This implies thatthe 
ause of the double peak and non-optimised rise time was 
oupling between the rear plate andthe ele
trode. In preliminary tests, the grid was � 5 mm from the rear of the MCP sta
k, di
tatedby the ease of making a grid mount to �t within the dete
tor. This allows signi�
ant time for furtherpulse broadening in the output stage of the dete
tor and 
an 
ertainly be improved upon.The improvement to the pulse shape o

urs despite the lower �eld between the rear of the MCP andele
trode (2:5 kV were pla
ed a
ross a gap of � 5 mm 
ompared to 2 kV a
ross � 1 mm previously).Lower �elds are extremely advantageous for pra
ti
al dete
tors as it redu
es the probability of ele
tri
albreakdown and in
reases the lifetime of the dete
tor. Figure 3.9 shows a pulse from a dete
tor
on�guration with mean pulse rise time of < 150 ps with the grid 5 mm from the rear MCP fa
e.Eviden
e of baseline overshoot after the pulse in Figure 3.9 is indi
ative of a problem with ringing in thesignal 
hain whi
h 
ould also be limiting the aparent speed of the dete
tor pulses. However, de
ouplingthe anode from the rear MCP surfa
e using the grid seems to have been su

essful. Lapington et al.(2007) has shown that with a di�erent readout te
hnique (with true 50
 impedan
e mat
hing) fasterrise times of order 80 ps are 
ertainly possible. This data was a
hieved with an indu
tive readoutknown as \image 
harge" where the e�e
t of 
oupling the rear ele
tri
 potential onto the dete
tor is
ompletely removed from the data by the indu
tive readout s
heme. A better ele
tri
al arrangement,of the grid mounting to allow a redu
tion in the grid/MCP-sta
k distan
e is therefore likely to leadto additional improvements in signal speed for the SP1 dete
tor.3.4 Con
lusions3:2�m Photonis MCPs have been operated for the �rst time in X-ray photon 
ounting mode. Thepulse height distributions are well saturated and the MCPs operate stably at gains in ex
ess of 10665



ele
trons. Operation in this mode requires a remarkably high internal ele
tri
 �eld, 5:6 kVmm�1,but the system has been shown to behave stably over long periods (�weeks) with relatively low noiseand without ele
tri
al breakdown. This is 
learly a signi�
ant result for future small pore, high speedMCP dete
tors.Initially, a rise time of � 190 ps, measured at low gain, was observed with a relatively large a

eleratingvoltage (2 kV a
ross 1 mm) between the sta
k and the anode. The observed rise time did not varysigni�
antly with MCP gain. Experimental results published elsewhere (Lapington et al. (2007)) andtheoreti
al predi
tions (Fraser (1990) and Fraser et al. (1988)) indi
ate that the plates should a
hieverise times signi�
antly shorter than 190 ps under optimum 
onditions.Modi�
ations to the experimental arrangement led to mu
h improved pulse shapes and in
reasedsignal speeds. With the grid 5mm behind the MCP sta
k, and with relatively moderate �elds afterthe pulse exits the plates (� 0.5 kVmm�1), the pulse rise time was improved to < 150 ps.3.5 Further work3.5.1 In
reasing signal speedImproving the position of the rear grid and the readout plane 
ould further improve the temporalresolution of the devi
e by removing pulse broadening after exiting the MCP surfa
e. A better designof anode whi
h has improved impedan
e mat
hing throughout the signal line would also be expe
ted toimprove pulse shape and timing 
hara
teristi
s, removing the baseline overshoot noted in this 
hapter.
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3.5.2 Ex
ess noiseTo test the hypothesis that the ex
ess noise was 
aused by in
reased 40K within the dete
tor body, anew dete
tor housing needs to be designed whi
h does not in
orporate radioa
tive materials. This newdesign 
ould provide greater 
ontrol over the �elds within the sta
k if a 
ontrollable inter-plate voltagewas introdu
ed. Su
h 
ontrol may signi�
antly redu
e the �eld needed to a
hieve pulse saturation.
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Chapter 4An Introdu
tion to Mi
ro
hannelPlate X-ray Opti
s
4.1 MCP opti
sAs des
ribed in Chapters 2 and 3, mi
ro
hannel plates have been used extensively in terrestrial andspa
e based dete
tors of high energy photons and 
harged parti
les. It may seem odd, therefore, that adevi
e whi
h was originally designed to maximise the number of dete
ted, and hen
e absorbed, eventsshould be ideally suited to appli
ation as an X-ray opti
 where the number of re
e
ted photons needsto be maximised.Despite this apparent 
ontradi
tion, 
lues as to the behaviour of MCPs as fo
using opti
s are presentin analysis of MCP dete
tor response. When dete
tor eÆ
ien
y is plotted as a fun
tion of the X-rayangle of in
iden
e, eÆ
ien
y is poor at low grazing angle be
ause the X-rays are re
e
ted down the
hannel rather than being absorbed. At higher angles, the X-ray penetrates the glass before beingabsorbed and hen
e the photoele
tron has to transit a �nite barrier of glass to rea
h the 
hannel68



surfa
e and initiate the ele
tron avalan
he. The peak in dete
tor eÆ
ien
y therefore o

urs at anangle of in
iden
e equal to the 
riti
al angle for X-ray re
e
tion in MCP glass. For the lead glass usedin MCP opti
s, the 
riti
al angle is given empiri
ally by Willingale et al. (1998) as,
�
 (E) = aE�1:04: (4.1)Here, E is the photon energy, a = 2:4 for �
 in degrees and E in keV . At angles smaller than the
riti
al angle, �
, X-rays are re
e
ted - pre
isely the behaviour needed for fo
using X-ray opti
s. AsEquation 4.1 shows the 
riti
al angle is a fun
tion of the X-ray energy, these opti
s have a redu
ingeÆ
ien
y and �eld of view as energy in
reases.Early investigation of MCPs 
on
entrated on the use of 
ir
ular pore geometries e.g. Wilkins et al.(1989), Chapman et al. (1993a) and Chapman et al. (1993b). Wilkins et al. (1989) note that movingto a square pore geometry would in
rease the 
ux in the re
e
ted images by at least one order ofmagnitude. The subsequent development of square-se
tion 
hannel geometries for mi
ro
hannel plates,has enabled the pra
ti
al realisation of mi
ro-pore X-ray opti
s (Chapman et al. (1991), Fraser et al.(1993), Brunton et al. (1995), Peele et al. (1996), Brunton et al. (1997)). Square se
tion MCPsapproximate the Kirkpatri
k-Baez (KB) geometry (Kirkpatri
k & Baez, 1948), where small diameter
hannels lead to an in
rease in the area of the re
e
ting surfa
e visible to the sour
e for a �xed lengthre
e
tor (Wilkins et al., 1989). This design enables point-to-point fo
using with planar MCPs wherea large number of parallel 
hannels behave as an array of KB 
ollimators working in tandem (Figures4.1 and 4.2).Slumping su
h an opti
 to a spheri
al �gure allows a square-pore, square-pa
ked MCP opti
 to ap-proximate the Lobster-eye geometry des
ribed by Angel (1979), enabling parallel beams of radiationto be fo
used with a 
hara
teristi
 
ru
iform point spread fun
tion. This development allows imaging69



Straight through

Single reflection

Double reflection

Figure 4.1: S
hemati
 diagrams of the KB geometry (top) after http://astroa.physi
s.metu.edu.tr/-�emrah/le
e/xteles
opes systems.html and the MCP opti
 geometry where the square 
hannels makethe two re
e
ting surfa
es of the KB geometry 
oin
ident in spa
e (bottom)
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hemati
 diagrams of the fo
using me
hanisms of planar (top) and slumped (bottom)MCP opti
sof sour
es at in�nity and theoreti
ally enables an almost 4� Sr �eld of view (Figure 4.2).The fundamental opti
al performan
e of MCP opti
s is governed by the parameters reported in table4.1, whi
h shows the best performan
e 
hara
teristi
s demonstrated in previous experimental 
hara
-terisation of square pore, square pa
k format opti
s. This table demonstrates that the manufa
turingpro
ess is mature enough to produ
e prototype opti
s of the required format for the WFT onboardthe Spe
trum RG mission. However, the angular resolution has, so far, remained below the 4 ar
minrequirement for the 
ight opti
s. Data reported in Chapter 5 
an be 
ompared to the values in thistable to demonstrate the improvement in performan
e of the most re
ent opti
 samples.Re
ent developments in MCP manufa
turing te
hniques, funded by a number of ESA te
hnologyresear
h programmes (TRPs) have enabled produ
tion of radially pa
ked, square pore MCPs as wellas greatly improved performan
e of standard square pa
ked opti
s. Pa
king square 
hannels in a radialfashion may appear to o�er little bene�t for MCP opti
s as the azimuthal rotation of the re
e
ting
hannel surfa
es around the opti
 removes the possibility of operating as a KB 
ollimator. However,71



Parameter ValuesChannel diameter (D) 8.5 � 200 �mChannel aspe
t ratio (L/D) 50:1 500:1Format � 54�54 mm2Slump radius (RMCP) 0.07 1.0 mChannel surfa
e roughness 1.1 nm RMSAngular resolution 7 ar
mins FHWMMetallisation for enhan
ed re
e
tivity Ni, Ir, or RuTable 4.1: The demonstrated performan
e of MCP opti
s before work reported hereinfo
using from a slumped MCP with a radial geometry would o�er an approximation to the nestedmirror shell approa
h used in traditional X-ray opti
s in spa
e s
ien
e. Willingale et al. (1998) showsthat a tandem of two di�erently slumped MCPs will form a 
oni
 approximation to the Wolter Igeometry (Figure 1.6) used to eradi
ate the 
omati
 distortion prevalent in opti
s employing a singlere
e
tion from a 
ylindri
al mirror. The short 
hannel length ensures that a 
oni
 approximation tothe true Wolter geometry is appropriate be
ause the deviation from the true paraboli
 and hyperboli
surfa
es is small over pra
ti
al 
hannel lengths of a few mm.Modern MCP opti
s are made by sta
king small (� 0:9 mm) `multi�bres' of square pore, square pa
ked
hannels in the appropriate geometry and then slumping the opti
 over a mandrel to the required radiusof 
urvature. For a Lobster eye opti
 the multi�bres are sta
ked in a 
artesian geometry, whereas fora Wolter system they are arranged in 
on
entri
 rings to a
hieve the radial pa
king geometry. TheseMCP opti
s are the key te
hnology for a number of proposed spa
e missions in X-ray astronomy andplanetary s
ien
e whi
h are dis
ussed in more detail below. Chapter 5 des
ribes testing of the latestsquare pore, square pa
ked and radially pa
ked opti
s at X-ray wavelengths.
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4.2 Appli
ations4.2.1 Terrestrial appli
ationsAn imaging X-ray spe
trometer has been reported by Martin et al. (2001), Pri
e et al. (2004) andSu (in prep). This devi
e is a laboratory instrument whi
h 
an map the elemental 
omposition of asample by fo
using 
uores
en
e X-rays, emitted by the sample under ex
itation by a higher energyX-ray sour
e, onto a 
harge-
oupled devi
e (CCD) imaging X-ray dete
tor. Analysis of the X-rayspe
trum as a fun
tion of position gives an elemental 
omposition map of the sample at a spatialresolution better than 1 mm (Pri
e et al., 2004). The IXRF spe
trometer uses a single, planar, squarepore, square pa
ked MCP opti
 to a
hieve point to point imaging (Figure 4.2) of 
uores
ent X-raysfrom the sample, meaning that there is no need to raster over the sample to build up the 
ompositionmap, a time 
onsuming pro
ess whi
h is used in 
ompeting te
hnologies.4.2.2 Spa
e missionsA vast array of spa
e missions exist whi
h have been proposed to in
lude an X-ray teles
ope basedon MCP opti
s te
hnology. This thesis is 
on
erned mainly with the two des
ribed in the subse
tionsbelow; WFT and BepiColombo. However, I will brie
y outline a number of other potential uses.The baseline XEUS opti
s are to be made from high pre
ision sili
on pore opti
s (most re
entlydes
ribed by Collon et al., 2007). However, the extremely demanding 
onstraints on mass, e�e
tivearea and angular resolution have not been demonstrated and therefore there is an outside 
han
ethat another opti
s te
hnology 
ould be used on XEUS (Willingale, 2008). MCPs are identi�ed asan outside 
han
e for XEUS. However, to meet the requirements, a drasti
 improvement in angularresolution would be needed. More realisti
 proposals have been made to use MCPs: The US X-Navprogram, a proje
t led by Los Alamos National Laboratory to use the X-ray signals from pulsars73



to measure a satellite's position in spa
e without the need for intervention from earth, would use alarge number of MCPs as the fo
using te
hnology. Mag-X is a mission 
on
ept led by Steve Sembay(University of Lei
ester) to put a lobster type teles
ope on the surfa
e of The Moon to look ba
k atEarth and see the X-rays produ
ed by pro
esses o

urring within its magnetosphere. The Wide FieldAuroral Imager proposed to 
y on KuaFu (a Chinese magnetospheri
 satellite) uses highly slumpedMCP opti
s to image the Earth's aurora at ultraviolet wavelengths (Bannister et al., 2007). Finally,a number of 
on
epts exist to use either the BepiColombo or KuaFu design for new missions, forexample the ESA 
osmi
 visions mission to the outer planets Tandem/Lapla
e.4.2.2.1 Spe
trum RG - WFTPriedhorsky et al. (1996) des
ribes a lobster teles
ope for a small satellite mission, while Fraser et al.(2002) des
ribes a similar payload for the International Spa
e Station (ISS)1, both using the Angel(1979) opti
al design. The 
ombination of wide �eld of view (up to 180Æ) and the orbital motion of theplatform enables the instrument to image almost the entire X-ray sky every 90 minutes, produ
ing,over a period of several years, the most 
omprehensive 
atalogue of X-ray variability to date for awide variety of astrophysi
al sour
es.Su
h an instrument is expe
ted to survey the sky to the sensitivity of the 6 month ROSAT All SkySurvey on
e per week and with a 6 month integration time, approximately 106 dis
rete sour
es areexpe
ted to be dete
ted (Priedhorsky et al., 1996). Therefore, WFT will, over the lifetime of themission, develop a deep survey of X-ray sour
es and also allow monitoring of photometri
 
hanges ontime s
ales of about one week in any sour
e bright enough to appear in the ROSAT All Sky Survey.Bright sour
es 
an be monitored for mu
h shorter time period 
u
tuations limited by the number oforbital passes required to build up a statisti
ally signi�
ant number of 
ounts from the sour
e.1The design proposed by Fraser et al. (2002) has now been proposed for 
ight as the Wide Field Teles
ope - WFTonboard the Russian Spe
trum RG mission 74



So what kind of sour
es 
an WFT dete
t? All 
lassi
al X-ray binaries in our own galaxy 
an bemonitored, and at mu
h greater distan
es, for example in the Large Magellani
 Cloud and the An-dromeda galaxy, the WFT teles
ope would be 
apable of resolving and monitoring a large numberof these binary sour
es, giving insight into matter in the most extreme temperatures, pressures andmagneti
/gravitational �elds. Fainter, non-traditional X-ray binaries will also be visible, and the �rstmonitoring of extragala
ti
 binaries over long periods of time will be possible.The fa
t that fast X-ray transients have been 
aptured in many narrow �eld of view instruments,implies that they are 
ommon. Statisti
s from 
urrent observations suggest that many thousands ofthese events o

ur in the sky per year and the wide �eld of view, temporal 
overage and sensitivityof WFT allows it to dete
t a signi�
ant fra
tion of these events. Fraser et al. (2002) estimate that� 4000 fast transients will be seen by Lobster-ISS per year at a brightness of 10�10ergs 
m�2 s�1and � 36000 at 10�11 ergs 
m�2 s�1. Most of these will have an asso
iated positional a

ura
y onthe sky whi
h will allow identi�
ation of the sour
e (star, galaxy, binary system) of the transientX-ray signal. This unpre
edented temporal 
overage and large statisti
al sample of observations withtime-resolved photometry would allow identi�
ation of the driving pro
esses, and host obje
ts for fastX-ray transient events. Priedhorsky et al. (1996) provides a 
omprehensive des
ription of the types ofobje
t whi
h exhibit fast X-ray variability and the 
apabilities of a Lobster teles
ope to dete
t them.Flaring stars, 
ata
lysmi
 variables (CVs) and a
tive gala
ti
 nu
lei (AGN) are all identi�ed as targetsthat the teles
ope 
ould dete
t and monitor over the duration of the mission.Study of the afterglow of gamma ray bursts (GRBs) has 
ome to the forefront of modern X-rayastronomy be
ause of the Swift mission laun
hed in November 2004. The 
apabilities of WFT are
omplementary to Swift and future GRB missions, as the wide �eld of view permits the dete
tion ofmultiple bursts ea
h day (1000�2000yr�1� Fraser et al. (2002)), these 
ould be lo
ated on the sky to� 1 ar
min, allowing identi�
ation of probable 
ounterparts in other wavelength bands. The (almost)75



full sky 
overage per orbit means that good temporal monitoring of a large number of GRB afterglowswill also be possible, showing the 
hange in 
ux in the X-ray band during and after the burst. Indeed,it 
an be shown that almost all GRBs 
ould be dete
ted by WFT as the times
ale of the afterglowmeans that even if the GRB doesn't go o� in the �eld of view, the in
rease in brightness will stillbe visible when the �eld of view s
ans over the relevant region of sky in the subsequent orbit. WFTwould therefore be in an ideal position to alert other ground and spa
e based fa
ilities for follow upinvestigations of the most interesting bursts over a range of energies/wavelengths.4.2.2.2 Planetary IXRF and BepiColomboThe te
hnique of \planetary" XRF spe
tros
opy was �rst employed by the non-imaging X-ray spe
-trometer onboard Apollo 15 and 16, 
on�rming the possibility of resolving X-ray 
uores
en
e from thesurfa
e of a planetary body under ex
itation by the solar X-ray spe
trum and parti
les in the solarwind (Adler & Trombka, 1977). The 
uores
ent X-ray spe
trum 
ontains emission lines 
hara
teristi
of the elemental 
omposition of the regolith, allowing remote sensing of surfa
e 
omposition fromorbit.NASA's Messenger spa
e
raft is due to arrive at Mer
ury in 2011 and 
ontains a 
ollimated X-ray
uores
en
e spe
trometer. The highly ellipti
al orbit and poor resolution of this instrument 
onspiresto give resolution between 40 km at periherm and 3000 km at apoherm, meaning that good (better than120 km) resolution images will only be possible for a small fra
tion of the 12 hour orbit (Carpenter,2006). Imaging resolution better than 120 km allows dis
rimination between di�erent surfa
e featuressu
h as impa
t 
raters, where 
ompositional studies at this resolution reveal possible variations inmineralogy between areas with di�ering histories (impa
ts, te
toni
 or vol
ani
 a
tivity, et
.).An imaging XRF spe
trometer would allow signi�
antly better resolution of these surfa
e features.Consequently, su
h an instrument has been proposed as a payload for future planetary orbiters (e.g.76



Martin et al. (1999), Pri
e (2001), Owens et al. (2001) and Carpenter (2006)). The �rst generationof this te
hnology will 
y on BepiColombo, the ESA 
ornerstone mission to Mer
ury whi
h is duefor laun
h in � 2013. The spe
trometer onboard this mission is 
alled \The Mer
ury Imaging X-rayspe
trometer" (MIXS) and will image 
uores
ent X-rays from the regolith with a spatial resolutionof a as little as a few hundred meters per surfa
e pixel (Carpenter, 2006). Point to point fo
using isimpossible from an orbital platform be
ause it requires that the obje
t distan
e is equal to the imagedistan
e, MIXS therefore employs a more 
omplex opti
al design than the laboratory IXRF. A trueWolter I teles
ope geometry is therefore required and thirty six tandems of slumped, radially pa
kedMCPs will be used to approximate to it. These are arranged in three 
on
entri
 rings 
ontaining 6,12 and 18 tandems (Figure 4.3).The BepiColombo spa
e
raft will enter an ellipi
al polar orbit around Mer
ury in roughly 2019. Atperiherm, it will be a distan
e of � 400 km above the planetary surfa
e (� 1500 km at apoherm),whi
h di
tates a footprint size (�eld of view) on the surfa
e of between 7 and 28 km around theorbit. The imaging nature of the teles
ope allows this to be subdivided to the number of pixels on thedete
tor. However, in this 
ontext, the e�e
tive pixel size is limited by the amount of 
ux rea
hingthe fo
al plane as the image has to binned up until a statisti
ally signi�
ant number of 
ounts areseen in ea
h pixel. The surfa
e resolution is however, expe
ted to be � 200 m at periherm (Carpenter,2006), assuming no binning is required. This resolution allows inter-
rater imaging, where di�eringsurfa
e 
omposition 
an be resolved over spatial s
ales relevant to surfa
e topologi
al features su
h as
raters, valleys and mountains. The 
omparatively poor spatial resolution of the spe
trometer onboardMessenger means that inter-
rater imaging will only be possible for a small fra
tion of the 12 hourorbit (Carpenter, 2006), rendering it insensitive to dis
rimination between the surfa
e 
omposition asa fun
tion of surfa
e topology and impa
t history.MIXS will perform the �rst ever imaging X-ray 
uores
en
e spe
trometry from orbit above a planetary77



Figure 4.3: S
hemati
 diagram of the MIXS me
hani
al design. The Right hand element of the �gureis the 
ollimator 
hannel whi
h is des
ribed in Carpenter (2006). The Left hand part of the imageshows MIXS-T (the teles
ope part of MIXS) where the mirror opti
 module (MOM) is shown at thetop of the image. The three 
on
entri
 rings of MCP tandems 
an be seen, the white ring 
ontains six57Æ tandems, the Green ring has twelve 30Æ tandems and the red outer ring has eighteen 20Æ tandems.Image 
ourtesy of Magna Parva Ltd (Loughborough Innovation Centre, Epinal Way, Loughborough,Lei
estershire, LE11 3EH).
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surfa
e and hopes to answer key questions about both the origin and evolution of Mer
ury's surfa
e.These observations will pla
e new 
onstraints on planetary formation models and will reveal mu
habout the birth and evolution of planets in our solar system.Knowledge of the in
ident spe
trum of X-rays and parti
les is essential in the analysis of 
uores
en
edata as the intensity of the 
uores
en
e signal is a fun
tion of both the absolute and spe
tral form thein
ident X-ray and parti
le spe
tra. Di�erent illumination 
onditions 
an result in di�erent ex
itationof 
uores
en
e lines, meaning that the sour
e spe
trum must be monitored if 
omparison of theintensity of surfa
e 
uores
en
e features is required. Therefore, MIXS has a sister experiment on thespa
e
raft known as SIXS (Solar Intensity and parti
le X-ray Spe
trometer) whi
h monitors the solara
tivity, giving 
ontext to the data 
olle
ted by MIXS from the planetary surfa
e.4.3 X-ray testingTo aide development of MCP opti
s in general, and more spe
i�
ally for the appli
ations des
ribedabove, it is ne
essary to test and feed ba
k information to the manufa
turer as to how they behaveunder X-ray and me
hani
al testing. To aid in this development, the manufa
turer, Photonis SAS,(Brive, Fran
e) have provided a number of planar and slumped prototype opti
s for me
hani
al andX-ray tests. These tests in
luded pro�lometry, to determine the surfa
e �gure of the opti
s beforeand after the slumping pro
ess and full �eld illumination of the plates to determine the point spreadfun
tion of the opti
s as well as their e�e
tive area and behaviour as illumination moves o� axis. MonteCarlo ray tra
ing software was used to predi
t the behaviour of the opti
s and diagnose unexpe
tedfeatures within the images, to help optimise the fo
al position, o�-axis angles and sour
e geometriesduring extended testing.In the remainder of this 
hapter I will des
ribe the experimental setup employed for testing MCP79



Figure 4.4: The large area MCP dete
tor in the long beamline fa
ility with the two axis rotation stageused for mounting the opti
sopti
s, while in Chapter 5 experimental investigation of a set of prototype MCPs for the WFT andBepiColombo proje
ts will be dis
ussed.4.3.1 The fo
al plane dete
torA large area mi
ro
hannel plate dete
tor was used for all measurements reported herein and is pi
turedin Figure 4.4. The dete
tor was a laboratory prototype of the High Resolution Imager developedfor the Chandra X-ray observatory (Lees & Pearson, 1997), and 
onsists of a pair of MCPs with
hannel bias angles of 6Æ (measured with respe
t to the normal to the MCP surfa
e) mounted in a
hevron arrangement. The geometri
 area of the dete
tor presented to the beam was approximately9:3
m� 9:3
m. Image readout was a
hieved by means of a 
harge division resistive anode where the
harge passing through ea
h 
orner of the anode is ampli�ed by four preampli�ers and subsequentlyenters two parallel (Nu
lear Instrumentation Module - NIM) 
ounting and imaging 
hains.80



The imaging ele
troni
s 
hain 
onsists of a four-
hannel shaping ampli�er and an ADC (analog todigital 
onverter) unit whi
h 
onne
ts to a PC via a USB interfa
e, digitising ea
h readout 
hannelseparately. The output from the ADC is read and 
onverted into an image using in-house software; astandard imaging algorithm 
onverts the signals generated at ea
h 
orner of the anode by an in
ident
harge pa
ket into to an x� y 
oordinate on the readout plane (Lees et al., 2005) where
X = Sx1x1 + x2 and Y = Sy1y1 + y2 : (4.2)Here x1; y1 and x2; y2 are the maximum ele
trode voltages and S is a s
aling fa
tor whi
h gives theabsolute size of the image (Lees & Pearson, 1997).A 
hara
teristi
 of this type of resistive anode is the presen
e of \pin
ushion distortion" in the image,due the 
harge division te
hnique (Fraser & Mathieson, 1981). This results in the need for imagelinearisation (Lees & Pearson, 1997), a
hieved by measuring the imaged position of a regular, squarearray of pinholes in a mask. The pinholes are � 200 �m in diameter and are separated by 4 mm ineither axis. Correlating the displa
ement of pinholes in the image from their known positions on themask allows subsequent images to be 
orre
ted for image non-linearity (Figure 4.5).Saturation of the ADCs 
auses events to be lost from areas where the signal on any one of the ADCsex
eeds a maximum value (
urrently 4V , di
tated by the dynami
 range of the ADCs). Position-dependent eÆ
ien
y variations must also be minimised by ensuring that the ampli�er gain is set lowenough to avoid saturation of the ADCs irrespe
tive of where the pulse arrives in the image plane. A
onsequen
e of the 
harge division te
hnique is that events whi
h arrive 
lose to one of the readoutele
trodes produ
e a large amplitude on the 
losest ADC. Hen
e, events are lost from the 
orners ofthe anode if the dete
tor gain is set too high. A good rule of thumb is that the peak gain should bebelow approximately one third of the dynami
 range of the ADCs.81



Figure 4.5: The e�e
t of image linearisation on the image taken using the pinhole array. Left, theraw, distorted image. Right, the image after linearisation. Note the good regularity of the linearisedimage in the 
enter and the degradation in linearity towards the edge of the �eld of view.It should be noted that no ba
kground subtra
tion has been performed in the 
urrent work. Sin
ethe dete
tor MCPs are manufa
tured from low noise glass, they are expe
ted to generate negligibleba
kground; typi
ally � 0:1 
m�2 s�1 (Gar
ia et al., 1989).4.3.2 Point to point fo
usingPoint to point fo
using is a
hieved by pla
ing a planar MCP at the midpoint between a sour
e anddete
tor. Under full �eld illumination, the re
e
tive 
hannel walls produ
e a fo
used (unmagni�ed)image of the sour
e on the fo
al plane; this image is broadened by the point spread fun
tion whi
h is
hara
teristi
 of the 
hannel pa
king geometry. A 
ru
iform point spread fun
tion, �rst observed byFraser et al. (1993), is 
hara
teristi
 of the square pore, square pa
ked 
hannel geometry (Figure 4.6).With a radial pa
king geometry, the point spread fun
tion (PSF) 
hanges, one 
ross arm is bent intoa 
ir
ular form if the opti
al axis of the test fa
ility is not 
ongruent with the 
enter of the 
on
entri
rings of 
hannels in the radial pa
king stru
ture (Figure 4.7).When a planar, radially pa
ked opti
 se
tor is illuminated with the opti
al axis through the 
entre82



Figure 4.6: The 
ru
iform fo
al stru
ture of a planar square pore, square pa
ked MCP opti
. The
entral fo
us 
omprises photons re
e
ted an odd number of times from orthogonal walls, the baseof the pyramid is 2D resulting from the non-ellipsoid nature of the 
hannel walls. The unre
e
ted
omponent has a base size of 2LsD=L, resulting from the maximum transmission angle of the 
hannelsbeing D=L. The 
ross arms result from odd-even re
e
tions from orthogonal walls. After Pri
e (2001)of the se
tor, one extreme of the 
ir
ular arm interse
ts the point of best fo
us and the other passesthrough the 
enter of 
urvature of the radial shells of 
hannels (Figure 4.7). The diameter of the
ir
le is therefore equal to the \o� axis distan
e". The other arm, 
aused by re
e
tion from the radial
hannel walls is broadened over an angle equal to the azimuthal open angle of the se
tor (in these tests,57Æ). Figure 4.8 shows experimental and theoreti
al veri�
ation of the distortions to the 
ru
iformPSF of a square pa
king geometry in the presen
e of radially pa
ked 
hannels. These distortions werepredi
ted from the 
onje
ture whi
h gave rise to Figure 4.7.Figure 4.9 shows the 1:4 m beamline used for all point to point investigations. It is �tted with ami
rofo
us X-ray sour
e (ELS 5000 - PSP Va
uum te
hnology) at one end, and the large area dete
tordes
ribed above in the fo
al plane for X-ray dete
tion. The MCP opti
 is lo
ated at the midpoint ofthe beamline in a holder whi
h has two rotational degrees of freedom 
ontrolled via manual va
uumrotation drives (Figure 4.9). Translation of the opti
 along the axis of the beamline is also possible,83



Sector

Optical axis for
slumped tests -
congruent with
centre of radial
curvature

Optical axis for
planar tests

φ

Point spread function
focal structure

Off axis distanceFigure 4.7: The illumination geometry of radial plates under X-ray testing. The Blue lines representthe PSF for point to point investigation as des
ribed in Se
tion 4.3.2

Figure 4.8: The radial 
ross arm stru
ture of a radially pa
ked MCP se
tor, (Left) an X-ray imagewith the illumination geometry of Figure 4.7. (Right) a ray tra
e image of a similar geometry withthe opti
 rotated approximately 45Æ azimuthally.
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Figure 4.9: (Left) photograph of the short (1.4m) beamline. (Right) the two axis rotation stage usedto mount MCP opti
s.allowing adjustment of the position of the opti
 and therefore s
anning through the depth of fo
us.The mi
rofo
us sour
e was �tted with a 
opper anode operating at � 2 kV to ex
ite the Cu-L (0:98keV) emission line. A 2 �m ma
rofol (aluminised lexan) �lter was used to ex
lude low energy photons.However, a Brehmsstrahlung 
omponent is likely to be weakly 
ontaminating the line emission from thesour
e (Figure 4.10). This sour
e should be 
apable of produ
ing a spot size of approximately 50 �mdiameter at low 
urrent (� 10 �A). However, the high (�mA) 
urrent used in this work to in
rease theX-ray 
ux, as well as other environmental e�e
ts (su
h as stray magneti
 �elds penetrating the mu-metal magneti
 shield whi
h surrounds the sour
e) in
rease the spot size to a diameter of � 400 �m,measured experimentally using a pinhole 
amera te
hnique. A small (1 mm) diameter pinhole waspla
ed 444:5 mm from the sour
e and 946 mm from the dete
tor. Using simple geometry, the imageof the pinhole on the dete
tor is related to the X-ray sour
e by
ds = lsli (di � dpin)� dpin; (4.3)where, ds is the diameter of sour
e, di is the FWHM diameter of image, dpin is the diameter of thepinhole (1 mm), ls is the sour
e to pinhole distan
e (444:5 mm) and li is the pinhole to dete
tor85



Figure 4.10: Spe
trum of an ele
tron bombardment X-ray sour
e with a 2 �m ma
rofol �lter (top)and 4 �m aluminium �lter (bottom)
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X-ray spot

Figure 4.11: S
hemati
 showing the foreshortening of the X-ray sour
e spot in the image planedistan
e (946 mm). The sour
e was found to be ellipti
al in nature with minor and major axes of� 400 �m by � 800 �m respe
tively, whi
h is expe
ted be
ause the ele
tron gun illuminates a 
ir
ulararea of the anode, foreshortened in one axis in the dete
tor �eld of view as the X-ray anode is 
ut atan angle of � 30Æ to the axis of the beamline (Figure 4.11).The angle of the opti
 was optimised in the two rotational degrees of freedom to 
o-align the MCP
hannels with the opti
al axis of the beamline. This was a
hieved by tilting the opti
 through a rangeof o�-axis angles until the 
ount rate on the dete
tor was maximised. The dete
tor was then movedin the plane perpendi
ular to the opti
al axis, 
entering the image in the dete
tor �eld of view (theposition of optimum image linearity - Figure 4.5). The position of best fo
us was found by s
anningthe opti
 along the opti
al axis of the system and lo
ating the position of minimum FWHM. Sour
esize and depth of fo
us e�e
ts are 
onsidered later during data analysis (Se
tion 5.4.1.1).4.3.3 Fo
using with slumped platesA long, 27 m, beamline was used to produ
e full �eld illumination of the slumped opti
s (Figure 4.12).It has an ele
tron bombardment sour
e at one end and the same large area dete
tor in the fo
al planeas used in the short beamline. The opti
 mount has two rotational degrees of freedom and was �xedin the main tank at the dete
tor end of the beamline. The position of optimum fo
us was lo
ated by87



Figure 4.12: S
hemati
 diagram of the Tunnel Test Fa
ility (TTF).driving the dete
tor along the opti
al axis to lo
ate the minimum in the FWHM of the PSF. Motionin all of these axes 
an be 
ontrolled under va
uum using stepper motor drives with an a

ura
y of� 1:6 ar
min in the rotation axes and � 15 �m in the linear axis.Although the fo
using me
hanism for MCPs is re
e
tion, they behave analogously to lenses and hen
ethe MCP radius of 
urvature R, the image distan
e v and the obje
t distan
e u are given by the thinlens formula (Chapman et al., 1991), i.e. 2R = 1v + 1u: (4.4)Note that R will be positive if the sour
e is on the 
onvex side of the lens. From equation 4.4, thenominal opti
 to dete
tor distan
e was therefore � 370 mm for best fo
us, 5 mm less than the distan
efor u =1 (in whi
h 
ase, 2R = 1F where F is the fo
al length of the opti
).The only e�e
ts of note in terms of broadening of the X-ray fo
al spot, other than the intrinsi
misalignment of 
hannels, are sour
e size and depth of fo
us. The depth of fo
us broadening will benegligible be
ause of the short 
hannel length. The sour
e size is estimated to be equal to the size of88



the �rst 
ollimating hole (2 mm) at a distan
e approximately equal to the length of the beamline. Thisgives a broadening due to sour
e size of � 20 ar
se
s. Sin
e the 
ore opti
 resolution is of order ar
min,the e�e
ts of sour
e size are minimal and the measured width of the 
ru
iform image is, therefore, adire
t measure of the PSF without the need for sour
e size 
orre
tion as outlined in Se
tion 5.4.1.1.4.4 Me
hani
al testing of MCP opti
sMe
hni
al measurements of MCPs 
an be made by surfa
e pro�lometry. A Rank-Taylor Hobson,Form-2 talysurf pro�lometer was used to measure the surfa
e �gure of the MCP opti
s both in themounting used for X-ray testing and also on unmounted MCPs. Assessment of the deformationindu
ed into the opti
's surfa
e �gure by the mounting stru
ture and 
an therefore be used to informX-ray image analysis, and 
an identify degradation in opti
al performan
e introdu
ed by errors in theMCP �gure, or by distortions introdu
ed by the mounting stru
ture.The Talysurf works by dragging a stylus over the surfa
e under test, re
ording the 
exion of thestylus arm as a fun
tion of distan
e along the s
an. The surfa
e height is re
overed using proprietarydata pro
essing routines, the details of whi
h are omitted. Raw and pro
essed data were 
omparedin order to verify that the data pro
essing was being used in the 
orre
t way. The raw data wasanalysed manually, �tting a surfa
e gradient and 
ir
ular pro�le yielded strikingly similar results tothe automated data analysis pa
kage whi
h is built into the talysurf software. More details of this arein
luded in Se
tion 5.5.4.5 SummaryThis 
hapter des
ribes 
urrent and proposed uses of MCP opti
s in a variety of di�erent 
ontexts,explaining the s
ien
e goals of su
h appli
ations. It goes on to dis
uss opti
al and me
hani
al testing89



of prototype opti
s, the test setup employed, and any signi�
ant limitations. Te
hniques to minimisethe e�e
ts of these limitations are des
ribed, as su

essful analysis of the performan
e of the opti
sis dependent on fully understanding and optimising the experimental pro
edure. Chapter 5 des
ribesthe testing of these prototypes and what in
uen
e these results had on the manufa
turing pro
ess,future experimental work and the 
onsequen
es for the eventual appli
ations in spa
e.
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Chapter 5Mi
ro
hannel plate X-ray opti
s -Experiments and Modeling
5.1 Introdu
tionThis 
hapter presents results of re
ent theoreti
al studies and experimental X-ray fo
using trials onplanar and slumped versions of the square pore, square pa
ked and radially pa
ked MCP opti
sintrodu
ed in Chapter 4. This work demonstrates that the intrinsi
 quality of mi
ro
hannel plateopti
s is signi�
antly better than has been found previously. The planar lobster-opti
 has a resolutionlimited by the misalignments of multi�bres within it, but the slumped version shows a degradation inperforman
e from that intrinsi
 to the plate as measured from the planar sample. This is explained interms of errors introdu
ed in the slumping pro
ess but experimental issues are identi�ed as a problemin these measurements and work is 
urrently under way to �x this problem. The testing of planar andslumped se
tors of radially pa
ked MCPs shows that the performan
e is as expe
ted from theoreti
alray tra
e simulations and that the opti
s have been manufa
tured su

essfully and have a resolution91



of roughly 8 ar
minutes.5.2 Opti
 samplesTwo types of MCP opti
s are 
onsidered in this work: the square pore, square pa
k \lobster-eye"format and radially pa
ked se
tors whi
h will eventually be used in a tandem stru
ture to approximatethe Wolter-I fo
using geometry (Figure 5.1). All of these opti
s were produ
ed by Photonis SAS (Brive,Fran
e). Both types are produ
ed in mu
h the same way as standard multiplier MCPs (Se
tion 2.1.1).Square \multi�bres" (0.9 mm in diameter) are produ
ed and then sta
ked into the required geometry(
artesian of radial pa
king) then fused into a blo
k by the appli
ation of heat and pressure. The MCPsare then made by sli
ing the appropriate thi
kness from the blo
k and et
hing away the unwantedglass.The \lobster-eye" MCPs were square tiles measuring 4 
m � 4 
m, 
ontaining square pa
ked arraysof square 
hannels. The opti
 had 20 �m width 
hannels on a 26 �m pit
h with a 
hannel aspe
tratio (L:D) of 50:1 (Figure 5.1-A). Two samples are dis
ussed: one planar opti
, and one slumped to anominal (spheri
al) radius of 
urvature of 75 
m. Performan
e 
omparisons for these two opti
s allowassessment of the intrinsi
 performan
e of the MCP before and after the slumping pro
ess in terms ofangular resolution and e�e
tive area.The radial se
tors under test have a 57Æ azimuthal extent with internal and external radii of 20 mmand 49 mm respe
tively (Figure 5.1-B). The 
hannels are square, 20 �m in diameter on a 26 �m pit
h.The planar se
tor is missing a small portion of one 
orner whi
h was broken o� during manufa
tureand has 0.9 mm length 
hannels. The slumped se
tor is similar but the 
hannels are 5 mm in length,produ
ing a mu
h more robust opti
 but 
ompli
ating the testing geometry (see Se
tions 5.3.1.2 and5.4.2.3). 92
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Figure 5.1: Images of the test sample MCP opti
s. A � Square pore, square pa
k lobster opti
. B �radially pa
ked opti
 se
tor.5.3 SimulationsA Monte-Carlo sequential ray tra
ing 
ode, developed by Willingale (2007b) is used to investigateMCP opti
s at X-ray energies. The 
ode assumes Fresnel re
e
tion of X-rays at the MCP pore walls,and tra
es rays from where they are generated in the sour
e, through the opti
 and onto a dete
tor.Models of the test fa
ilities des
ribed in Se
tion 4.3 were set up in order to investigate the imagingperforman
e of the opti
s. The output of this ray tra
ing system provides valuable information aboutthe testing geometry and what features are expe
ted in the experimental images.5.3.1 Simulating expe
ted images5.3.1.1 Cartesian opti
 geometryFigure 5.2 shows the e�e
t of in
reasing 
hannel misalignments on the point spread fun
tion of a planar,square pore, square pa
k MCP in point-to-point fo
using mode. As the RMS 
hannel misalignmentin
reases, the point spread fun
tion blurs from the pyramidal distribution expe
ted for a perfe
t opti
into a broader, more gaussian pro�le. 93
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Figure 5.2: Ray tra
ed simulations showing the e�e
t of in
reasing deformations to the 
hannelalignment for a planar, square pore, square pa
k MCP in point-to-point fo
using mode. The dete
torpixels are 0.2 mm square. The inserts in the bottom right of ea
h panel are zoomed in versions of the
entral 50 pixels of the point spread fun
tion magni�ed by a fa
tor of 3. A) zero 
hannel deformationB) 2 ar
minute RMS 
hannel deformation C) 3 ar
minute RMS 
hannel deformation D) 5 ar
minuteRMS 
hannel deformation. The 
olour s
ale represents the e�e
tive area (in 
m2) per pixel in theimage plane and should be interpreted as intensity in the X-ray image. The images have a 
ommonsaturation level of 10�2 
m2 per pixel in order to in
rease the 
ontrast between the bright 
ental fo
usand the lower level stru
ture.

94



Figure 5.3 is similar to Figure 5.2 but represents a slumped opti
 operating as a \lobster-eye" X-raylens in the long (27 m) beam line test fa
ility (Se
tion 4.3) and with a higher spatial resolution inthe fo
al plane (0.045 mm pixels). The extent of the 
ross arms and dire
t transmission region is a
onsequen
e of the illumination geometry. For point-to-point fo
using mode, the 
hara
teristi
 size ofthe 
ru
iform PSF is twi
e the side length of the illuminated area of the opti
 (Pri
e, 2001), whereas,for fo
using of parallel X-rays with a slumped opti
 the size of the region of dire
t transmission isroughly equal to the size of the illuminated area. The divergen
e of the X-rays due to the �nite (27 m)length of the test fa
ility will broaden this square of dire
t transmission by a small amount (similartriangles gives a negligible broadening of 0.5 mm for this geometry).The in
reasing 
hannel misalignment error leads to a broader PSF allowing us to measure the 
hara
-teristi
 
hannel misalignment of the MCP under full aperture illumination by 
omparing the experi-mental PSF with one generated by the ray-tra
e software.Figure 5.4 shows the number of re
e
tions ea
h ray has undergone to rea
h a spe
i�
 position in thefo
al plane. The model used to generate the data assumed 2 ar
min RMS 
hannel misalignments,and as su
h it is dire
tly 
omparable with Figure 5.2 (B). The 
olour s
ale is shifted su
h that 1 onthe 
olour s
ale represents zero re
e
tions, 2 represents a single re
e
tion et
. and white is a pixel
ontaining no events. This shift is used to di�erentiate between pixels with no events in them andthose pixels with rays whi
h arrive at the fo
al plane unre
e
ted.The stru
ture in Figure 5.4 (A and B) is explained in Se
tion 4.3.2. The doubly re
e
ted 
entralfo
us is shown (Figure 5.5) to originate primarily from the 
orners of the opti
 (as expe
ted be
auseof the geometry involved). The 
entre of the opti
 allows rays through mostly unre
e
ted, and the
enter of ea
h edge 
ontributes predominantly to the singly re
e
ted 
ross arms. A 
onsequen
e ofthis modeling is that for a future instrument design, it may be preferable to mount the opti
s by �xingin the 
enter of ea
h edge rather than at the 
orners to maintain the high e�e
tive area in the double95
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Figure 5.3: Ray tra
ed images showing the e�e
t of in
reasing deformations to the 
hannel alignmentfor a planar, square pore, square pa
k MCP fo
using almost parallel X-rays in a 27 m beamline.The dete
tor pixels are 0.045 mm square. The inserts in the bottom right of ea
h panel are zoomedin versions of the 
entral 200 pixels of the point spread fun
tion magni�ed by a fa
tor of 3. A)zero 
hannel deformation B) 2 ar
minute RMS 
hannel deformation C) 3 ar
minute RMS 
hanneldeformation D) 5 ar
minute RMS 
hannel deformation. The 
olour s
ale is as des
ribed in Figure 5.2.
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Figure 5.4: Images showing the modal average of the number of re
e
tions undergone by rays in orderto arrive at the fo
al plane in the given position. The 
olour s
ale represents the number of hitsplus one, in order to di�erentiate between pixels with no events and those with an average of zerore
e
tions. A) planar MCP in a 1.4 m beamline. B) MCP slumped to 750 mm spheri
al radius of
urvature in a 27m beamline � the position of the fo
al plane is 370 mm from the opti
 in order toa

ount for the �nite length of the beamline. Both models assume 2 ar
minute blurring of the 
hannelaxes.

Figure 5.5: Image showing the number of re
e
tions vs the x/y position of the last re
e
tion on theopti
 rear surfa
e. The image is dire
tly 
omparable with Figure 5.4 and shows, on average, where onthe opti
 the features in the PSF originate from (the same 
olour s
ale is applied as Figure 5.4).97



re
e
ted 
entral fo
us.5.3.1.2 Radial opti
 geometryTo interpret the images whi
h will be produ
ed during the radial pa
ked opti
 alignment pro
ess, andinform adjustment of the assembly to a
hieve best fo
us, a series of ray tra
e images were produ
ed(Figure 5.6). This �gure shows the e�e
t of moving the opti
 o� axis in two 
artesian axes (oneparallel to either axis of the images). It is 
lear that as the opti
 is moved o� axis, the image blursinto a se
tion of a 
ir
le, the orientation of whi
h indi
ates the o� axis angles. Moving the dete
torinto and out of fo
us has a similar e�e
t and iteration is needed to �nd the true fo
us. The bands ofevents (rays) above the fo
us are a 
onsequen
e of rays whi
h undergo an even number of re
e
tionsfrom opposite walls in the 
hannels.Figure 5.6 shows the extreme 
omplexity of the point spread fun
tion as the opti
 moves o� axis. Thisis be
ause of the 
oma distortion expe
ted from a single fo
using element and will not be present inthe MCP Wolter teles
ope. However, in order to assess the quality of the MCPs themselves, testingof individual opti
s is needed. For this reason Ray tra
e analysis was performed prior to experimentaltesting in order to show what should be expe
ted in the images. Let us take ea
h panel (from Figure5.6) in turn:Panel A shows what happens to the fo
us when the opti
 20 ar
minutes o� axis, rotated about thex-axis of the �gure. The fo
us is observed to be 
entred on the opti
al axis, but it has blurred in theverti
al axis into a se
tion of a 
ir
le. Not shown in this �gure is what happens for negative anglesin this axis. However, this produ
es pre
isely the same behaviour but with the 
entral fo
us 
urve inthe opposite sense (i.e. it is like a mirror image of panel A about y-axis at x=1000). The bands ofintensity at the top of the �gure are diÆ
ult to see but they represent bands of X-rays whi
h undergoan even number of re
e
tions from opposite walls in the 
hannels and are therefore undeviated by the98



opti
.Panels B and C show the e�e
t of rotating 20 ar
minutes o� axis by rotating about the y-axis of the�gure. Panel B shows what happens as the grazing angles onto the 
hannels are in
reased be
ause ofthe o� axis rotation. It is 
lear that the in
reased grazing angles redu
e the intensity of the rays whi
hpass through the opti
 (those at the top of the �gure). This was expe
ted as the re
e
tivity is redu
edat higher grazing angle and as these bands are 
omposed of multiple re
e
tions, the intensity fallsrapidly with in
reasing angle as it s
ales as one over the re
e
tivity raised to the power N where N isthe number of re
e
tions. The 
entral fo
us is observed to be a se
tion of a 
ir
le whi
h is 
entred onthe on axis point. Pre
isely the opposite e�e
ts are observed if the rotation is su
h that the grazingangles are redu
ed (as is the 
ase in panel C), here the intensity in the bands of unde
e
ted rays arein
reased and the 
entral fo
us is above the on-axis point. Here, the 
entral fo
us in panel C is amirror image of panel B about the x-axis at y=1000.Panel D shows that things be
ome even more 
ompli
ated at o�-axis angles in both dire
tions. Herethe opti
 is 10 ar
minutes o� in both axes and the symmetry of the 
entral fo
us is mu
h more diÆ
ultto de
ipher. Experimental data should therefore always be analysed with theoreti
al ray tra
ing tosupport it as the morphology of the image may not be simply explained if the opti
 is o�-axis inboth axes. Yet more 
ompli
ations are present with the addition of the �nal experimental degree offreedom, the dete
tor position along the opti
al axis.Figure 5.7 shows that ea
h zone of the PSF 
onsists of events undergoing a parti
ular number ofre
e
tions. Rays whi
h undergo an even number of re
e
tions (from parallel walls) pass straightthrough the opti
 and arrive on the fo
al plane in dis
rete bands towards the edge of the �eld of view.However, rays undergoing an odd number of re
e
tions (from parallel walls) are fo
used by the opti
,and arrive in the 
entral fo
us. The opti
 is essentially a spheri
al re
e
tor and therefore does notobey the Abbe sine 
ondition (Mi
hette, A., 1993). This 
ondition requires that all geometri
al paths99
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Figure 5.6: Ray tra
e images of a se
tor with the same parameters as the slumped opti
 to show thefo
al stru
ture as the image moves o� axis. A) 20 ar
minutes o� axis horizontally. B) 20 ar
mins o�axis verti
ally. C) 20 ar
mins o� axis verti
ally (in opposite dire
tion to B). D) 10 ar
mins o� axis inboth axes. The 
olour s
ale is as des
ribed in Figure 5.2.
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through an opti
al system must produ
e the same magni�
ation. In other words, for an opti
al systemto produ
e sharp images, both on and o�-axis, the sine of the output angle must be proportional tothe sine of the input angle: sinu0sinU 0 = sinusinU ; (5.1)where the variables u, U are the angles that the rays make with respe
t to the opti
al axis as theyleave the obje
t, and u, U are the angles of the same rays where they rea
h the image plane (Figure5.8). The two re
e
tions whi
h o

ur in the Wolter geometries are arranged su
h that the Abbesine 
ondition is met over the whole opti
. Therefore, spheri
al aberration and astigmatism will beobserved when the opti
 is tested as a single MCP (rather than the tandem approximation to theWolter geometry).The ray tra
e simulations des
ribed above will be used to aid in the interpretation of experimentalwork later in the 
hapter. Further simulations will be shown alongside experimental data whereappropriate to demonstrate the e�e
tiveness of the model to aid later analysis.5.3.2 E�e
tive areaThe e�e
tive area of an MCP opti
 is de�ned as; the area of the beam whi
h 
ontains the same numberof 
ounts as lie within the 
entral fo
us of the image in a �xed exposure time. By sele
ting a regionof interest in the point spread fun
tion within whi
h to a

ept rays, the ray tra
ing software 
an beused to generate e�e
tive area 
urves based on the re
e
tivity model used in the simulation.The re
e
tivity model used to produ
e Figure 5.9 assumed re
e
tion from a surfa
e made of sili
a,(SiO2) with zero surfa
e roughness. Measurements of the re
e
tivity of the 
hannels made at theDaresbury syn
hrotron radiation sour
e indi
ated that SiO2 was a better assumption than the bulk101
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Figure 5.7: A) data from ray tra
e modeling showing the modal average of the number of re
e
tionsundergone by rays. The 
olour s
ale represents the number of hits plus one, in order to di�erentiatebetween pixels with no events and those with an average of zero re
e
tions. B) As in A but the imagepositions represent the position of the ray in the opti
 plane (i.e. where the rays are re
e
ted in theopti
 - for the �nal re
e
tion if multiple re
e
tions). The model assumes the MCP is slumped to 1333mm spheri
al radius of 
urvature and is �tted in a 27m beamline � the position of the fo
al plane is650 mm from the opti
 in order to a

ount for the �nite length of the beamline. Both models assumezero blurring due to random misalignment between 
hannel axes (i.e. that all 
hannels point towardsthe 
entre of 
urvature of the opti
) and that the o� axis angle is zero in both axes. No RMS blurringof the 
hannel axes was in
luded as I 
ould not make the blur give physi
ally reasonable deformationsin the ray tra
ing software this will be in
luded in the next phase of study.
U

u

U’

u’

Figure 5.8: Diagram to demonstrate the Abbe sine 
ondition, both rays interse
t at the fo
al pointmeaning that they have the same magni�
ation. 102




omposition of MCP glass (Pri
e et al., 2002b). Perfe
t 
hannel alignment and perfe
t square pore,square pa
king are also assumed in order to generate the e�e
tive area 
urves.The surfa
e �gure errors and 
hannel misalignments are expe
ted to make little or no di�eren
e tothe e�e
tive area, as 
hanging the angles of in
iden
e by � ar
 minutes will not signi�
antly 
hangethe re
e
tion probabilities. However, future models should in
orporate the redu
tion in re
e
tivity ofa rough surfa
e as a fun
tion of in
reasing X-ray energy. The assumption of zero surfa
e roughness isvalid at the energies of interest here (Cu-L, 0:93 keV) as the wavelength (13.3�A) is 
lose to the � 15�Asurfa
e roughness measured for previous MCP opti
s (eg. Pri
e et al. (2002b) or Pri
e et al. (2002a)and referen
es therein). However, this model is expe
ted to overestimate the e�e
tive area at highenergies be
ause of the same assumption of zero surfa
e roughness. This is be
ause good spe
ularre
e
tion at grazing in
iden
e is expe
ted if the surfa
e is smooth at spatial s
ales approximatelyequal to the wavelength of the in
ident radiation (Pri
e (2001) and Mi
hette, A. (1993)).The upper (green and red) 
urves in Figure 5.9 represent an opti
 with an unobstru
ted (40 mm � 40mm) geometri
 area, red is for a sour
e distan
e of 1 and green for a sour
e distan
e of 27 m (as inthe long beamline fa
ility). For 
omparison, the blue 
urves show the e�e
tive area for the same opti
with the geometri
 area redu
ed to 35 mm � 35 mm, owing to the mounting stru
ture of the opti
.Again, for these 
urves, the in
reased angles of in
iden
e 
aused by the �nite length of the beamlinedo not lead to a signi�
ant 
hange in e�e
tive area. It is 
lear that the mounting stru
ture 
ausesa signi�
ant (� 20%) redu
tion in MCP e�e
tive area at low energy (�1.5 keV). However, the hardX-ray response is dominated by the inner se
tions of the plate owing to the redu
ed angles of in
iden
ethere and the falling 
riti
al angle at higher energies. It 
an therefore be seen that at an energy of �1.7 keV, there is no degradation in e�e
tive area 
aused by the mounting stru
ture. Using Equation4.1, the 
riti
al angle for re
e
tion at 1.7 keV is 1.38Æ, whi
h 
ompares to an angle of in
iden
e impliedby re
e
tion from a pore at the edge of the MCP of 1.34Æ. Therefore, any photon with energy less103



* u= , 40x40 mm open area∞

o  u=27 m, 35x35 mm open area

x  u= , 35x35 mm open area∞

+  u=27 m, 40x40 mm open area

Figure 5.9: Comparison of e�e
tive area as a fun
tion of energy for sour
e distan
e u =27 m (red andlight blue) and u = 1 (green and dark blue) with either an unobstru
ted 40 mm by 40 mm �eld ofview (green and red) or with a 35 mm � 35 mm aperture to represent the mounting stru
ture (twoblue 
urves).
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than 1.7 keV in
ident anywhere on the MCP 
an be fo
used. Photons with energy higher than 1.7 keV
annot be re
e
ted from the extreme edges of the plate and, therefore, the e�e
tive area is redu
edat high energy. This is an important validation of the e�e
tive area model.5.4 X-ray testing5.4.1 Point to point fo
usingThe planar opti
s were pla
ed at the position of optimum fo
us (nominally half way between the sour
eand dete
tor plane) in the 1.4 m beamline by minimising the width, spe
i�
ally the full width at halfmaximum height - FWHM, of the point spread fun
tion (PSF) as a fun
tion of dete
tor position.The imaged spot was expe
ted to be ellipti
al in nature be
ause of the geometry of the sour
e. Theele
tron beam illuminated an approximately 
ir
ular area of the anode, whi
h proje
ted an ellipsealong the axis of the beamline owing to the anode's in
lination at angle of � 30Æ to the opti
al axis.The size of the ellipse was found by Brown & Yates (2006) to be 0:4� 0:05 mm in the verti
al (semi-minor) axis and 0:8� 0:05 mm in the horizontal (semi-major) axis. This was a
hieved using a pinhole
amera te
hnique, des
ribed in Se
tion 4.3.2.5.4.1.1 Cartesian MCP geometryFigure 5.10-A shows a linearised image produ
ed by a 24 hour exposure at low 
ount rate (< 500
ps) for 0:93 keV X-rays; Figure 5.10-B shows a 
ut taken through the fo
al spot in the best fo
usaxis (indi
ated in panel A of the �gure). The FWHM of the intensity pro�le is 3:1 ar
mins beforeremoving the non-zero size of the X-ray sour
e spot (Se
tion 5.4.1).Removal of the sour
e size by subtra
ting it in quadrature from the size of the image of the 
entral105



A B
1 pixel = 76 µm = 22 arcsec

Figure 5.10: A) Linearised image of the PSF from the 
at plate point-to-point measurement. Theellipti
al 
entral fo
us is a 
onsequen
e of the ellipti
al sour
e spot. The dire
tion of the 
ut shown inpanel B is from bottom left to top right. Ea
h pixel is � 76�m and the 
olours indi
ate normalizedintensity. Data from Brown & Yates (2006). B) Cut taken through Figure 5.10 as indi
ated by thebla
k line. The FWHM indi
ates an opti
 resolution of 3:1 ar
mins before sour
e size 
orre
tion.fo
us results in an opti
 resolution of 2:3� 0:2 ar
mins. This intrinsi
 resolution is limited by 
hannelmisalignments and represents a signi�
ant improvement over the performan
e of MCPs 
hara
terisedin previous work. Pri
e (2001) and Nussey (2005) report a best resolution of � 6�8 ar
mins FWHM.These latest results also ex
eed the � 4 ar
mins opti
 resolution requirement for WFT whi
h arisesfrom the need to perform sour
e position 
entroiding to an a

ura
y of < 2 ar
mins (Bla
k et al.(2003) and Bannister & Fraser (2003)).The quadrati
 subtra
tion of sour
e size reported by Brown & Yates (2006) is stri
tly only valid foroverlapping gaussian pro�les (as it is based on the 
entral limit theorem). This assumption has heldin previous opti
 tests (e.g. Pri
e (2001) or Nussey (2005)) be
ause the 
hannel misalignments blurthe PSF to a broader, approximately gaussian �gure. MCP quality is now rea
hing the point wherethe true, triangular, nature of the PSF dominates and, therefore, a better model is needed for removalof sour
e size e�e
ts.Estimation of the 
ontribution due to sour
e size was a
hieved by 
onvolving a triangular pointspread fun
tion with a top hat fun
tion, used to represent the sour
e. The relative 
ontributions of106



A
1.0

0.8

0.6

0.4

0.2

0.0

0.60.40.2-0.0-0.2-0.4-0.6

N
or

m
al

is
ed

 in
te

ns
ity

Position (units of optic FWZM) B
1.0

0.8

0.6

0.4

0.2

0.0

0.60.40.2-0.0-0.2-0.4-0.6

N
or

m
al

is
ed

 in
te

ns
ity

Position (units of optic FWZM)Figure 5.11: A) 
ut taken through Figure 5.10 as indi
ated by the bla
k line in Figure 5.10-A. Thegreen \�t lines" represent the model pro�les and the red points are measured data points from Figure5.10-B. B) 
ut perpendi
ular to that in panel A. The bla
k triangular line in both panels is the responsewhen the sour
e size is approximated by a delta fun
tion i.e. it is the limiting resolution as sour
e sizetends to zero. The �t lines represent (in order of in
reasing width) ratio of sour
e size to opti
 FWZMof approximately 0.2, 0.3, 0.45, 0.55. The sharp 
hange in gradient of the model 
urves towards theedge of the plots is simply the edge of the modeled region and is not a physi
al e�e
t.the sour
e and opti
 
an be de
onvolved by plotting the model in units of opti
 full width at zeromaximum (FWZM) and 
omparing the size of the sour
e with the width of the PSF. Figure 5.11shows intensity histograms in orthogonal dire
tions through Figure 5.10-A, giving a ratio of sour
esize to opti
 FWZM of 25� 50% for the best fo
us axis, implying an opti
 resolution, after removal ofsour
e size, of 1:5� 2 ar
mins FWHM (with a known sour
e size of 400 �min this axis) (Figure 5.11,A). Figure 5.11 B, shows the same type of �t for the PSF in the orthogonal dire
tion. This impliesa best �t ratio of 40 � 50%, or � 3 � 4 ar
mins (with a known sour
e size of 800 �min this axis),supporting the observation of Brown & Yates (2006) that the opti
 had di�erent fo
al positions inthe two axes and hen
e that it had some apparent 
urvature in one of these axes. Su
h a 
urvature isnot inherent to the opti
 and it is believed that it is due to mounting stresses introdu
ed by the opti
holder. A more detailed des
ription of this issue is given in Se
tion 5.4.2.1 where a similar e�e
t isseen in the slumped plates.A more rigorous model whi
h 
onvolved a gaussian sour
e intensity pro�le with the triangular PSFled to a redu
tion in the signi�
an
e of the �ts and is therefore not in
luded. The behaviour of the107



Figure 5.12: (right) is an X-ray image taken in point to point fo
using mode in the 1.4 m beamlinewith a radially pa
ked se
tor. A re
tangular aperture was pla
ed in front of the MCP to prevent strayX-rays rea
hing the fo
al plane. The axes are pixels (0.27 mm a
ross) and the 
olour s
ale is 
ountsper pixel. (Left) a ray tra
e model of the same 
on�guration. In the model, the opti
 has an o�-axisangle of � 0:5Æ in both axes of the rotation stage, and is 50 mm out of fo
us.sour
e is believed to be best approximated by the top hat fun
tion as the intensity from the sour
espot is a fun
tion of the number of ele
trons in
ident on the anode at a given position. The la
k ofimprovement in the �t seems to imply that a uniform beam of ele
trons is generated by the ele
trongun. This is not unreasonable as the gun is 
apable of a
hieving an extremely small and high intensityX-ray sour
e spot (Se
tion 4.3.2) and therefore a highly 
ollimated, uniform beam is to be expe
ted.5.4.1.2 Radial MCP geometryInitial \qui
k look" studies were made with a re
tangular aperture mask measuring � 15 mm � 35mm. These studies produ
ed the image shown in Figure 5.12. Analysis of this image and 
omparisonwith ray tra
e modeling indi
ates that the FWHM angular resolution is approximately 8 ar
mins.However, the model also shows that the opti
 is 0.5Æ o� axis in both axes of the rotation stage andalso that it 
ould be as mu
h as 50 mm out of fo
us. It should be noted that the model assumesperfe
t 
hannel 
oalignment and therefore the predi
tion of 50 mm out of fo
us is an upper limit.108



Next, an improved opti
al arrangement was set up with almost the full aperture of the se
tor illumi-nated. The tip and tilt of the opti
 was optimised su
h that the fo
al spot arrived in the 
entre of thedire
tly transmitted 
omponent of the PSF (as indi
ated by ray tra
e studies). It was then movedalong the opti
al axis of the test fa
ility to �nd the position of best fo
us. Unfortunately, the travel ofthe linear motion drive was insuÆ
ient to �nd this position, meaning that Figure 5.13 is still slightlyout of fo
us. This is evident from the asymmetry of the 
uts through the image. Previous experimen-tal work shows that true optimisation of the fo
al position 
an give a signi�
ant improvement in theapparent angular resolution of these devi
es. Unfortunately, for experimental reasons the position ofbest fo
us 
ould not be found as signi�
ant extension of the travel of the opti
 adjustment (or relo
a-tion of the opti
) was not possible without signi�
ant, time 
onsuming and expensive modi�
ations tothe test fa
ility. The fa
t that the opti
 does not fo
us in the position expe
ted implies that there issome residual 
urvature of the opti
 that was not expe
ted. This is thought to be introdu
ed by themounting stru
ture as the 
ompression spring used to 
lamp the opti
 was square, implying unevenpressure onto the opti
 and therefore the likelihood is that the MCP was being deformed. Produ
tionof an improved mount for the opti
 was thought to be more 
omprehensively addressed using slumpedplates in the long beamline as these results would be more representative of how the plates would beused in a real teles
ope and more adjustment and experimental 
exibility was possible using the longbeam fa
ility (see Se
tion 5.4.2.1).Figure 5.14 shows a 
ut through the peak of the PSF from top left to bottom right in a dire
tiontangential to the radial 
ross arm. The 
ut demonstrates the good signal to noise ratio of the dataand also the steepness of the peak. The shoulders on the peak are 
aused by the radial 
ross arm andare, therefore, a 
onsequen
e of the measurement geometry.
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Figure 5.13: (Left) saturated ray tra
e image of a similar geometry to the test. (Right) X-ray image ofthe point spread fun
tion measured by point to point fo
using. The FWHM resolution is � 7 ar
mins.The 
omponents of this image are as reported in Figure 5.12.

Figure 5.14: Cut through Figure 5.13 in a dire
tion tangential to the radial 
ross arm from top leftto bottom right. 110



5.4.2 Imaging in the long beamline5.4.2.1 Cartesian MCP geometryThe image produ
ed by the slumped MCP was taken in the long beamline fa
ility (see Se
tion 4.3.3or Pearson & Martindale (2007)). It was optimised using the same pro
edure applied to the 
at plate,and the FWHM of the fo
us at 0:93 keV was plotted as a fun
tion of dete
tor distan
e from the MCP(Figure 5.15). A signi�
ant astigmatism is evident in Figure 5.15 sin
e the position of the best fo
usin the two prin
ipal axes of the MCP di�ers by � 25 mm, indi
ating a � 50 mm apparent di�eren
ein the radius of 
urvature of the two axes.The resolution in the best axis is shown to be � 5:5 ar
mins (Figure 5.15) where the errors will beof a similar magnitude as for the 
at plate. The broadened fo
us of the slumped MCP, 
omparedto the � 1:5� 2 ar
mins performan
e of a 
at plate in point to point fo
using mode, is likely to be
aused by departures from the ideal spheri
al �gure of the opti
, i.e. the astigmatism noted above.This 
on
lusion is supported by further eviden
e of pro�le errors in Figure 5.16, where the 
aring andbifur
ation of the 
ross arms at their extremities is observed. The overall opti
 resolution, found tobe � 10 ar
mins, is de�ned as the position where the resolution in either axis is equal and, therefore,minimised for the opti
 as a whole.The deviation of the MCP slump pro�le from the ideal spheri
al �gure 
ould be due to either (a)manufa
turing error, (b) degradation of the slump pro�le during storage (an e�e
t noted in earlierwork (Nussey, 2005)), or (
) distortion of the �gure introdu
ed by uneven appli
ation of pressure inthe mounting stru
ture. Identifying the pre
ise origin of this distortion was 
ru
ial to the optimisationof opti
 performan
e. The most likely 
ause of this degradation in performan
e was thought to be theopti
 mounting stru
ture and further X-ray testing was used to 
on�rm this suspi
ion.The opti
 was removed from the mount and re�tted in exa
tly the same manner as before. This111



Figure 5.15: Variation in opti
 resolution as a fun
tion of position along the opti
al axis. Ellipti
alapproximation is the square root of the produ
t of the two axes shown in this �gure (dashes). Axis 1:Squares, Axis 2: Triangles. The 
ir
led data points are 
onsidered anomalous and are ex
luded fromthe �tted 
urve.

Figure 5.16: Logarithmi
ally s
aled image of the 
ru
iform PSF from the slumped plate. The axesare in pixels with 1 pixel = 38 �m. No 
olour bar is in
luded as the shape is of primary interest inthis 
ase. 112



produ
ed a marked di�eren
e in the fo
al position measured under X-ray illumination, indi
ating thatthe mounting stru
ture was signi�
antly altering X-ray performan
e. The pro
ess was repeated, butthis time with two of the four lo
king bolts removed and minimal pressure applied to the opti
, andstill no repeatable performan
e 
ould be found.Therefore, the mounting stru
ture was 
learly impli
ated in the degradation of X-ray performan
eand further investigation was ne
essary. This took the form of talysurf pro�lometry and is reportedin Se
tion 5.5.5.4.2.2 Experimental e�e
tive areaAfter lo
ating the position of best fo
us, it was possible to establish the imaging gain of the system,whi
h is a dire
t measure of e�e
tive area. The measurement is made by rotating the opti
 out of thebeam and 
omparing the intensity of the fo
al spot with the intensity of the unfo
used beam.The intrinsi
 variation in eÆ
ien
y of the MCP dete
tor as a fun
tion of in
ident angle (Lees &Pearson, 1997) 
an be seen in the images as the dimming of one 
ross arm with respe
t to the other.This e�e
t is a 
onsequen
e of the 
onverging 
one of rays generated by the opti
, whi
h introdu
esa position-dependen
e in the angle of X-rays in
ident on the dete
tor. The dependen
e of MCPQuantum EÆ
ien
y (QE) on angle is a well do
umented e�e
t (e.g. Pearson (1984)). This hasimpli
ations for the apparent gain of a system 
ontaining an MCP opti
 and MCP dete
tor as thefo
used X-rays arrive at a di�erent angle to the unfo
used ones, and therefore are dete
ted with adi�erent eÆ
ien
y.Comparison of 
al
ulated and experimental e�e
tive areas is 
ompli
ated by the ellipti
al nature ofthe fo
used spot. Using the FWHM in either axis of the opti
 to de�ne the major and minor axes,the imaging gain 
an be estimated based on the number of 
ounts within the ellipse. Assuming all113




ounts within this ellipse then fall within a 
ir
le with the diameter of the best measured FWHM,a 
on
entration fa
tor, C, of � 240 is a
hieved, implying an e�e
tive area of Am � C of � 0:8 
m2where Am is the area of the 
ir
le.This implies that the experimentally determined e�e
tive area is within a fa
tor of two of the the-oreti
al ray tra
e simulations (Figure 5.9). Be
ause of the signi�
ant problems asso
iated with thevarying quantum eÆ
ien
y of the dete
tor a
ross the 
onverging 
one of rays from the opti
, thisshould only be taken as a lower limit be
ause of severe degradation in dete
tor performan
e at lowgrazing angles. However, it is diÆ
ult to determine how big this e�e
t is without a mu
h more 
om-pli
ated experiment or in
lusion of a dete
tor with no variation in eÆ
ien
y as a fun
tion of angle ofin
iden
e. It is intended that a CCD dete
tor will be added to the fa
ility in the relatively near future.This devi
e will aid the measurement of a reliable e�e
tive area. The distorted opti
 pro�le dis
ussedabove is also not a

ounted for and 
ould further redu
e the measured e�e
tive area. Investigatingthe varying quantum eÆ
ien
y of the dete
tor for di�erent angles of in
iden
e and the in
uen
e of theBremsstrahlung 
omponent of the in
ident X-ray spe
trum is the subje
t of the next phase of study.5.4.2.3 Radial MCP geometryFigure 5.17 shows an X-ray image (
ontaining � 4 million events) with the plate in best alignmentin both axes of the rotation stage and in its nominal best fo
us position along the opti
al axis. Theangular resolution in the verti
al axis is � 9 ar
mins FWHM and in the horizontal axis, � 12 ar
mins.The image 
ontains a number of se
ondary features - the three 
on
entri
 rings to the right of thefo
us are probably 
aused by an even number of re
e
tions arising from the 5 mm length of the
hannels (Figure 5.7). The unexpe
ted 
urved feature whi
h 
omes out of the fo
al spot appears inall images and may be related to the MCP's angular orientation in the beamline (see Figure 5.6).However, repeated attempts to eliminate this feature by tilting the opti
 have been unsu

essful.114



Figure 5.17: X-ray image formed by the (nominal) 1.33 m slumped radially pa
ked opti
 KL001-2.The FWHM angular resolution is 8.9 ar
mins in the verti
al dire
tion. The band of intensity at thebottom of the image is due to dire
t transmission around the mounting stru
ture. The panels to theleft of and below the main image are horizontal and verti
al integrations of the image. Axes in (0.27mm) pixels. The plot in the bottom left hand 
orner is the MCP dete
tor pulse height distribution(units of 
hannels).Further testing and modeling is proposed to resolve the origin of this feature.Figure 5.18 shows the e�e
t of moving into and out of the best fo
us position. The blurring of theshort \
ross arms" noted above is signi�
antly worsened as the dete
tor moves out of the best fo
us.The integration of the image to give the histograms in Figures 5.17 and 5.18 
an be misleading asfeatures appear blurred by the summing a
ross rows and 
olumns in dete
tor spa
e. Therefore, a true
ut, taken in the y � axis from bottom to top, is in
luded in Figure 5.19 to show the \sharpness" ofthe true fo
us. The small feature at x � 30 mm in Figure 5.19 is indi
ative of dire
t transmission115



Figure 5.18: (Left) image with dete
tor � 3 
m behind the fo
us. (Right) image � 20 
m in frontof the fo
us. The shape of the fo
us 
hanges as the dete
tor moves from behind the best fo
us to infront of it. The images are taken in the same way as Figure 5.17.about the mounting stru
ture. All images and plots presented here remain unlinearised and the trueplate s
ale of the dete
tor has therefore not yet been measured. The pixel size is 
al
ulated to be 0.27mm pixel�1 by measuring a known distan
e on the dete
tor.5.5 Me
hani
al testingResults from Se
tion 5.4.2.1 pertaining to the square pore, square pa
k \lobster-eye" opti
 imply amarked astigmatism in its performan
e. This manifests itself in a degradation in fo
al performan
eand shift in the fo
al position for the PSF in the two prin
ipal axes of the MCP. This was believed tobe indi
ative of either a distortion in the opti
 
aused during manufa
ture, a similar distortion 
ausedby the mounting s
heme of the opti
, a systemati
 problem with the test fa
ility (eg. an ellipti
alsour
e spot) or deviation from the nominal, 0Æ, bias angle in the two axes of the MCP. Consequently, itwas de
ided to test the spheri
ity of the opti
 using a Rank-Taylor-Hobson talysurf pro�lometer. Theslumping te
hnique (see se
tion 2.1.1) was believed to be robust as it has been developed spe
i�
allyto ensure that a highly a

urate spheri
al surfa
e is a
hieved. Also the results imply that the form ofthe opti
 
hanges signi�
antly whenever it is disturbed in the mounting stru
ture. This di
tated the116



Figure 5.19: A true 
ut through the 
entral fo
us shown in Figure 5.17. The 
ut is in the y � axis.following me
hani
al tests to home in on the 
ause of the astigmatism:Initially, the inbuilt software pa
kage was used to generate the radius of the opti
 pro�le whilst theopti
 was undisturbed from the mounting stru
ture used for X-ray tests. The deviation of the surfa
efrom the best �t 
ir
le of � 69 
m was only 2 �m. This remarkably a

urate pro�le was initiallythought to be suspe
t as it implied that any stresses on the opti
 as a result of the mounting stru
turewere not 
ausing a signi�
ant deviation from a spheri
al �gure.InsuÆ
ient information 
ould be found about the software and it was de
ided that it was ne
essaryto validate the results. To this end, a \raw" pro�le was re
orded whi
h simply 
ontained the surfa
eheight as a fun
tion of position. A manual re
reation of the talysurf analysis was then performed by�tting a surfa
e gradient and 
ir
ular pro�le to the data. The radii and deviations from that 
ir
lewere found to have the same fun
tional form and numeri
al magnitude for the two methods. This, andthe reprodu
tion of data from a 
alibration ball used to evaluate the talysurf performan
e, gave great117




on�den
e that the data analysis pa
kage was being used 
orre
tly. Therefore, the remarkable a

ura
yof the opti
 surfa
e is believed to be real and is testament to the reliability of the manufa
turing pro
essin whi
h the MCP is opti
ally polished and then slumped to the desired radius of 
urvature.Comprehensive data were then taken on the surfa
e pro�le of the opti
. These showed that althoughthe MCP was indeed spheri
al, the radius of 
urvarture of that sphere was less than spe
i�ed in themanufa
turing pro
ess. The opti
 was designed to have a radius of 
urvature of 75 
m. The MCP wasthen removed from the mounting jig and remeasured. A nominal radius of 
urvature of 73 
m wasobserved, implying that the mounting stru
ture was severely distorting the opti
. Although the opti
is distorted, it maintains the \
ir
ularity" of the 1-D pro�les. The deviations from the best �t 
ir
leare small and any degradation in the surfa
e �gure as a fun
tion of position on the opti
 lie beyondthe resolution of this measurement te
hnique.The radii of the two spheri
al fa
es of the mounting holder were then measured and found to beapproximately 38 
m, roughly half of the expe
ted radius of 75 
m (Figure 5.20). It is believed thatthese surfa
es were manufa
tured to the wrong spe
i�
ation, and hen
e a new mounting stru
turewas sought. The errors in the measurement pro
ess have been shown (Martindale & Yates, 2007) totranslate into an error on the measured radii of 
urvature of � � 2 
m indi
ating that the deviationsbetween the mounted and unmounted pro�les are statisti
ally signi�
ant. However, this opti
 is likelyto have been inelasti
ally deformed by the mounting stru
ture and so more testing is needed on a freshsample. No eviden
e 
ould be found for the apparent 50 mm di�eren
e in the radius of 
urvature ofthe opti
 noted in Se
tion 5.4.2.1, further testing is needed to resolve the origin of this experimentallyobserved astigmatism.
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Figure 5.20: Surfa
e height pro�le (blue) measured for the slumped opti
, the radius of 
urvature was� 69 
m. Superimposed is the best �t model pro�le of the mounting jig whi
h showed a radius of
urvature of � 38 
m, half the required value. Therefore, mounting stresses are likely to be distortingthe opti
.5.6 Experimental issuesDuring the 
ourse of the experiments a number of issues have arisen whi
h need to be addressed beforethe apparent improvement in opti
 quality 
an be quanti�ed. These are:� Dete
tor quantum eÆ
ien
y variation.� Opti
 mounting problems.� Ele
troni
 problems in the dete
tor wiring.The �rst two of these have been dis
ussed above and so I will leave further dis
ussion until Se
tion5.6.1. The third is a problem that was noted during e�orts to linearise the dete
tor. The pinholemask used for dete
tor linearisation 
ontained a square grid of �100 �m pinholes on a 4 mm pit
h.The images taken of this mask showed the pinholes to be �600 �m wide, and noise within the signalwiring was identi�ed as the 
ause of this. Su
h noise would lead to an intrinsi
 limit on the smallestfeature visible on the dete
tor and would undoubtedly blur the measured PSF. This noise was onlypresent in the long beamline and was tra
ed to the 
able and va
uum feedthroughs. These are beingrepla
ed and it is expe
ted that the redu
tion in noise will signi�
antly improve the measured pointspread fun
tion. 119



5.6.1 Proposed solutions and further workTo resolve the problems asso
iated with the bias angle of the dete
tor MCPs, a new set of 100 mmsquare MCPs with 12.5 �m pores and 13Æ bias angle have been pro
ured from Photonis. These havebeen installed into a dete
tor whi
h has been optimised for best imaging performan
e. This dete
toris expe
ted to give mu
h improved imaging and 
ounting performan
e, allowing more reliable e�e
tivearea values to be 
al
ulated.The mounting problems asso
iated with the opti
s were initially addressed by se
uring the opti
 to ametal plate using va
uum 
ompatible wax. This proved extremely diÆ
ult as the wax was too vis
ousto form a bond onto the plate without applying undue pressure to the MCP and distorting the surfa
e�gure. The proposed solution for the next phase of laboratory tests is to sti
k the MCPs onto a metal
arrier using an adhesive su
h as superglue. The low vis
osity of superglue means that it will requireno me
hani
al pressure to form the bond, indi
ating that the surfa
e �gures should remain unaltered(so long as stress is not introdu
ed into the opti
 as the adhesive 
ures). Should this approa
h provesu

essful, a more suitable \
ight quali�ed" adhesive will be sought.Finally, new low-noise 
ables and feedthroughs are being installed into the long beamline fa
ility toaddress the dete
tor noise issue. The whole system is being rewired both in the unampli�ed side underva
uum, and the external ampli�ers, 
ounting and imaging ele
troni
s 
hains. Retesting of the opti
swill take pla
e on
e the rewiring work is 
ompleted and is expe
ted to lead to an improvement in theunderstanding of the latest generation of MCP opti
s.5.7 Comparison of performan
eIn order to 
ompare the performan
e of the MCPs tested herein with past measurements Table 5.1reprodu
es Table 4.1 but shows the performan
e of the plates tested herein. It is 
lear that the120



Parameter Previous values Current workChannel diameter (D) 8.5 � 200 �m 20 �mChannel aspe
t ratio (L/D) 50:1500:1 50:1 and 250:1Format � 54�54 mm2 40�40 mm2 and radial se
torsSlump radius (RMCP) 0.07-1.0 m 0.75-1.33 mChannel surfa
e roughness 1.1 nm RMS N/AAngular resolution 7 ar
mins FHWM 1.5[1℄, 5.5[2℄, �8[3℄ ar
mins FHWMMetallisation for enhan
ed re
e
tivity Ni, Ir, or Ru N/ATable 5.1: Comparison of performan
e of MCP opti
s reported herein with past te
hnology reportedin Table 4.1. [1℄ for 
artesian pa
k MCPs in point to point fo
using mode [2℄ for 
artesian pa
kedMCPs whi
h are slumped and tested with almost parallel X-rays [3℄ for radial pa
ked opti
 se
tors inboth point to point and slumped fo
using modes.manufa
turing pro
ess is now good enough to produ
e MCPs with highly aligned and uniform 
hannels,leading to a marked improvement in the imaging resolution of these new opti
s. This work alsorepresents the �rst 
omprehensive experimental study of radially pa
ked opti
 se
tors in point topoint and parallel fo
using modes and shows that the true pa
king geometry has been su

essfullyrealised and that the opti
s fo
us X-rays despite the diÆ
ulties of testing su
h samples as des
ribedin Se
tion 5.3.1.2.5.8 SummaryThe results reported here represent a signi�
ant improvement in the spatial resolution of MCP opti
soperating in the � 1 keV region, made possible by improved 
hannel alignment whi
h 
an be a
hievedin the manufa
turing pro
ess (Table 5.1). Tests on the 
at plate probe the intrinsi
 opti
 resolution,whi
h is limited by the misalignment of 
hannels at the multi�bre level. The results show that a
hannel-limited resolution of better than � 2 ar
mins is possible, ex
eeding the resolution requiredfor the WFT mission.The slumped lobster-opti
 dis
ussed above has an ellipti
al fo
us. However, the best resolution has121



been shown to be � 5.6 ar
mins with a 
on
entration fa
tor of 240. This 
orresponds to an estimatede�e
tive area of 0.8 
m2. Hen
e, the experimental results appear to be less than a fa
tor of two belowthe predi
ted performan
e, and this de�
it 
ould be explained by the variation of dete
tor eÆ
ien
ywith the in
ident angle of the in
oming beam. This problem 
ould be alleviated by repla
ing the6Æ bias dete
tor plates previously used with the new pair of 13Æ plates whi
h have been installed in
hevron format. The dete
tor will have a lower but more uniform eÆ
ien
y over the 
onverging 
onefrom the opti
 meaning that the di�eren
e in QE between unre
e
ted and re
e
ted rays should beredu
ed. A signi�
antly improved method of �nding the e�e
tive area will be available in the relativelynear future when a CCD dete
tor will be added to the system, allowing dis
rimination in energy spa
eand also removing the angular dependen
e of the dete
tor. Further studies to investigate methods ofredu
ing the deviation in the spheri
al �gure of the MCP opti
 are 
urrently in progress.A radial MCP se
tor has been tested to determine its angular resolution, whi
h is found to be betterthan 7 ar
min from point to point fo
using investigation of the plate. This data is still 
onsidered aworst 
ase estimate as the dete
tor position is not believed to be optimised. Ray tra
e modeling ofthe opti
al arrangement shows that the point spread fun
tion is of the expe
ted shape, indi
ating thesu

essful realisation of a true radial pa
king geometry. The results reported herein show that these
tor with 1.33 m radius of 
urvature has been su

essfully slumped and a best fo
us of � 9 ar
mins atthe nominal fo
al length of the se
tor is obtained. The dete
tor resolution appears to be noise limited,implying that the opti
 
ould be performing signi�
antly better than this measurement implies. Thisis ba
ked up by a s
an through the depth of fo
us whi
h yields a 
at bottomed 
urve implying thatthe resolution is limited to the level of � 9 ar
mins by some physi
al me
hanism. The presen
e of thise�e
t in the results for the radial se
tors means that they should be 
onsidered a worst 
ase estimate(or an upper limit). Se
tion 5.6 proposes solutions to these problems and identi�es future work whi
his ne
essary to fully 
hara
terise opti
 performan
e.122



Chapter 6X-ray polarimetry
In re
ent years, almost all areas of X-ray instrumentation have seen rapid development, allowingastronomers to gain an improved understanding of 
elestial X-ray sour
es and the pro
esses involvedin driving them. Three parti
ular areas of te
hnology development promise a step 
hange in howwe observe 
osmi
 X-ray sour
es. These are: wide �eld-of-view teles
opes, allowing unpre
edentedtemporal 
overage of a wide variety of sour
es, and X-ray interferometry, providing teles
opes with aspatial resolution 
apable of imaging the event horizon of a bla
k hole. Thirdly, X-ray polarimetrywill allow the study of the state of matter from whi
h X-rays are emitted. All these te
hniques willo�er insight into the most extreme environments in the 
osmos.In the pre
eeding 
hapters I have des
ribed te
hniques to a
hieve an unparalleled 
ombination oftemporal and spatial resolution for X-ray/UV/
harged parti
le dete
tors whi
h promise a drasti
improvement in instrumentation for ultraviolet astronomy (Se
tion 2.4.1) and also, how to generate� ar
minute resolution, lightweight, large e�e
tive area X-ray opti
s with either wide or narrow �eldof view, depending on geometry. These developments are targeted at a broad array of appli
ations;from the life s
ien
es, to spa
e-based planetary s
ien
e and astrophysi
s missions.123



This 
hapter will introdu
e X-ray polarimetry (XRP) by 
omparing it with polarimetri
 measurementsat other wavelengths, 
onsidering the me
hanisms whi
h lead to polarisation and a review of e�ortsmade to investigare X-ray polarimetry to date. Chapter 7 will des
ribe experimental work to develop anovel polarimeter based on narrow bandwidth di
hroi
 �lters whi
h 
ould provide the next generationof observatories with fo
al plane instruments 
apable of simultaneously measuring all astrophysi
allypertinent parameters.The degenera
y of predi
tions from some 
ompeting astrophysi
al models, when 
onstrained only byphotometri
 and spe
tros
opi
 observations, 
an be broken by measuring the degree (P ) and angle(�) of polarisation. Despite similar predi
tions for the 
urrent observables, the models often predi
tdi�eren
es in P and � and also, how they evolve as a fun
tion of time and/or photon energy. X-raypolarimetry, therefore, promises the realisation of the next milestone in X-ray astronomy. Se
tion 6.4.1des
ribes how measurement of the polarisation of the sour
e at one �xed energy (19.2% polarisation at2.6 keV) was able to break the degenera
y between two 
ompeting theories for the power law spe
trumobserved from the Crab nebula. Addition of these two new observables is therefore expe
ted to aidmodeling of the behaviour of sour
es, 
onstrained by data from future observatories.6.1 Polarisation of lightEle
tromagneti
 theory tells us that light is des
ribed as a transverse wave. In the wave model, light
an be 
onsidered as if it were made up of two perpendi
ular ele
tromagneti
 wave 
omponents whi
hare mutually perpendi
ular to the waveve
tor (or photon dire
tion). Note that this is not an attemptto des
ribe the perpendi
ular magneti
 and ele
tri
 �elds present in an individual ele
tromagneti
wave, but is used to explain the behaviour of its polarisation (Figure 6.1). Consider the general
ase of two perpendi
ular waves with E �elds in the planes x̂ and ŷ and the waveve
tor, k, in the ẑdire
tion. These waves 
an be des
ribed, respe
tively, by the expressions;124



Figure 6.1: Diagram showing the e�e
t of adding two ele
tromagneti
 waves. Top, the waves are inphase leading to linear polarised light. Bottom, The waves are �=2 radians out of phase leading to
ir
ular polarisation. Figure 
ourtesy of www.s
ielo.br/img/fbpe/qn/v25n5/11410f2.gif
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Ex = x̂Eox
os (!t� kz) ; (6.1)Ey = ŷEoy
os (!t� kz + �) : (6.2)Here x̂ and ŷ are unit ve
tors, ! is the angular frequen
y, t is time, � is a phase shift and Eox; Eoy arethe amplitudes of the ele
tri
 �elds. These equations 
an be solved for four inital 
onditions leadingto the four possibilities for wave polarisations; linear polarisation, 
ir
ular polarisation, ellipti
alpolarisation and unpolarised light.Unpolarised light o

urs when the phase shift, �, varies randomly with time and a
ross the wavefront,leading to no preferred polarisation. Linear and 
ir
ular polarisation are both spe
ial 
ases of the moregeneral ellipti
al polarisation state, where linear polarisation o

urs when � is any integer multiple of2� radians; in this 
ase, E = (x̂Eox + ŷEoy) 
os (!t� kz) : (6.3)Where � = tan�1 (Eoy=Eox) is the angle of polarisation with respe
t to the x�axis (Figure 6.1 [top℄).If � = 2�n+ �=2, the amplitude of the wave is 
onstant be
ause sin2A+ 
os2A = 1 for all values ofA, leading to;
E = Eo (
os (!t� kz) x̂+ sin (!t� kz) ŷ) (6.4)and � = tan�1�sin (!t� kz)
os (!t� kz)� = !t� kz; (6.5)for a �xed position in spa
e z, the ve
tor rotates as a fun
tion of time at a frequen
y !=2�. This isan R-state or right hand polarised wave. If � = 2�n � �=2, the same arguments give an L-state orleft hand polarised wave (Figure 6.1 [bottom℄). 126



Finally if � is �xed at an arbitrary value and the amplitude 
omponents are not equal, an ellipti
allypolarised wave (�-state), is produ
ed in whi
h the ve
tor rotates as for 
ir
ular polarisation, but su
hthat the amplitude 
hanges to des
ribe an ellipse rather than a 
ir
le. A more 
omplete des
riptionof these e�e
ts is available in any opti
s textbook (e.g. He
ht (1987)).6.2 Polarisation of astrophysi
al X-ray emissionMeasuring the degree and angle of polarisation of photons from an astrophysi
al sour
e gives informa-tion on the state of the matter from whi
h the photons are emitted. These measurements are maderoutinely at many wavelengths. However, in the X-ray and gamma-ray regimes, the la
k of suitableinstrumentation to measure polarisation has frustrated astronomers for over three de
ades. Mea-surements of X-ray polarisation in astrophysi
al sour
es would provide a powerful probe of emissionpro
esses; thermal, syn
hrotron, bremsstrahlung et
. Hen
e, 
onsiderable s
ienti�
 interest remainsto this day be
ause of the dearth of information regarding the polarisation of X-ray astrophysi
alsour
es. In this se
tion I review a dis
rete sample of the many emission me
hanisms whi
h 
an be
onstrained by X-ray polarisation measurements.If emitted in a thermal pro
ess, photons will be unpolarised (assuming they do not undergo any po-larisation dependent pro
ess along the light path - eg. s
attering or transiting a region of intensemagneti
 �eld). Conversely, if photons are produ
ed in a non-thermal pro
ess, they will have someintrinsi
 polarisation. The degree and dire
tion of this polarisation 
an be used to identify the respon-sible emission pro
ess, be
ause ea
h has a di�erent polarisation signature. Therefore, polarisationmeasurements are a powerful diagnosti
 between astrophysi
al models, identifying the predominantdriving pro
ess for the X-ray emission.A variety of pro
esses 
an 
ause polarisation of photons. Weisskopf et al. (2006) review a number127



of su
h emission me
hanisms, 
on
entrating on the use of polarimetry to understand neutron starsystems; identifying the variation in polarisation as a fun
tion of pulsar phase as a prime exampleof where X-ray polarimetri
 data 
ould distinguish between 
ompeting astrophysi
al models. Theauthors also des
ribe a method of obtaining possible observational eviden
e for va
uum birefringen
e- an exoti
 e�e
t of quantum ele
trodynami
s (QED). This theory predi
ts that in the presen
e of astrong magneti
 �eld, the refra
tive index of a va
uum is di�erent for orthogonally polarised photons.Consequently, 
ertain models of pulsar emission predi
t variation in the polarisation dependen
e asa fun
tion of pulsar phase and photon energy. Weisskopf et. al. predi
t a � 10Æ phase lag betweenopti
al and X-ray polarisation angle as a fun
tion of pulsar period for the Crab pulsar owing to thise�e
t.A number of other authors have reviewed the possible impa
t of X-ray polarimetry (e.g. Novi
k (1974),Meszaros et al. (1988), Blandford et al. (2002), Kallman (2004) and others). Here I will 
onsider asmall subset of the extremely broad areas of interest for astrophysi
al X-ray polarimetry in an attemptto highlight a number of key 
on
epts and me
hanisms for produ
tion of polarised photons.6.2.1 Syn
hrotron emissionIf a 
harged parti
le is 
on�ned to move in a 
ir
ular orbit by a magneti
 �eld, the 
entripetala

eleration leads to the emission of ele
tromagneti
 radiation. This radiation will be 
hara
teristi
 ofthe mass and velo
ity of the parti
le and the magneti
 �eld in whi
h it is 
on�ned. For non-relativisti
parti
le speeds, the emission is termed 
y
lotron emission, with an equation of motion;
mdvdt = qv ^B: (6.6)Here m represents the mass of a parti
le of 
harge q and velo
ity v moving in magneti
 �eld B. Cy-128




lotron emission produ
es a dipolar emission pattern with no radiation emitted along the a

elerationve
tor of the parti
le, and with maximum intensity emission perpendi
ular to it (Figure 6.2 , Left).For the relativisti
 
ase where parti
les are a

elerated to a signi�
ant fra
tion of the speed of light,this distribution 
hanges su
h that in the observer's rest frame, the emission is highly beamed towardsthe dire
tion of motion of the a

elerating 
harges. This e�e
t is sometimes 
alled the headlight e�e
tand is a 
onsequen
e of the Lorentz transform from the rest frame of the emitting parti
le into therest frame of the observer. The equation of motion then be
omes;ddt (
mv) = q
v ^B; (6.7)where 
 is the standard Lorentz fa
tor used in relativisti
 equations, and is de�ned as 1p1� v2
2 , and 
is the speed of light. Figure 6.2 shows the e�e
t of the Lorentz transform, the left hand image is in therest frame of the parti
le, where the lobes to the left and right of the ele
tron represent the angularintensity distibution (the distribution for 
y
lotron emission also takes this dipolar form). The righthand panel represents the headlight e�e
t, showing strong beaming in the dire
tion of motion 
ausedby the Lorentz transform into the rest frame of the observer. X-rays emitted in this manner will belinearly polarised with the photon ele
tri
 �eld oriented perpendi
ular to the magneti
 �eld ve
torof the external �eld. The polarisation be
omes ellipti
al at emission angles out of the plane of themoving ele
trons.6.2.2 Linear BremsstrahlungA Bremsstrahlung 
ontinuum is 
reated by the a

eleration of an ele
tron in the 
oulomb �eld of a
harged parti
le or 
olle
tion of 
harged parti
les. This a

elerating 
harge radiates linearly polarisedX-rays with the ele
tri
 �eld of the photon parallel to the a

eleration ve
tor of the parti
le. The129



Figure 6.2: Diagrams of the beaming e�e
t of syn
hrotron emmission. Left panel, in the rest frameof the ele
tron, the dipolar lines around the ele
tron represents the intensity of the emission in thatdire
tion and is also 
hara
teristi
 of 
y
lotron radiation. Right pannel, demonstrating the e�e
t ofthe Lorentz transform into the rest frame of the observer, the strong beaming e�e
t is often 
alled theheadlight e�e
t. Image from http://www.astro.utu.�/�

ynn/astroII/l4.htmlpolarisation of su
h an X-ray spe
trum is shown by Dolan (1967) to be a strong fun
tion of energybe
ause of the di�erent position of the intera
tion between the ele
trons and the 
harged parti
lesat di�erent energies. At low photon energy, the ele
trons intera
t with the 
oulomb �eld at a largedistan
e, meaning that the predominant for
e (and therefore a

eleration) on the ele
tron is in theplane perpendi
ular to the ele
tron momentum ve
tor. This produ
es a photon polarised in thedire
tion perpendi
ular to the plane 
reated by the ele
tron momentum ve
tor and the line of sight(or photon dire
tion ve
tor). For higher energy photons 
reated by 
lose 
ollisions with the 
oulomb�eld, the main 
omponent of for
e is along the ele
tron momentum ve
tor, and the polarisationdire
tion therefore lies in the ele
tron momentum and observer plane. Dete
tion of this 90Æ 
hange inpolarisation dire
tion would provide indisputable eviden
e of linear Bremsstrahlung X-ray produ
tionas no other emission pro
ess is expe
ted to show this e�e
t (Novi
k, 1975).
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6.2.3 Thermal radiation and s
atteringAny spheri
ally symmetri
 plasma whi
h emits X-rays by a thermal pro
ess will generate an unpo-larised X-ray beam. However, if the plasma is non-spheri
ally symmetri
 and the opti
al depth1 islarge enough for signi�
ant s
attering to o

ur, a signi�
ant polarised fra
tion may be introdu
ed.This me
hanism is predi
ted by the standard a

retion disk model for a gala
ti
 bla
k hole (e.g.Blandford et al. (2002)).An a

retion disk is a planar stru
ture where s
attering, either by dust grains or free ele
trons in thedisk, determine its opa
ity. This kind of s
attering pro
ess 
an introdu
e signi�
ant polarisation in theX-ray beam, en
oding the orientation and in
lination of the disk and the lo
ation of the 
ontinuumsour
e into the emission. As disks are often also asso
iated with jets and out
ows, observations mayalso reveal the proje
ted rotation axis. As an example of the kind of e�e
ts whi
h 
ould be dete
tedby polarimety, let us 
onsider what happens within a disk on small spatial s
ales, ina

essible to evenan interferometri
 imager:Warping of the disk at small radii leads to a 
hange in the orientation of the rotation axis and as su
h,the polarisation dire
tion and degree may 
hange as a fun
tion of the position of emission within thedisk. A temperature gradient also exists in the disk sin
e parti
les gain kineti
 energy as they falldown the gravitational potential towards the 
entral bla
k hole. This temperature gradient leads toa hardening of the X-ray spe
trum towards the 
entre of the disk, so that any warping of the diskat small radii will translate into a 
hange in polarisation angle at higher energies. Blandford et al.(2002) propose spe
tro-polarimetry (polarisation measurements as a fun
tion of photon energy) toresolve the 
omplex geometries of disk stru
tures around 
ompa
t obje
ts. They argue that su
hmeasurements of the polarisation of X-rays produ
ed in 
lose proximity to the event horizon of a Kerr1opti
al depth is a measure of the transparen
y of a medium or probability that a photon is absorbed or s
atteredwithin it. 131



(rotating) bla
k hole would provide a useful probe on the Kerr metri
, a mathemati
al spa
e that hasbeen shown to explain a rotating bla
k hole but has never been investigated observationally.Laor et al. (1990) show 
al
ulations of the polarisation degree and dire
tion of opti
al and UV radiationfrom an a

reting system, showing typi
al polarisation fra
tions of < 5%. This model purports toexplain the dis
repan
y between the observed polarisation fra
tions and the results of previous modelswhi
h predi
ted higher degrees of polarisation. Relativisti
 e�e
ts are identi�ed as the 
ause for thisdis
repan
y. For X-ray polarimetry to be useful in this 
ontext, minimum dete
table polarisations(MDP) must be better than the � few% levels seen in this and other wavelength bands and 1%MDP is assumed throughout the re
ent literature as a good indi
ation of a useful polarimeter (e.g.Costa et al. (2001), Bellazzini et al. (2003), Jahoda et al. (2007)). Demonstration of su
h performan
ein a realisti
 (105 s) observing time with the instrument is essential for a su

essful proposal to 
y apolarimeter on a future X-ray observatory.Connors et al. (1980) report a similar set of 
al
ulations for a standard a

retion disk model in thesoft X-ray band and 
ompare them to geometri
ally thi
k 
louds surrounding a bla
k hole. They�nd that polarisation measurements at a number of energies 
ould give information about the stronggravitational �elds in a sour
e. They assert that;\dete
tion of a non-90Æ rotation in the angle of polarisation (either due to temporalvariations or due to observing at di�erent energies) is a good indi
ator of strong-�eld general-relativisti
 e�e
ts."The variation in polarisation dire
tion at di�erent energies 
orresponds to the di�erent positionswithin the disk at whi
h these energies are preferentially emitted. Dete
tion of this signature wouldsimultaneously 
on�rm the existen
e of a bla
k hole within the system and that the driving me
hanismfor the X-ray emission is an a

retion disk. Candidate obje
ts 
ould be 
hosen to maximise the e�e
tsin
e the degree of polarisation in
reases as the observer approa
hes the equatorial plane (P = 0.12 forzero in
lination and P = 0.02 for 60Æ in
lination � Blandford et al. (2002)), indi
ating that edge-on132



disks are the most promising pla
e to look for these e�e
ts.In this se
tion I have des
ribed a number of me
hanisms whi
h 
an lead to polarisation of X-raysemitted from astrophysi
al sour
es. Observing this polarisation is therefore a 
riti
al 
onstraint formodels used to explain the origin of the X-rays. The next se
tions will deal with past and futureinstrumentation used to measure the degree and angle of polarisation.6.3 Measuring polarisationS
ienti�
 interest in X-ray polarimetry remains strong, and there exists a strong drive to build newand improved polarisation analysers at X-ray wavelengths. To measure the polarisation of an in
identbeam of ele
tromagneti
 radiation, some measurable property of the photons must be 
orrelated witha physi
al 
hange in the response of the instrument to them. Taking simple opti
al polaroids as anexample; the transmission of the Polaroid �lm 
hanges as a fun
tion of the angle between the prin
ipalaxis of the �lm and the mean polarisation dire
tion of the in
ident photons. Hen
e, rotating the �lmleads to a measurable 
hange in the intensity of the beam. Any polarisation analyser must exploitsu
h a polarisation dependent e�e
t.Re
ent polarimeters have relied on the polarisation dependen
e of photoele
tron emission to 
onvertbeam polarisation into a measurable quantity. When an X-ray is in
ident onto a material, an ele
tron isemitted if the photon energy is greater than the work fun
tion of the material. This is the photoele
tri
e�e
t, whi
h states that;
hf = �+Ek: (6.8)Here hf is the photon energy (Plan
k's 
onstant multiplied by the frequen
y of the in
ident radiation),133



� is the work fun
tion of the material and Ek is the kineti
 energy of the emitted ele
tron.Ele
trons 
an also be ex
ited into higher bound states in an atom or mole
ule. In this 
ase theele
troni
 stru
ture around the mole
ule provides \allowed states" whi
h the ele
tron 
an be ex
itedinto. Therefore, the absorption probability of the photon 
an be a fun
tion of the polarisation of thephoton and the lo
al ele
troni
 stru
ture. It should be noted that photoionisation is a spe
ial 
aseof this more general des
ription, where the free ele
tron is ex
ited into the in�nite band of allowedstates outside of the atomi
 potential. Both photoionisation and ex
itation to higher, bound states
an potentially provide the a
tive element of a pra
ti
al X-ray polarimeter (Se
tion 6.5)6.3.1 PolarimetersPolarimeters are 
hara
terised in terms of their modulation fa
tor, M , de�ned by Novi
k (1974) andreviewed by e.g. Lees (1989) as;
M = �C? � Ck��C? + Ck� ; (6.9)where C? and Ck are the 
ount rates experien
ed by the dete
tor with the polarimeters axis perpen-di
ular and parallel to the beam polarisation ve
tor for a 100% polarised beam.The polarisation of a sour
e is always positive as it is de�ned as the fra
tion of photons whi
h havetheir ele
tri
 �eld aligned in the same dire
tion. Therefore, photon 
ounting statisti
s imply that evena perfe
t polarimeter with 100% modulation between the tansmission axis and the absorption axiswill measure a small positive polarisation even from a 
ompletely unpolarised sour
e. For this reason,the eÆ
ien
y of the polarimeter is de�ned in terms of the minimum dete
table polarisation (MDP).This �gure of merit is de�ned in Equation 6.10 and dis
ussed in more detail in Chapter 7. Novi
k(1974) de�nes the 3� or 99% 
on�den
e limit of a polarimeter as;134



MDP = P (3�) = 3MS �2�S +BT ��1=2 : (6.10)In this expression, P (3�) is the 99% 
on�den
e limit of the measurement, de�ning the MDP for asour
e, S is the signal 
ounting rate, B is the ba
kground 
ount rate, T is the observing time and Mis the modulation fa
tor as de�ned above.The polarisation P of a beam 
an then be dedu
ed from the equation;
P = 1M (Cmax � Cmin)(Cmax + Cmin) ; (6.11)where Cmax and Cmin are the maximum and minimum 
ount rates re
orded as the prin
ipal axisof the polarimeter is rotated with respe
t to the polarisation dire
tion of the in
ident beam. If apolarisation P > P (3�) is measured, it is 99% 
ertain that it is real and not a statisti
al anomaly -or, in other words, the measurement 
an be quoted to an a

ura
y of 3 standard deviations (3�).6.4 Bragg and Thompson polarimetryThe s
ien
e 
ase for measuring polarisation at X-ray wavelengths is strong and su
h measurementshave been attempted for many years. However, to date, no 
omprehensive data has been taken,largely be
ause of the insensitivity of the te
hniques used. \Conventional" X-ray polarimetry uses thepolarisation dependen
e of Bragg re
e
tion from a 
rystal (e.g. Gowen et al. (1977)) or Thompsons
attering (e.g. Lemen et al. (1982)) of photons within a low atomi
 number s
attering material todetermine the intrinsi
 polarisation of an in
ident X-ray beam.Thompson s
attering polarimeters rely on the angular dependen
e of the s
attering eÆ
ien
y of135



photons within a low atomi
 number material whi
h is highest in the dire
tion of the photonele
tri
 �eld ve
tor. Therefore, the s
attered beam will be more intense in the dire
tion ofthe photon ele
tri
 �eld for a polarised in
ident beam of X-rays. To make the measurement,a homogeneous s
attering blo
k is surrounded by X-ray dete
tors and the whole instrumentrotated about the line of sight to the obje
t under investigation. Re
onstru
tion of the intensityof the s
attered X-rays as a fun
tion of angle then gives the preferred s
attering angle, and
onsequently the angle of polarisation. The amplitude of the sin2 (�) modulation gives thedegree of polarisation. The e�e
t operates over a broad range of energy, being limited by photonabsorption in the material at the lower end (di
tating a 
ut o� of � 4 keV) and by the fallingin
ident 
ux from a sour
e at higher energies. Thompson s
atter polarimeters have only 
ownon ro
ket 
ights, with limited results e.g. Novi
k et al. (1972), SoÆtta et al. (2003) (Figure 6.3- Right).Bragg 
rystal polarimeters are intrinsi
ally narrow band devi
es whi
h rely on satisfying theBragg 
ondition, n� = 2dsin�, at an � 45Æ angle of in
iden
e. Where, n is the di�ra
tionorder, � is the wavelength of the in
ident radiation, d is the 
rystal plane spa
ing and theta isthe angle of in
iden
e. Su
h polarimeters typi
ally 
onsist of a graphite 
rystal (although other
rystals have been used) oriented at relatively large angles to the in
ident dire
tion. Only pho-tons whi
h meet the Bragg 
ondition and have their ele
tri
 �eld in the plane of the 
rystal arere
e
ted onto the dete
tor, while other photons are eÆ
iently transmitted through the 
rystal.To satisfy the Bragg 
ondition, the energy is 
onstrained to be within � 1 eV of the peak passenergy (2.6 keV and 5.2 keV for the �rst and se
ond order peaks in a graphite 
rystal at 45Æ).This 
an be in
reased by using mosai
 
rystals where the angles of in
iden
e vary slightly withrespe
t to the 
rystal planes, eÆ
iently re
e
ting photons whi
h obey the above 
onditions ina slightly broadened energy band. These devi
es have 
own on ro
ket 
ights as well as on theAriel-5 and OSO-8 satellites (GriÆths et al., 1976, Novi
k et al., 1978) (Figure 6.3 - Left).136



Figure 6.3: Diagrams of Bragg 
rystal polarimeters (left - (A) is in non-fo
using mode, (B) is fo
using)and Thompson s
attering polarimeters (right).Moving parts are required to rotate both of these types of polarimeter (or the spa
e
raft needs tobe rotated) in order to normalise out any systemati
 e�e
ts and to sample all polarisation dire
tionsequally. This di
tates a need for extensive 
hara
terisation and 
alibration of the instrument to avoidinterpretation of spurious instrument e�e
ts as a polarisation signature.6.4.1 Results to dateOnly one unambiguous measurement of X-ray polarisation in a 
osmologi
al sour
e has been reported- that of 19% linear polarisation for the Crab nebula at 2:6 keV (e.g. Weisskopf et al. (1978b) - Figure6.4). This is shown to be in good agreement with measurements at other wavelengths and 
on�rms thesyn
hrotron hypothesis for the emission me
hanism. Although long suspe
ted be
ause of the powerlaw spe
rum of X-ray emission, in 1975 Novi
k (1975) and referen
es therein showed that it was onlywith the dire
t measurement of the polarisation of the sour
e that a 
ompli
ated thermal model 
ouldbe de�nitively ex
luded2.2Today, the thermal model 
ould have been ex
luded by observation of the power law over a mu
h broader energyrange. However, the diagnosti
 power of polarimetry is 
lear.137



Figure 6.4: The 19% polarisation modulation 
urve reprodu
ed from Weisskopf et al. (1978b), Figure2.
138



Figure 6.5: Diagrams of Bragg 
rystal polarimeters Flown on the OSO 8 spa
e
raft (reprodu
ed fromNovi
k (1975) - Figure 9).Upper limits have been established for the degree of polarisation in other sour
es, primarily usingthe mosai
 graphite (Bragg) 
rystal polarimeters on OSO 8 (Figure 6.5). For example, Silver et al.(1979) give 13:5% and 60% upper limits for the pulsars Cen X-3 and Her X-1 respe
tively at 2:6keV, averaged over the pulsar phase 
y
le. The authors also report eviden
e, at \relatively low"statisti
al signi�
an
e, for variation in the X-ray polarisation of Cen X-3 as a fun
tion of pulsarphase. Weisskopf et al. (1978a) report an upper limit to the polarisation of S
o X-1 as 2:7% at 2:6keV. Long et al. (1980) report a number of marginally signi�
ant polarisation dete
tions for CygnusX-1, X-2 and X-3. However, the errors are rather large with respe
t to the measurements, andmodulations due to the presen
e of other sour
es in the �eld of view are identi�ed as a possible 
auseof 
ontamination in the data from the weaker sour
e, Cyg X-3.139



This la
k of a 
omprehensive data set for the polarisation of astrophysi
al sour
es, despite three de
adesof rapid progress in X-ray astronomi
al instrumentation sin
e the �rst measurement, demonstrates thediÆ
ulty of designing an eÆ
ient and reliable polarimeter. To date, all measurements (other than thatof the Crab) are very 
lose to the dete
tion threshold of the instruments, and are therefore diÆ
ultto interpret. These diÆ
ulties mean that although attempts have been made, no X-ray polarimeterhas been su

essfully 
own sin
e OSO 8 some 30 years ago.This se
tion has des
ribed how the only su

essful measurement of astrophysi
al X-ray polarisationto date was used to verify the long suspe
ted syn
hrotron origin of the power law X-ray spe
trumfrom the Crab nebula (Novi
k, 1975). Syn
hroron emission will o

ur anywhere where high energyele
trons move in a large magneti
 �eld. Consequently, obje
ts su
h as neutron stars are expe
tedto have a highly signi�
ant syn
hrotron 
omponent to the spe
trum and to show linear or ellipti
alpolarisation depending on the in
lination of the magneti
 axis to our line of sight. These and manyother targets are ideal for future attempts to measure X-ray polarisation where su
h data will yieldvaluable information about the geometry and emission me
hanisms present in the target obje
t.6.5 Novel polarimetersAll re
ent attempts to produ
e an eÆ
ient polarisation analyser for X-rays have exploited the fa
tthat the preferred emission dire
tion of photoele
trons is 
orrelated with the ele
tri
 �eld ve
tor ofthe in
ident photons. Therefore, measuring the mean dire
tion of the emission of photoele
trons isa dire
t indi
ation of the polarisation ve
tor of the in
ident beam and a method of determining theemission dire
tion of the ele
trons is needed to generate a polarisation analyser. A number of methodsfor performing su
h measurements have been proposed, and the prin
ipal designs are summarised inthis se
tion. 140



6.5.1 CCD split pixel eventsHolland et al. (1995) reports the polarisation sensitivity of CCDs whi
h arises be
ause of the splittingof 
harge from an X-ray intera
tion over adja
ent pixels. Elongated pixel events are observed whena polarised beam is in
ident onto the dete
tor be
ause the photoele
trons are preferentially emittedparallel to the ele
tri
 �eld of the in
ident photon. However, the sensitivity of this te
hnique is limitedbe
ause of the redu
ed quantum eÆ
ien
y of the dete
tor for the high energy photons required toindu
e a signi�
ant number of the split pixel events. The authors show how the modulation fa
torand quantum eÆ
ien
y vary as a fun
tion of photon energy, giving a modulation fa
tor of 9% at15 keV for a CCD with 4 �m square pixels. At this energy, the quantum eÆ
ien
y of the CCD ispredi
ted to be 15%.The modulation fa
tor varies approximately linearly in proportion to the photon energy, indi
atingthat in
reasing the photon energy should improve the sensitivity of the instrument. Unfortunately, thequantum eÆ
ien
y of the CCD falls rapidly with in
reasing energy, and as the polarisation responseis governed by both the modulation fa
tor and CCD eÆ
ien
y, the possible in
rease in sensitivityimplied by improved modulation is not observed. At 30 keV, the modulation has improved to over20%, however, the quantum eÆ
ien
y has fallen to �2%.6.5.2 Mi
ropattern Photoele
tri
 Polarimeter - MPPIn this design, originally proposed by Costa et al. (2001), polarisation is measured by imaging thephotoele
tron tra
ks in a large area gas sensor. Broadly analogous to a 
loud 
hamber, the devi
etakes 
harge deposited over the �nite length of a photoele
tron tra
k within the gas of the 
ounterand images it using a gas ele
tron multiplier (GEM). This distribution of 
harge 
an then be analysedto give the initial dire
tion of the photoele
tron (see Figure 6.6). Plotting a frequen
y distribution141



Figure 6.6: Shemati
 of the MPP design taken from Costa et al. (2001).of the measured ele
tron eje
tion dire
tions in a statisti
al sample of X-ray events allows the meanpolarisation dire
tion of the X-ray beam to be dedu
ed as it is 
orrelated with the ele
tri
 �eld ve
torof the photon (e.g. Bellazzini et al. (2003)).6.5.2.1 The baseline polarimeter for XEUSThe MPP devi
e has been proposed for in
lusion on a number of future missions, in
luding XEUS -the next generation X-ray observatory (Parmar et al., 2006). Bellazzini et al. (2006) propose in
lusionof a photoele
tri
 polarimeter as a fo
al plane element, however, it does not form part of the 
urrentbaseline payload. The authors show that with the expe
ted XEUS performan
e in 2003 and anobservation time of 105s they 
ould a
hieve minimum dete
table polarisation fra
tions of below 1%for a variety of a
tive gala
ti
 nu
lei (AGN). These in
lude; CENA, NGC4151 and IC4329A, alongwith a number of others, this kind of sensitivity would revolutionise astrophysi
al X-ray polarimetryallowing de�nitive measurement of the polarisation of tens of AGN as well as other bright obje
ts.The XEUS proposal (Turner & Hasinger, 2007) states that the instrument will weigh 23.3 Kg, have142



a power budget of 34 W and must demonstrate a performan
e of 2% MDP (3�) in 104 s. Thisdo
ument also states that interested parties will be invited to join the XPOL 
onsortium, meaningthat if di
hroi
 �lters 
an be shown to add to the 
apabilities of the baseline polarimeter, a route intothe mission exists.6.5.2.2 Other oppotunities for the MPPA dedi
ated X-ray polarimetri
 observatory POLARIX has also been proposed by Costa et al. (2006),using existing Jet-X 3 mirrors and a photoele
tri
 polarimeter in the fo
al plane to provide a path�ndermission for polarimetry before the laun
h of XEUS and Con-X. This teles
ope would have an e�e
tivearea of �160 
m2 at 1.5 keV and would allow observation of a number of e�e
ts of high astrophysi
alsigni�
an
e. For instan
e, the authors show how POLARIX 
ould, at last, measure the rotation ofthe polarisation ve
tor as a fun
tion of energy for Cyg X1, 
on�rming the presen
e of a rotating bla
khole (Stark & Connors, 1977).To the author's knowledge, the �nal proposed mission for the MPP is the Chinese HXMT missionwhi
h is primarily going to be a hard X-ray sky survey. However, Costa et al. (2007) shows thatthe later pointed observations 
ould make this satellite ideal as a host for a pair of X-ray teles
opesdesigned for polarimetry. Despite the limited resour
es available on the HXMT mission, this papershows a number of areas where the measurements would provide a breakthrough in polarimetry.6.5.3 Time proje
tion 
hambers - TPCsJahoda et al. (2007) propose a new evolution of the MPP design, using a time proje
tion 
hamberto image the photoele
trons as a possible instrument for the next large NASA X-ray observatory -Constellation-X (e.g. White (2006) or Petre et al. (2006) further information is available at http://-3Jet-X was an X-ray teles
ope built for the Russian Spe
trum X mission whi
h never 
ew143




onstellation.gsf
.nasa.gov/resour
es/papers/index.html). This instrument is proposed to go in frontof the fo
al plane to allow simultaneous polarimetri
 and spe
tros
opi
 observations of a sour
e.The quantum eÆ
ien
y of the TPC is independent of modulation fa
tor and it 
an, in prin
iple have100% quantum eÆ
ien
y. In pra
ti
e, a trade o� between the signal dete
ted in the polarimeter and thespe
tros
opi
 fo
al plane instrumentation redu
es the eÆ
ien
y of ea
h measurement as a signi�
antnumber of photons must be dete
ted in ea
h instrument. However, the diagnosti
 power of su
h parallelobservations would o�er a huge improvement in the reliability of astrophysi
al models used to �t thedata simultaneously. The authors 
laim Con-X, would o�er the �rst ever simultaneous observationsof all astronomi
ally pertinent parameters (imaging, timing, spe
tros
opy and polarisation).6.5.4 Di
hroi
 X-ray �ltersAuton (1967) showed that a wire grid of period d will e�e
tively polarise light of wavelength � ifd � �=2. At visible wavelengths, polarization 
an be dete
ted using highly ordered materials su
h asPolaroid H-sheet, a 
ommer
ially available polymer sheet whi
h is used in LCD displays and sunglasses.H-sheet 
onsists of long 
hain polyvinyl al
ohol mole
ules whi
h are stret
hed during manufa
ture toensure that all polymer 
hains are uniformly aligned, doping these 
hains with iodine makes them
ondu
t along their length, e�e
tively forming a wire grid polariser. This imposes a preferred axis onthe material and light polarised parallel to the 
hains is eÆ
iently absorbed, while light polarised ina dire
tion perpendi
ular to the 
hains is transmitted.Collins (1997) reports the su

essful analysis of polarisation, for 33.17 keV X-rays using ordinaryH-sheet material. However, the wavelength dependen
e of the wire grid di
hroi
 polarisers shouldpre
lude the operation of materials su
h as H-sheet at X-ray wavelengths. Therefore, the underlyingphysi
s explaining this result must be very di�erent from that whi
h governs opti
al wavelengthpolarisation. 144



Figure 6.7: The X-ray absorption �ne stru
ture for a sili
on wafer. The \ripples" after the main edgeare a 
onsequen
e of the ele
troni
 states 
lose to the ex
ited sili
on atom. Image reprodu
ed fromhttp://pfwww.kek.jp/kitajima/sx/bl11b e.html.This di
hroism is a 
onsequen
e of stru
ture in the X-ray absorption 
oeÆ
ient of a material within afew 10's of eV of an absorption edge. Su
h X-ray absorption �ne stru
ture (XAFS) is a 
onsequen
eof the o

upan
y of ele
troni
 states 
lose to the atom, and is shown for the 
ase of a sili
on wafer inFigure 6.7. In most materials this stru
ture is independent of the polarisation angle of the in
identX-ray photon. However, in the highly ordered materials whi
h form the basis of the di
hroi
 �lter
on
ept, the presen
e or absen
e of a va
ant allowed state in either axis of the material leads to apolarisation dependen
y in the XAFS, and hen
e a polarisation-dependent absorption 
oeÆ
ient in anarrow energy band around the absorption edge.We have already seen that the emission dire
tion of photoele
trons is biased towards the dire
tion ofpolarisation of a photon. Therefore, it must follow that the X-ray absorption 
oeÆ
ient of an absorbermust be highest in the axis of polarisation. However, the measured X-ray absorption 
oeÆ
ient is theaverage over all polarisation dire
tions, and for any isotropi
 absorbing material it is independent ofthe orientation of the absorber. In materials where the ele
troni
 stru
ture around an atom is highlynon-isotropi
, the absorber will show a di�erent absorption 
oeÆ
ient depending on the orientation145



of the polarisation ve
tor with respe
t to the axis of anisotropy of the ele
troni
 states. This onlyhappens in narrow bands around an absorption edge, but results in a 
hange in the transmission ofthe material as a fun
tion of angle for polarised in
ident beams. It is by this me
hanism that su
hmaterials a
t as eÆ
ient polarisers for a narrow band of X-ray energies.XEUS and Con-X are des
ribed more fully in se
tion 1.4.1 and have, as part of their key s
ien
epa
kage, 
ryogeni
ally 
ooled dete
tor arrays with energy resolution 
apable of resolving the varyingtransmission of one of these �lters. Hen
e, pla
ing su
h a �lter in the light path before the fo
al planeallows simultaneous exploitation of imaging, timing, spe
tros
opi
 and polarimetri
 measurements.These dis
rete energy polarisation measurements 
ould be a
hieved with no added fo
al plane elementsfor a very marginl in
rease in the mass of the spa
e
raft. All that is needed is a �lter wheel whi
h
an introdu
e and remove a �lter from the light path as needed and rotate the �lter to measurethe modulation in intensity of the beam as a fun
tion of angle. The � eV energy resolution of the
ryogeni
 fo
al plane spe
trometer 
an be used to measure polarisation.A window for simultaneous s
ien
e will also exist whi
h is dependent on the broad band transmissionof the �lter. Here, the spe
tros
opi
, imaging4 and timing performan
e of the 
ryogeni
 fo
al plane
an still be used.Another potential advantage of this method, whi
h is yet to be investigated, is the extension of thepolarisation sensitive band for an observatory. Costa et al. (2006) and Bellazzini et al. (2006) show thatthe useful bandwidth of an MPP devi
e is limited by the gas mixture and absorption gap thi
kness,this limits the bandwidth to �1.5 keV at low photon energy, with �11 keV as the upper spe
tral limit,although sensitivity falls rapidly below � 2.5-3 keV. Addition of di
rete polarisation measurementsat higher and lower energies 
ould add signi�
ant diagnosti
 power to an observation. For instan
e,4Note that the beam s
atter from di
hroi
 
rystals has yet to be investigated and as su
h it is possible that theimaging resolution may be redu
ed from the intrinsi
 limit set by the opti
s and fo
al plane instruments.146



adding more data points to the potential measurement of rotation of the plane of polarisation for CygX-1 whi
h, it is hoped, would 
on�rm the existen
e of a rotating bla
k hole (Costa et al. (2006) Figure3). A number of methods exist for making a number of dis
rete energy polarisation measurementswith a di
hroi
 �lter, these will be dis
ussed in Chapter 7.6.6 SummaryThis 
hapter has des
ribed the polarisation of ele
tromagneti
 radiation and methods of measuring it,the s
ienti�
 
ase for measuring X-ray polarisation and �nally histori
al and proposed future methodsof making su
h measurements. Chapter 7 des
ribes experimental and theoreti
al work to optimise thedi
hroi
 �lters mentioned above for in
lusion on the next generation of X-ray teles
opes. An X-raydi
hroi
 polariser would o�er a low 
ost, 
ompa
t, low mass method of performing X-ray polarimetry,so long as a dete
tor with suitable energy resolution is used to dete
t the X-rays.
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Chapter 7Di
hroi
 Filters for X-rayPolarimetry
7.1 Introdu
tionIn Chapter 6 the s
ienti�
 ba
kground to astrophysi
al X-ray polarimetry is reviewed along withhistori
al results and future proposed instrumentation. The 
on
ept of di
hroi
 X-ray �lters wasintrodu
ed in terms of the use of Polaroid H-sheet (a 
ommer
ially available polariser for opti
allight) as a narrow band polariser of 33:17 keV X-rays. These �lters are proposed as the basis of apossible polarimeter for the next generation of X-ray teles
opes. As H-sheet has been shown to exhibitdi
hroi
 behaviour in 
lose proximity to an X-ray absorption edge, the question arose: Could othersu
h materials be designed to exhibit this e�e
t?The stru
ture of H-sheet on nanometer s
ales is responsible for the di�eren
e in transmission of the�lter as a fun
tion of the azimuthal angle between the beam polarisation and the prin
ipal axis of thepolariser. The long 
hains of doped PVA mole
ules lead to an ele
troni
 stru
ture whi
h is di�erent148



in two perpendi
ular axes. This di�eren
e in stru
ture leads to an apparent shift in the positionof an absorption edge be
ause of a polarisation-dependent EXAFS peak (present in one axis andnot the other) whi
h overlaps the edge. The peak is 
aused by the number of allowed mole
ularele
troni
 states, whi
h di�ers in these two dire
tions. As the most probable dire
tion of eje
tion ofa photoele
tron is parallel to the polarisation ve
tor of the photon, the absorption probability (for apolarised in
ident beam) di�ers in these two prin
ipal axes be
ause of a redu
tion in the absorptionin the material in one axis than the other in a narrow energy band (i.e those energies that lie withinthe apparent energy shift of the absorption edge).Consequently, a material designed to have highly ordered and di�erent ele
troni
 stru
ture in twoperpendi
ular axes is expe
ted to produ
e an eÆ
ient polariser in� 10 eV bands around the absorptionedge of the ordered atomi
 spe
ies whi
h provides the di
hroism.7.2 Material design strategyThe goal of this resear
h is to produ
e single 
rystals with highly ordered and well-aligned bondingstru
ture to a
t as transmissive �lters. Initial attempts 
on
entrated on in
lusion 
ompounds, wherethe guest mole
ules of interest were 
on�ned to a parti
ular orientation within a tunnel-like hostsubstan
e. The guest mole
ules are 
hosen to provide an atomi
 absorption edge of interest and abonding stru
ture and mole
ular shape whi
h allows them to be oriented by the host. The mole
ularbonds and their dire
tionality (imposed by the host) 
ause the di
hroi
 response.The host material a
ts to redu
e the transmission of the �lter without adding to the di
hroi
 responseand although this is not a problem for high energy photons where absorption in the host is small,at lower energies, absorption in the host dominates. Hen
e, a parallel development of materials wasfollowed to a
hieve a similar stru
ture by using 
oordination 
hemistry to 
onstrain a mole
ule in a149



parti
ular orientation. This is a
hieved by designing a dis
rete mole
ule with a shape whi
h leads topredi
table intera
tions between mole
ules (Van der Waals, graphiti
 intera
tion, hydrogen bonding),resulting in highly ordered stru
ture with the relevant mole
ular ele
troni
 states aligned in a singleaxis. The me
hanism whi
h leads to the di
hroism is similar to that in the in
lusion 
ompoundapproa
h, i.e. the orientation of atomi
 bonds within the mole
ules.These two approa
hes to the 
rystal engineering, and the related experimental work are dis
ussed inthe following se
tions.7.2.1 In
lusion 
ompoundsA host matrix is used to 
on�ne mole
ules of interest into a stru
ture where their 
hemi
al bondsremain 
oaligned with the axes of the host tunnel. The hosts of interest in the 
urrent work are Ureaand Thiourea, whi
h 
rystalise into tunnel stru
tures. These 
an be engineered to 
ontain a guestmole
ule of interest whi
h is used to introdu
e the di
hroism.Initial attempts to make X-ray polarising �lters 
on
entrated on a dibromoalkane/urea in
lusion
ompound (Collins et al., 2002, e.g.); this was shown to be an unoptimised material be
ause the bondsin the guest mole
ule did not align perfe
tly with the tunnel axis. A 1-Bromoadamantane/Thioureain
lusion 
ompound was shown to exhibit perfe
tly aligned bonding with the tunnel axis and theX-ray testing of Chao et al. (2003) showed that this was a mu
h better polarisation analyser as thestrength of the di�erential e�e
t was in
reased by the improved bond alignment (Figure 7.1).During the 
urrent work, a number of new 
ompounds have been made and tested to investigate theirpossible use in an astrophysi
al instrument. The su

ess of the bromine-based 
ompound implies thatelements in the same group of the periodi
 table should show a similar di
hroi
 response, governed bytheir similar 
hemistry. Therefore, the iodide and 
hloride analogues of this material were synthesised150



Figure 7.1: Transmission spe
tra from Collins et al. (2002) for a dibromoalkane/urea in
lusion 
om-pound (left) and Chao et al. (2003) for a 1-Bromoadamantane/Thiourea in
lusion 
ompound (right)along with some 
ompletely novel materials 
ontaining absorption edges within the astronomi
allyimportant 0.2-10 keV region.7.2.2 Inorgani
 
rystalsAn alternative approa
h to the produ
tion of polarising �lters was the use of 
oordination 
hemistryto 
onstrain a 
rystal in a repetitive unit 
ell 
ontaining di�erent bonding stru
ture in orthogonaldire
tions. Su
h an array of 
oaligned bonds was expe
ted to produ
e di
hroi
 absorption as a fun
tionof beam polarisation dire
tion, owing to the di�erent ele
troni
 environment in the two axes. Thepresen
e of planar and ring-like ligands in the mole
ule 
on�ne 
rystal growth to ensure that therelevant bonds in the mole
ule are 
o-aligned and mono-axial. Figure 7.2 shows the stru
ture of oneparti
ular inorgani
 
rystal, labelled YC19, produ
ed in this work.7.3 Experimental 
hara
terisationFollowing synthesis of a number of 
andidate �lter 
rystals, a 
ampaign of experimental performan
e
hara
terisation was required. Two general approa
hes to this work were 
onsidered.151



Figure 7.2: Stru
ture of YC19 showing the bond orientations and the position of the atoms. The
opper atoms are shown in light blue and in between them lies a planar bridging ligand whi
h, alongwith the ring stru
tures either side of the 
opper atoms 
onstrain the 
rystals to grow in a regularmanner, for
ing the ele
troni
 stru
ture into a mono-axial 
on�guration.First, a \
ight-like" system in whi
h a high energy resolution dete
tor is pla
ed behind one of thedi
hroi
 �lters and a laboratory X-ray sour
e is used as the illumination sour
e. Rotation of the �lterwould then allow the intrinsi
 polarisation of the sour
e to be measured experimentally. However, lab-oratory X-ray sour
es are not expe
ted to show a signi�
ant polarisation so this kind of measurementmay prove diÆ
ult. It is possible that a se
ond �lter 
ould be introdu
ed into the light-path to a
t asa polariser, produ
ing a preferred polarisation dire
tion to the beam. The bandwidth of the polariserand polarisation analyser are small but they are ideally mat
hed be
ause they are 
aused by the sameele
troni
 transition within the material. Talks are underway with the NASA - Goddard Spa
e
ightCenter (GSFC) to 
ondu
t this experiment with one of the high energy resolution, transition edgesensors proposed for Con-X and XEUS (Kilbourne, 2007).An easier method (and the one used in all previous experimental work) is to use the intrinsi
 linearpolarisation of a syn
hrotron sour
e to 
hara
terise the �lters. Station 16.3 of the Daresbury SRSwas 
hosen for this work be
ause of the heritage of the fa
ility for this kind of investigation (Collins,152



1997). The beamline 
onsists of a double 
rystal mono
hromataor 
apable of giving sub-eV energyresolution between � 5 and 30 keV. A series of pre- and post-mono
hromator slits are used to 
ontrolthe size of the beam, whi
h 
an be anywhere from � mm to a few tens of �m, giving a uniform beamwith a linear polarised fra
tion well above 90% in the plane of the syn
hrotron (Collins et al., 1998).This is the approa
h to 
hara
terisation adopted in the 
urrent work.Figure 7.3 shows the experimental arrangement. The beam emerges from the va
uum se
tion of thebeamline and traverses through an air gap whi
h 
ontains the relevant instrumentation. It �rst entersan ion 
hamber whi
h is �lled with an appropriate gas mixture to attenuate approximately 20% ofthe in
ident beam. The signal from this 
hamber serves as the beam monitor, measuring the in
ident
ux onto the sample (I0), allowing normalisation of the transmitted signal. The beam then 
ontinuesuntil it rea
hes the sample whi
h is mounted on a di�ra
tometer with many degrees of freedom.For low energy edges it is useful to pla
e an eva
uated 
hamber between the I0 monitor and thesample to redu
e attenuation due to the air path. After transmission through the sample, the beamthen traverses another air path en-route to the rear ion 
hamber (I1) whi
h is used to measure theabsorption of the �lter. A third dete
tor measures the 
uores
en
e signal generated as the ex
itedatoms from the material de
ay ba
k into the ground state. Any X-ray that is absorbed will giveo� a 
orresponding 
uores
en
e X-ray providing another method of measuring the di
hroi
 response.However, using the 
uoresen
e signal is more troublesome as pre
ise knowledge of the geometry of thesample is required to re
onstru
t the absorption of the beam from the 
uores
en
e X-rays. For thisreason, all analysis herein 
on
erns the data from the I1 ion 
hamber.During data analysis, it is very important to normalise out the e�e
t of the air path as attenuationhere should not be 
onfused with attenuation in the sample. A ne
essary and valid assumption isthat over the energy range of the XAFS region (� 200 eV), the attenuation due to the air path isa
hromati
. As part of the sample alignment pro
edure, the 
rystal is s
anned through the X-ray153



beam both horizontally and verti
ally su
h that the beam 
an be positioned in the 
enter of thesample. The extremes of these s
ans represent beam transmission un-o

ulted by the sample and 
anbe used to normalise the signals from the front and rear ion 
hambers. This normalisation removestwo main e�e
ts; attenuation of the X-ray beam by the air path, and probably more importantly forhigh energy X-rays, the di�eren
e in gain and eÆ
ien
y of the two ion 
hambers.The experiment requires the sample to be moved in four degrees of freedom. The verti
al and horizon-tal position adjustment is used for the alignment s
ans and � and � rotations (the azimuthal rotationabout the opti
al axis and rotation of the sample holder perpendi
ular to the opti
al axis respe
tively- See Figure 7.4). � is used to rotate the prin
ipal axis of the sample with respe
t to the polarisationve
tor of the syn
hrotron beam and � is used for very �ne optimisation of the position of the sampleswith respe
t to the beam.7.3.1 Sample preparationA detailed dis
ussion of the manufa
ture of the samples lies beyond the s
ope of this thesis (Furtherinformation 
an be found in e.g. Champouret (2007), Chao et al. (2003) or Collins et al. (2002)). Allsamples tested here were single 
rystals of the relevant material. The in
lusion 
ompound 
rystalswere produ
ed by Kenneth Harris et. al. at the s
hool of 
hemistry, University of Cardi�, and the
oordination 
omplexes produ
ed by Greg Solan et. al. at the 
hemistry department in the Universityof Lei
ester. The pre-syn
hrotron 
hara
terisation by X-ray di�ra
tion experiments, outlined below,was 
ondu
ted by the 
hemists who manufa
tured the samples.Preparing the samples for testing on the beamline involved se
uring the 
rystal to an appropriatesample stage for insertion into the goniometer. A number of methods were used, from atta
hing the
rystal using a hot wax, using super glue and even using sti
ky tape; the parti
ular morphology ofthe 
rystal di
tated the preferred method of mounting it. The mount was a sili
on wafer whi
h was154



Figure 7.3: Photograph of the experimental arrangement for testing di
hroi
 
rystals at station 16.3of the Daresbury SRS. The � axis is a rotation around the green ring in the 
enter of the image and� is a rotation at 90Æ to this axis about the sample mounting stru
ture.
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Figure 7.4: S
hemati
 diagram of the experimental arrangement for testing di
hroi
 
rystals at station16.3 of the Daresbury SRS. Panel A shows the plan veiw with the plane of the syn
hrotron and thereforethe X-ray polaratation in the page. The ion 
hambers used for dete
tion are shown. Panel B is a viewfrom ion 
hanber 2 towards the syn
hrotron su
h that the plane of polarisation is now horizontal onthe page. The 
hi axis isa rotation around the opti
al axis of the beamline (i.e. around the green ring)the Phi axis is verti
al in the Figure 7.3 and is represented as rotation around the sample in panel A.
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expe
ted to redu
e the amount of beam s
atter by the sample holder.7.3.2 Sample storageThe single 
rystals were stored either in solution or at atmospheri
 pressure until testing at the SRS
ommen
ed. The �rst run of beam time was used as a s
reening pro
ess to as
ertain whi
h of thesamples were of interest as polarisers. The se
ond run was then dedi
ated to testing the va
uumstability of these samples by 
omparing their response measured in the �rst run with the new datagenerated after the samples had been stored in a va
uum 
hamber at � 10�6 mbar for approximatelythree months.7.3.3 Sample 
hara
terisationBefore arrival at the SRS, the samples were 
hara
terised by single 
rystal X-ray di�ra
tion in orderto verify the 
hemi
al and stru
tural 
omposition of the 
rystal. This gives the unit 
ell of the 
rystaland shows where the bond dire
tions lie. Consequently, it yields the expe
ted axis of the di
hroi
behaviour. Unfortunately, some of the 
oordination 
ompounds grew in a stru
ture with little orno symmetry. Therefore, the ma
ros
opi
 appearan
e of the 
rystal was not indi
ative of the bondorientation. However, our polarisation measurements showed that, in general, if the 
rystals grew inneedle like shapes, the axis of the 
rystal was the same as the axis of the bond 
ausing the di
hroism.The needle-like 
rystals were therefore preferred for X-ray testing. The same is true for the in
lusion
ompounds as the axis of the pertinent bong is parallel to the ma
ros
opi
 \long-axis" of the needle
rystals.
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Sample A
tive element K-edge Crystal type(I=in
l., C=
oord.)1-Bromoadamantane/Thiourea Br 13.47 I2-Bromoadamantane/Thiourea Br 13.47 I1-Iodoadamantane/Thiourea I 33.17 IFerro
ine/Thiourea Fe 7.11 IBenzene Chromium(0) Tri
arbonyl Cr 5.99 IYC19 Cu 8.98 CYC31 Cu 8.98 CTable 7.1: The samples subje
ted to X-ray testing at the Daresbury SRS.7.4 Results7.4.1 In
lusion 
ompoundsThe obvious pla
e to begin experiments was to repeat work that had already been done (Chao et al.,2003) and extend this analysis further to energies higher above the edge, in order to assess anydi
hroism in the extended X-ray absorption �ne stru
ture (EXAFS) region, and also to investigate inmore detail the angular dependen
e of the response at di�erent energies.A single 
rystal of the 1-Bromoadamantane/Thiourea in
lusion 
ompound was atta
hed to a samplestage using va
uum grease as it was believed that this grease would hold the very light 
rystals se
urely,yet enable them to be qui
kly inter
hanged. The stage was then inserted into the goniometer headand aligned using a teles
ope and theodolite mounted onto the di�ra
tometer table. The alignmentwas then 
he
ked in both horizontal and verti
al dire
tions by s
anning the sample through the X-raybeam. This was a
hieved by moving the di�ra
tometer table and rotating the sample in the � and �dire
tions.Figure 7.5 shows the fra
tional absorption spe
trum for polarisation parallel to the 
rystal (andtunnel) prin
ipal axis (red) and perpendi
ular to it (bla
k). The level of di
hroism is 
onsistent158
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tra for an in
lusion 
ompound of 1-Bromoadamantane/Thiourea. The red
urve is for � = 90Æ and the bla
k 
urve for � = 0Æ where � is the angle between the axis of the
rystal expe
ted to be parallel to the bond whi
h leads to the di
hroism and the polarisation dire
tionof the photons.with that reported in Chao et al. (2003) and has a similar fun
tional form, thus 
on�rming the 
orre
texperimental arrangement. This was an important result, as the 
omplexity of the experiment is
ompounded if sample alignment is poor.The well optimised setup was unfortunately 
ompromised be
ause the high temperature (� 25�30ÆC)in the experimental hut
h redu
ed the grease vis
osity and the sample moved. Therefore, it wasde
ided that the samples would be atta
hed to the stage using superglue. Another sample of 1-Bromoadamantane/Thiourea was installed and a grid s
an taken, involving s
anning energy from13:45 keV to 13:51 keV in steps of 0:5 eV at all angles between 0Æ and 355Æ in steps of 5Æ (Figure 7.6).The narrow bandwidth of the e�e
t means that all data is self normalising if the absorption edge
an be resolved in energy spa
e. Any variation in transmission as a fun
tion of angle well above orbelow the edge is indi
ative of an experimental artifa
t as the driving me
hanism of the polarisation159
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e showing absorption as a fun
tion of photon energy and 
rystal orientation for a1-Bromoadamantane/Thiourea in
lusion 
ompound.response is 
on�ned to a few tens of eV around the edge. Su
h variations have been seen and were
orrelated with poor sample alignment leading to a variation in beam position on the 
rystal as itwas rotated. Inhomogeneity in the thi
kness of the 
rystal then led to variation in transmission atall energies during sample rotation. Figure 7.6 provides a data surfa
e whi
h des
ribes the behavoiurof the sample as a fun
tion of energy and angle �, and shows no su
h variation, implying that theresponse 
lose to the edge is a real di
hroism in the absorption spe
tra. This is highly signi�
ant as itdemonstrates that the polarisation response is real, and not an artifa
t of the experimental 
onditions.The self normalisation o�ers a de�nite advantage for a di
hroi
 �lter over 
ompeting te
hnology as inother te
hniques, a large number of e�e
ts 
ould potentially 
ontaminate the true modulation.Sin
e the di
hroi
 response in the EXAFS region is still signi�
ant at the upper energy limit of Figures7.5 and 7.6, a long energy s
an was taken for parallel and perpendi
ular orientations of the 
rystal todetermine at what energy below the edge the di
hroism stops being signi�
ant (Figure 7.7); this wasfound to be �13.54 keV, although some weak di�eren
es extend out to 13.6�13.7 keV.Testing then progressed to a s
reening pro
ess for materials with signi�
ant di
hroism. The io-160
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Figure 7.7: Transmission spe
trum of a 1-Bromoadamantane/Thiourea in
lusion 
ompound, the ex-tended energy range from Figure 7.5 demonstrating the narrow bandwidth of the di
hroi
 response.The 
urves are as des
ribed in Figure 7.5dide analogue of the 
ompound investigated above (1-Iodoadamantane/Thiourea), shows a signi�
antdi
hroism (Figure 7.8) indi
ating that the similar 
hemistry and stru
ture (
.f. 1-Bromoadamantane-/Thiourea) does indeed 
orrespond to similar transmission properties.A number of other Thiourea in
lusion 
ompounds were investigated in
luding those 
ontaining Fer-ro
ine and Benzene Chromium(0) Tri
arbonyl (Figure 7.9), both of whi
h showed little di
hroismother than in low amplitude e�e
ts. One possible explanation is that the thi
kness of the sample
ould be too high for these low energies; leading to signi�
ant absorption by the Thiourea matrix.Another important fa
tor is that the signal to noise ratio of these results was poor owing to theredu
ed 
ux from the beamline at these relatively low energies.Absorption owing to the host matrix is high for su
h 
ompounds at the (low) K-edge energies of Fe andCr leading to high attenuation of any possible di
hroi
 signature. Figure 7.10 shows the broadband161
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Figure 7.8: Energy spe
tra for an in
lusion 
ompound of a 1-Iodoadamantane guest in a Thioureahost. The 
urves are as des
ribed in Figure 7.5
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Figure 7.9: Transmission spe
tra for a Ferro
ine/Thiourea in
lusion 
ompound (left) and an in
lusion
ompound of benzene 
hromium(0) Tri
arbonyl in Thiourea. The signi�
ant dip in the plot for the
hromium 
ompound is not real. It is believed to be indi
ative of a mono
hromator glit
h meaningthat data from this 
ompound is not as reliable as for the other materials. This and the poor signalto noise ratio of the data mean that the only realisti
 
on
lusion obtainable from this data set is thatthere is no signi�
ant di
hroi
 e�e
t. The 
urves are as des
ribed in Figure 7.5162
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Figure 7.10: Showing the broadband transmission properties (Henke et. al. 1993), for Thiourea(bla
k) and urea (red). Left, arbitrary sample thi
kness = 0.5 mm. Right, sample thi
kness = 0.1mm (as for Cr 
ompound).transmission of Thiourea (bla
k) and urea (red) as a fun
tion of energy in the range of interest (0-30keV). The model assumes a density for both 
ompounds of 1.4 g
m�3 and a sample thi
kness of 0.5mm (left) and 0.1 mm (right). It is 
lear that at 6-7 keV the absolute transmission of the host matrixis small, this is supported by Figure 7.9, where the small absolute transmission and shallow edgeimply that the majority of the absorption o

urs within the Thiourea matrix, diluting the in
uen
eof the a
tive element and weakening (or possibly removing) any obvious di
hroism. Interestingly, atenergies 
lose to the Fe-K and Cr-K edges, the transmission of urea is signi�
antly higher; it wouldtherefore be interesting to investigate whether an appropriate metalli
 guest 
ould be housed withina urea matrix, where the redu
ed absorption in the host 
ould lead to in
reased di
hroism even if thebond alignment is redu
ed as reported for the dibromoalkane/urea in
lusion 
ompound (Collins et al.,2002). Unfortunately, at present this is not thought to be possible (Harris, 2007).The 
hlorine K-edge is at 2:82 keV, well below the � 4 keV low energy 
uto� of the beamline. This lowenergy limit is 
aused by the presen
e of a number of beryllium windows and a signi�
ant air gap in thelight-path. Testing of the 
hloride analogue of the Bromo/Iodoadamantane in
lusion 
ompounds hastherefore proved beyond our 
apabilities to this point. A suitable beamline would need to be foundto a
hieve this with an appropriate rotation stage under va
uum 
onditions and suitably a

urate163



Figure 7.11: Diagrams of the unit 
ell of the 
oordination 
ompounds (A) YC19 (B) YC31
. In YC19the bonds pertinent to di
hroism are parallel, for YC31
 they are in
lined with respe
t to ea
h other.mono
hromator and beam size/morphology. An alternative method for 
hara
terising this material isto use a laboratory sour
e and high energy resolution dete
tor (see Se
tion 7.3).7.4.2 Coordination 
ompoundsTwo 
oordination 
ompounds were also tested, �-oxolato-bis-[(4,4'-dimethyl-2,2'-dipyridyl)
opper bro-mide℄ (YC19) and �-oxolato-bis-[(2,2'-dipyridyl)
opper 
hloride hydrate℄ (YC31
) � to date, the onlytwo whi
h have grown in needle-like 
rystals. Other 
oordination 
ompounds have been produ
ed,however, the la
k of symmetry and the blo
k-like nature of the 
rystals means that a 
ompli
ateddi�ra
tion experiment would be needed to determine the orientation of the bonds for testing. The
urrent experimental arrangement made this diÆ
ult and it was therefore de
ided that this would notbe a good use of limited beamtime.The two usable samples were shown to have di�erent orientation of the pertinent bond with respe
tto the 
rystal morphology and were, therefore, expe
ted to show di�erent di
hroi
 behaviour (Figure7.11). YC19 was shown by single 
rystal X-ray di�ra
tion to have bonds whi
h were well aligned,whereas YC31
 was found to have bonds whi
h were in
lined with respe
t to ea
h other. Figures 7.12and 7.13 show that this di�eren
e translates into a marked di�eren
e in observed di
hroism.
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Figure 7.12: Energy spe
tra for YC19. The 
urves are as des
ribed in Figure 7.5
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Figure 7.13: Energy spe
tra for YC31
. The 
urves are as des
ribed in Figure 7.5165



7.4.3 Va
uum stabilitySubsequent testing at the SRS after va
uum storage showed that while the in
lusion 
ompoundssurvive eva
uated 
onditions well, the 
opper 
oordination 
omplexes degenerated into a �ne powder.Although the in
lusion 
ompounds were shown to have maintained their di
hroi
 properties, therewas a 
ertain amount of opti
al degradation whi
h made the 
rystals appear more 
loudy. Therefore,it is believed that some form of passivation, where the 
rystals are prote
ted from the va
uum ofspa
e will be ne
essary for a spa
e-based instrument. This 
ould be a
hieved by 
oating a 
ight �lterin a thin layer of a material su
h as polyamide whi
h would be expe
ted to prote
t the 
rystal withlittle absorption added by the passivating layer. This will be dis
ussed further in Se
tion 7.5 where apossible instrument design is 
onsidered.7.5 Prototype Instrument DesignHere I will brie
y des
ribe one possible design for a spa
e based instrument and some of the 
onsider-ations ne
essary to a
hieve the deployment of a di
hroi
 �lter in this 
ontext. The �rst 
onsiderationis the size of the �lter. It must 
over the whole fo
al plane, whi
h for the transition edge sensor under
onsideration for XEUS is expe
ted to be less than 10 mm a
ross (Parmar et al., 2006). Hen
e, aradius of 15 mm is adopted for the �lter. This �lter must be me
hani
ally uniform with little or novariation in transmission as a fun
tion of position, either robust 
rystal growth strategies or a man-ufa
turing te
hnique 
apable of 
o-aligning large numbers of small 
rystals must be developed. Su
hmanufa
turing te
hniques have all ready been demonstrated for the manufa
ture of Polaroid J-sheet(He
ht, 1987).The spa
e environment is hostile for many materials where the thermal and va
uum 
onditions aredetrimental to the integrity of the mole
ules. Preliminary va
uum exposure studies have shown that166



the 
oordination 
omplexes are not va
uum stable, also the in
lusion 
ompounds are known to behighly water soluble, meaning that the environment within the spa
e
raft would need to be regulatedto ensure the survival of su
h �lters during storage in the humid 
onditions on Earth. As a 
onsequen
e,the �lters are envisaged to in
orporate a passivating substan
e to prote
t the materials from humid
onditions, but more importantly, from the va
uum of spa
e during the lifetime of the mission.Figure 7.14 shows a possible instrument design, in whi
h a �lter wheel would be mounted in frontof the 
ryogeni
 spe
trometer. A stepper motor is used to rotate di�erent �lters into the light path,with a se
ond (dormant) motor provided for redundan
y. The �lters are then mounted onto the wheelin holders whi
h are free to rotate on a bearing about the opti
al axis of the teles
ope. This allowsthe measurement of the number of 
ounts re
eived from the sour
e as a fun
tion of angle, allowingmeasurement of the sin2 modulation 
urve and hen
e, the degree and dire
tion of the polarisation.The individual �lters are driven azimuthally by their own motor, again, in order to in
rease the
ontingen
y. This design shows eight �lters, ea
h optimised for its own di
hroi
 edge. However,the number of �lters would have to be 
hosen to maximise the s
ienti�
 output for the minimuminstrument mass.Not shown is a dire
t transmission path in the �lter wheel whi
h is used for observations whi
h donot require the polarimetri
 
apability. Power 
onsumption is expe
ted to be low as only one motorwill be in use at any one time (either to rotate the desired �lter into the light path or to rotate the�lter during measurements).7.6 Dis
ussionThis work has led to the identi�
ation of three 
ompounds whi
h 
an be used as �xed energy polarisersof X-ray radiation. The results are summarised in Figure 7.15. Ea
h of the three 
urves shows167



A

A
SECTION A-A

SCALE 1:1

STEPPER MOTOR.
MAIN FILTER HOUSING DRIVE,
TWO STEPPER MOTORS IN TANDAM.
ONE DORMANT,OTHER DRIVING.

PIVOT SHAFT FOR
FILTER HOUSING

PIVOT SHAFT
BEARING

EIGHT FILTERS ARRANGED AT 45°
INTERVAL ON FILTER HOUSING

EACH FILTER TO HAVE

AN INDIVIDUAL STEPPER
MOTOR

FILTER WHEEL HOUSING
GEAR

FILTER WHEEL HOUSING

FILTER WHEEL
BEARING

FILTER Ø15 INDIVIDUAL FILTER STEPPER
MOTOR

HOUSING

Figure 7.14: Engineering sket
h of a potential �lter wheel design for the di
hroi
 �lter polarimeter(
ourtesy of Baden Favill, University of Lei
ester).the di�eren
e between the transmission of a 
rystal (having Iodine (I-K 33:17 keV), Copper (Cu-K 8:98 keV) or Bromine (Br-K 13:47 keV) as the a
tive element) to X-rays polarised parallel, andperpendi
ular, to the prin
ipal axis of the 
rystal stru
ture, measured as a fun
tion of energy. Thex-axis represents the energy with respe
t to the K-edge in that material, the zero position is the startof the experimental s
an ex
ept for the 
ase of bromine, whi
h has been shifted by 300 eV so that it iseasier to distinguish from the other edges. The apparently modest (15-35%) 
hanges in transmissionas a fun
tion of polarisation dire
tion are real. However, no attempt to 
hoose an optimised thi
knessof 
rystal has been made and a trade o� between absolute transmission and the fra
tional transmission
hange in the �lter is ne
essary to optimise the response.7.6.1 Optimisation of the �ltersEquations 6.9, 6.10 and 6.11 des
ribe the sensitivity of a polarimeter. Figure 7.16 shows the variationin modulation fa
tor as a fun
tion of �lter thi
kness whi
h is 
al
ulated using Equation 6.9 by assuming168
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e in transmission 
hange between the two axes of the polariserfor all three useful di
hroi
 materials. The results indi
ate that polarisation information is 
ontainedwithin a bandwidth of a few hundred eV of the absorption edge(I-K 33:17 keV, Br-K 13:47 keV, Cu-K8:98 keV).the strength of the di
hroism is dire
tly proportional to the depth of the absorption edge. This �guredemonstrates that for large �lter thi
knesses (and therefore low transmission) the modulation fa
tortends to 1 (i.e. perfe
t extin
tion in one axis). While for a terrestrial appli
ation where 
ux is high,this allows a highly eÆ
ient polarisation analyser, in a spa
e based 
ontext where the measurementsare photon limited, the transmission of the �lter needs to be high to improve 
ounting statisti
s.Therefore, a new �gure of merit is needed for a di
hroi
 �lter polarimeter, allowing the trade o�between these opposing requirements.Equation 6.10 shows that the MDP is proportional to M�1 and to N�1=2, where N is the 
ount rateexperien
ed by a dete
tor behind the �lter. As N is proportional to the �lter transmission (T ) theappropriate �gure of merit, �, for a di
hroi
 �lter 
an be expressed as,
� =MpT /MDP�1: (7.1)169
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tor plotted as a fun
tion of �lter thi
kness for the 1-Bromoadaman-tane/thiourea in
lusion 
ompound.Figure 7.17 (left) shows � as a fun
tion of �lter thi
kness for the 1-Bromoadamantane/Thioureain
lusion 
ompound. At low thi
kness, the 
urve falls (indi
ating worsening MDP ) owing to the lowmodulation fa
tor at low �lter thi
kness. At higher thi
knesses the �lter transmission is low, di
tatinga low 
ount rate on the dete
tor, poor photon statisti
s and poor MDP . Therefore, the optimum�lter thi
kness lies at the maximum of Figure 7.17 i.e. 0.6 mm. The �lters tested herein (Figures 7.5and 7.6) were of order 0.25 mm in thi
kness and it is therefore possible that an � 33% improvementin performan
e (MDP ) of the �lters 
ould be a
hieved by optimising the thi
kness of the �lter tomaximise � (or minimise MDP where MDPnew=MDPold/1.33). Figure 7.17 (right) shows the samedata for YC19 and indi
ates that only 10% improvement is possible by optimising the thi
kness ofthis �lter. This is be
ause, fortuitously, we have 
hosen a 
rystal with almost optimum thi
kness (thetest sample was 0.22 mm thi
k with an optimum thi
knes of 0.3 mm).
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kness for the 1-Bromoadamantane/-Thiourea in
lusion 
ompound (left) and YC19 (right).7.6.2 Future experimentsIt is expe
ted that the 
hloride analogue of the in
lusion 
ompound should produ
e a similar di
hroi
behaviour. However, this has not yet been veri�ed experimentally and a number of physi
al me
ha-nisms are present whi
h may obs
ure the di
hroi
 nature of the 
rystal at the low energy (2.82 keV)of the Cl-K edge. The predominant among these is the broadband absorption in the Thiourea matrixwhi
h will be signi�
ant at low energies, possibly obs
uring the di
hroi
 absorption. This remainsto be investigated experimentally. However, Figure 7.10 shows the very high absorption in Thioureafor a low energy edge su
h a Cl-K. A suitable test setup for low energy edges is a major goal of thenext phase of resear
h with the aim of extending the number of 
ompounds in the astrophysi
allysigni�
ant � 1� 10 keV regime.Other possible problems exist. These in
lude; sample preparation, where the produ
tion of a 
rystalthat is suitably thin but maintains its homogeneity and has a size whi
h is large enough to 
overthe required fo
al plane area may prove diÆ
ult, and me
hani
al stability; where the large but thin
rystal must be held se
urely in pla
e without breaking. These diÆ
ulties will be addressed in futurework after the potential di
hroism has been observed or refuted.171



7.7 Modeling instrument responseIn order to demonstrate the diagnosti
 power of a di
hroi
 �lter polarimeter, a model has been
onstru
ted to 
al
ulate the response of a di
hroi
 �lter and 
ryogeni
 fo
al plane instrument in the
ontext of the XEUS observatory. The remainder of this 
hapter will be 
on
erned with 
al
ulatingthe sensitivity of a di
hroi
 polarimeter to astrophysi
al sour
es and assessing the feasibility of su
han instrument.The �rst element in the instrument response model was a performan
e spe
i�
ation for the observatory.Knowledge of the e�e
tive area as a fun
tion of energy was of primary importan
e, allowing theexpe
ted number of photons from a sour
e to be 
al
ulated. Given that the sensitivity to polarisationdegree and angle is determined statisti
ally, their measurement un
ertainties are di
tated by 
ountingstatisti
s. Hen
e, the 
olle
ting power (e�e
tive area) of the teles
ope and the brightness of thesour
e di
tate the limiting sensitivity of polarisation measurements. The eÆ
ien
y and resolutionof the proposed fo
al plane instrumentation was then 
ombined with the transmission of the �lters(obtained from pra
ti
al measurements SRS), generating estimates of the sensitivity of the instrumentbased on experimental data and the published teles
ope response.7.7.1 XEUSThe X-ray Evolving Universe Spe
trometer (XEUS ) is des
ribed in its most re
ent 
on�guration byParmar et al. (2006) and is s
heduled for laun
h in the time-frame 2015-2025. Its main instrumentsin
lude a wide �eld imager based on sili
on dete
tors, a narrow �eld imager whi
h 
ould either be atransition edge sensor array or one made of super
ondu
ting tunnel jun
tions1. It also has an
illaryinstruments su
h as a hard X-ray 
amera, high time resolution spe
trometer and imaging polarimeter.It is the su

essor to XMM-Newton with 
apabilities whi
h 
ompare favourably to the next generation1It is this narrow �eld imager whi
h is proposed for use as the dete
tor behind the di
hroi
 �lters.172



of observatories for other wavelengths (e.g. The James Webb Spa
e Teles
ope and World Spa
eObservatory). Novel sili
on pore opti
s give 5 m2 e�e
tive area at 1 keV (2 m2 at 7 kev) and imagingresolution of � 2 � 5 ar
se
onds, whi
h, 
oupled with the 
utting edge fo
al plane instrumentationgive spe
tral resolving power and timing resolution whi
h are orders of magnitude better than 
urrentinstrumentation. An imaging polarimeter is in
luded in the de�nition as a potential additional fo
alplane instrument.It is the purpose of the remainder of this 
hapter to assess the prospe
ts for meeting the s
ien
erequirement target sensitivity for XEUS using a di
hroi
 �lter. These state that a polarisation sen-sitivity of 2% for a 10 mCrab obje
t in a 10 kse
 observation must be demonstrated (Parmar et al.,2006). Unfortunately this is a poor measure of sensitivity for a di
hroi
 (narrow band) polarimeter.The \Crab" unit of 
ux is spe
trally sensitive as it assumes a 
ux given by a 
annoni
al spe
trum ofthe 
rab nebula (photon index = 2.1, norm = 9.7, absorption = 0.31 �1022 
m�2) in the 2-10 keVrange. The di
hroi
 �lters assessed here have an energy at the top of or outside this range, meaningthat the eÆ
ien
y of the �lters to polarisation will be highly spe
trally sensitive. A sour
e with aharder spe
trum than the Crab may be orders of magnitude less bright in terms of the integrated
ux from 2 to 10 keV, yet in the few eV energy bandwith pertinent for polarisation measurementswith di
hroi
 �lters, it may be as bright as or even brighter than the Crab. This is evedent later (inTable 7.3) where the MDP is shown to 
hange drasti
ally depending on the form (spe
tral index) ofthe spe
trum for Cyg-X1 in its hard and soft states. Rather than addressing the s
ien
e requirementsexpli
itly, it was de
ided to assess the minimum dete
table polarisation for a number of sour
es in arealisti
 (105 s) exposure with XEUS.Figure 7.18 shows the e�e
tive area of the teles
ope up to 50 keV assuming a 
omplex multilayer
oating whi
h is responsible for the high energy e�e
tive area (Lumb et al., 2006) and the 
urrentmirror 
on�guration (Willingale, 2007a). The details of the opti
 
on�guration and multilayer 
oating173
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tive area of the XEUS mirrors based on the most re
ent opti
al 
on�guration(June 2007) with a multilayer 
oating. No dete
tor eÆ
ien
y is in
luded in the 
urve. (Data 
ourtesyof Willingale (2007a))are omitted and these data should be regarded as indi
ative be
ause of the rapid evolution of theteles
ope spe
i�
ation. The 
urve does not in
lude any dete
tor eÆ
ien
y or resolution e�e
ts, whi
hwill be in
orporated at a later date.Although all modeling herein assumes the 
hara
teristi
s of the XEUS teles
ope, it is dire
tly s
alableto Constellation-X (the U.S. large area X-ray teles
ope) by 
hanging the e�e
tive area and instru-mental energy resolution to the appropriate vales.7.7.2 Dete
tor responseCryogeni
ally 
ooled dete
tors promise unpre
edented energy resolution for fo
al plane instrumen-tation in future X-ray observatories. The energy resolution of XMM-Newton is a
hieved by using174



dispersive re
e
tion gratings whi
h have an intrinsi
 resolution E=�E of between 150 and 800 in �rstorder between approximately 0.3 and 2.5 keV. For 
omparison, the XEUS spe
i�
ation of 2 eV at 6keV (Parmar et al., 2006) yields E=�E of 3000 without the need for a re
e
tion grating. It is thisenergy resolution that allows the use of di
hroi
 �lters as astrophysi
ally useful X-ray polarimeters asthe region of sensitivity is only � 10 eV wide. The quantum eÆ
ien
y of the dete
tor 
an be assumedto be equal to the absorption of the 4 �m gold �lm whi
h a
ts as the dete
tion medium.Information is only available for �lters with I, Br and Cu as the a
tive (K-shell) absorption edge,yet all lie outside the energy range of the 
ryogeni
 spe
trometer (0.5-8 keV). The assumption in themodel is that for Br-K, and Cu-K the 
ryogeni
 spe
trometer 
an be used with an energy resolutionof 2 eV. This is not thought to be an unrealisti
 assumption as the TES is likely to remain in alinear regime at these energies (Kilbourne, 2007), meaning that the energy resolution should remainun
hanged as photon energy in
reases. The la
k of e�e
tive area and low photon output of mostastrophysi
al sour
es at �33 keV means that an iodine based �lter is of little astrophysi
al use and,therefore, suitable dete
tors will not be 
onsidered.7.7.3 Astrophysi
al sour
esFor a Di
hroi
 �lter to be a viable astrophysi
al polarimeter a reasonable MDP must be a
hieved for anumber of astrophysi
ally signi�
ant sour
es. The spe
tral modeling pa
kage XSPEC (version 12.2.1)was used to generate theoreti
al spe
tra for sour
es of interest to use as input for the instrumentmodel. Table 7.2 shows a list of sour
es that will be 
onsidered here and details the XSPEC fun
tionsand parameters used to generate them. I will des
ribe the modeling in terms of the Crab Nebula.However, the same pro
ess was followed for ea
h of the targets of interest listed in Table 7.2.
175



Obje
tCrab [1℄ S
o X-1 [2℄ Cyg X-1(H) [3℄ Cyg X-1(S) [3℄ IC4329A [4℄XSPEC Modela pwl�wabs 
ompTT�wabs (pwl+BB)�wabs (pwl+BB)�wabs 
utoffpl�wabs2-10 keV 
ux 2:32� 10�8 1:32� 10�7 8� 10�9 1:7� 10�8 1:26�10�10Photon index � 2.05 � 1.4 2.7 1.86Normalisation N
 10 � 2.82 10.5 4:16� 10�2Redshift � 6:6� 10�7 � � �T0 (keV) � 0.36 � � �kT (keV) � 3.2 0.4 0.4 �Normalisation NkT � 24 0.01 0.5 �� � 10 � � �Geometry � Spheri
al � � �Ee�fold (keV) � � � � 270NH (
m�2) 3� 1021 3� 1021 6� 1021 6� 1021 3:31� 1021Referen
es: [1℄ Zombe
k (1980) [2℄ Santolamazza et al. (2004)[3℄ Frontera et al. (2001) [4℄ Perola et al. (1999)Table 7.2: XSPEC parameters used to model the sour
es 
onsidered in this se
tion in order to 
al
ulateMDP. The 2-10 keV 
ux is given in units of erg/
m2/s with the normalisation values in units ofph/
m2/s/keV at 1 keV. For Cyg X-1 the labels H and S refer to the hard and soft states respe
tively.(a pwl refers to the XSPEC fun
tion \powerlaw".)
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7.8 The polarimeter modelThe e�e
tive area of the teles
ope (Figure 7.18) was interpolated onto a regular grid of 0.5 eV-wideenergy bins, to mat
h the resolution of the SRS measurements of the di
hroi
 �lters. The �lter trans-mission data only 
over a narrow (� 100s of eV) energy range. Therefore, the broadband transmissionof the �lter 
annot be assessed using experimental data. In order to assess the broadband responseof the �lters, the measured data were �tted to the National Institute of Standards (NIST) onlineweb 
al
ulator (Chantler, 1995). The experimental data were then superimposed on the theoreti
altransmission, repla
ing the modeled se
tions with experimental data where it existed. It should benoted that the NIST model is not sophisti
ated enough to model the polarisation response and it isimpli
it in the model is that at energies well away from a absorption edge of interest, the transmissionis 
ompletely non-di
hroi
.Figure 7.19 shows the fra
tional absorption of the 1-Bromoadamantane/Thiourea in
lusion 
ompoundover the energy range of interest for the XEUS teles
ope. This is used later to de�ne the broadbandresponse of the instrument, in order to determine whether the 
ryogeni
 dete
tors 
ould resolve spe
tralabsorption features and polarisation in a single observation.The next 
omponent of the model is the spe
trum of the sour
e under investigation. To generate sour
espe
tra, a simple model was taken from the literature for ea
h sour
e and plotted using XSPEC. Figure7.20 shows the model for the Crab Nebula, taken from Zombe
k (1980). The absorption features areexplained by S
hattenburg & Canizares (1986), the largest e�e
t being due to oxygen absorption inthe interstellar medium.These model 
omponents were 
ombined with the XEUS response, and a simulated spe
trum gener-ated (Figure 7.21). The di
hroi
 region of interest is the Br-K edge at 13.5 keV. Therefore, there is awindow for simultaneous spe
trometry and polarimetry between �5 and 30 keV. The limiting fa
tor177
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Figure 7.21: The dete
ted spe
trum from the Crab nebula assuming the XEUS e�e
tive area andtransmission through a 1-Bromoadamantane/Thiourea in
lusion 
ompound �lter with transmissiongiven by experiments at the Daresbury SRS. It should be noted that a 
onstant, 100% dete
toreÆ
ien
y is assumed over the whole energy range � results should, therefore, be s
aled a

ording todete
tor eÆ
ien
y.Model parameters MDP (%)Line Energy (keV) Aeff (
m2) Crab S
o X-1 Cyg X-1(H) Cyg X-1(S) IC4329ABr-K 13.5 1800 5.71 3.48 4.62 13.0 70.9Cu-K 8.9 12500 2.41 1.16 2.22 4.80 36.8Table 7.3: The performan
e of a di
hroi
 �lter polarimeter based on the XEUS teles
ope parametersand the measured 
apabilities of bromine and 
opper based di
hroi
 
rystals. The assumed observationtime is 105 swill then be the 
apabilities of the fo
al plane, where the 
rogeni
 dete
tors are not optimised for su
hbroad band measurements.7.8.1 Sensitivity predi
tionsTable 7.3 shows the minimum dete
table polarisation of a number of sour
es assuming that theunoptimised �lters tested during this work were 
own on the XEUS observatory. Values of a fewper
ent are a
hieved in a 105 s observation, demonstrating that although the energy bandwidth179



of the e�e
t is small, the polarisation sensitivity remains useful. The goal of future study is toshift the di
hroi
 region of interest to lower energies, where the 
apabilities of the 
ryogeni
 fo
alplane instruments are more optimised, and the in
reased e�e
tive area of the teles
ope 
ombinedwith brighter emission from the sour
e at low energies (
.f. Figure 7.20) promise vastly improvedpolarimetri
 response (i.e. a lower MDP). Although it 
ould be argued that Table 7.3 implies that fora sour
e 100 times fainter than the Crab (i.e. 10mCrab) it would take an observation time 100 timeslonger to a
hieve the same MDP, this arguments assumes a 
rab like spe
trum and as I have argued inSe
tion 7.7.1, signi�
antly better performan
e 
an be a
hieved than this suggests for harder sour
es.Des
ription of MDP in terms of Crab units of 
ux is therefore wholly inappropriated for narrow banddi
hroi
 �lters and in this 
ontext, sour
es should only be 
ompared in terms of their 
ux density(
ounts/
m2/s/keV) at the di
hroi
 energy of sensitivity.We 
an pla
e 
onstraints on the ne
essary di
hroism for a �lter to a
hieve the required 1% MDP in a105 s observation by re-expressing the equation for MDP su
h that;
� =MpT = 3p2MDP �pSpe
�Aeff ��E � t ; (7.2)where � is the �gure of merit, M the average modulation fa
tor over the energy range �E, Spe
 isthe number of 
ounts from the sour
e, Aeff is the e�e
tive area of the teles
ope, T is the transmissionof the �lter and t is the observation time (105 s). All parameters are 
al
ulated at the edge energy ofinterest and are assumed to be 
onstant over the range of the EXAFS region (ex
ept M whi
h is theaverage over that region of interest).The 
al
ulated values of � reported in Table 7.4 
ompare favorably with those measured for the mate-rials studied so far, where for example � was found to be 0.25 for the 1-Bromoadamantane/Thioureain
lusion 
ompound. 180



Model parameters Constraints on � to a
hieve 1% MDPLine Energy (keV) Aeff (
m2) Crab S
o X-1 Cyg X-1(H) Cyg X-1(S) IC4329AI-L 3.9 32400 0.22 0.09 0.26 0.26 3.04Cl-K 2.8 31800 0.16 0.06 0.22 0.13 2.17Br-L 1.6 55400 0.07 0.03 0.13 0.05 1.08Cu-L 0.9 54900 0.06 0.04 0.18 0.06 0.98Table 7.4: Constraints on the di
hroism of �lters at lower energy absorption edges ne
essary todemonstrate 1% MDP in a 105 s observation with XEUS for ea
h of the astrophysi
al obje
ts studied.These 
al
ulations assume an energy bandwidth of 2 eV 
an be a
hieved at ea
h edge. The parameter� is as des
ribed above and is 
al
ulated for an average modulation fa
tor over the 2 eV energy rangeof interest.7.9 Comparison and 
omplementarity of MPPs and Di
hroi
�ltersIn this 
hapter I have argued the 
ase for Di
hroi
 �lters to form part of the XEUS mission payload. Itmust be re
ognised that a highly 
apable polarimeter has already been proposed for this mission (themi
ropatern photoele
tri
 polarimeter) and hen
e the 
ase for a new te
hnology must be 
ompelling.The data presented here form part of the �rst ever study of di
hroi
 transmission �lters for use inX-ray astronomy and therefore should not be expe
ted to be at the same te
hnology readiness levelas the 
ompeting te
hnique. However, I have shown that the Di
hroi
 �lters have the 
apability toperform polarimetry at the few per
ent level.To predi
t what impa
t this kind of polarimeter 
ould have with advan
es in �lter design, it is ne
essaryto assess what properties of the observatory lead to improved MDP. Looking at Equation 6.10 it is
lear that in
reasing the 
ount rate from the sour
e leads to lower MDP and therefore if di
hroi
absorption edges 
an be found at lower energies, improved polarisation response 
an be expe
tedbe
ause of the higher e�e
tive area of the mirrors and the in
reased emission from sour
es at lowerenergies. Table 7.5 is in
luded by means of a dire
t 
omparrison with the MPP assuming di
hroi
�lters with lower energy response 
an be demonstrated to have similar performan
e to iodine doped181



Energy Minimum dete
table polarisation (%)Line keV Aeff (
m2) Crab 3C273 NGC 4151 IC 4329A NGC 5548Br(K) 13.5 6000 3.47 37.64 31.78 43.40 70.23I(L3) 4.6 22000 0.49 7.52 9.31 6.70 11.81Cl(K) 2.8 30000 0.25 4.32 24.52 3.50 6.25Br(L3) 1.6 92000 0.09 1.67 - 1.30 2.21F(K) 0.7 92000 0.07 0.97 - 1.23 1.10Cl(L3) 0.2 117000 - 0.66 - - 0.40MPP[1℄ 2-10 - 0.9 0.7 0.7 0.8Table 7.5: The minimum dete
table polarisation (MDP) for a range of astronomi
al X-ray sour
es in a105 se
ond exposure with XEUS, for an MPP devi
e in the 2-10 keV energy band ([1℄data from Table 1in Costa et al., 2003) and a di
hroi
 �lter system based on simulations using data from Collins (1997),Collins et al. (2001). The e�e
tive area of XEUS at ea
h energy (based on Lumb, 2003) assumed forthis work is also provided (It should be noted that this e�e
tive area is the XEUS area as of 2003in order to allow dire
t 
omparrison with the MPP instrument). Di
hroi
 �lter predi
tions assume a�lter transmission of 30% as reported by Collins, and adopt modulation fa
tors obtained with H-sheetfor the 
urrently unmeasured edges (sin
e the stru
ture and 
hemi
al 
omposition of H-sheet is notoptimised for use as an X-ray di
hroi
, this is a 
onservative assumption). These data were reported inBannister et al. (2006) and assume that the di
hroi
 �lter is operated with the TES dete
tor 
urrentlyunder 
onsideration for the mission. Note that the poor performan
e of di
hroi
 �lters for the Seyfertgalaxy NGC4151 is due to the relatively large neutral hydrogen 
olumn density to that obje
t.H-sheet as demonstrated by Collins (1997).Table 7.5 demonstrates that the broad energy bandwidth of the MPP instrument makes it a verysensitive polarimeter as it 
an measure polarisation of photons over the whole energy band. However,at low energies, the di
hroi
 �lters appear to perform well, showing rather similar performan
e despitethe 10 eV bandwith of di
hroi
 sensitivity. The di
hroi
 �leters o�er a number of advantages, thierself normalisation - enabled by the known bandwidth of the e�e
t, low mass and need for no aditionalfo
al plane area mean that they would be a rather simple devi
e whi
h 
ould be introdu
ed intothe light path as needed. An area where di
hroi
 �lters are 
omplementary to the MPP is thatthe photoele
tri
 polarimeter is only sensitive in the energy range �2-10 keV, meaning that if extra182



diagnosti
s are needed, a dis
rete energy polarisation measurement above or below this range 
ouldbe very useful in analysing astrophysi
al data.7.10 Con
lusionsDi
hroi
 �lters o�er a means of 
onstru
ting a 
ompa
t, low mass polariser for X-ray radiation. Thework reported herein shows that 
hemi
al and 
rystallographi
 design strategies 
an be employedto produ
e eÆ
ient polarisers, where the apparent shift in the position of an absorption edge arisesbe
ause of a polarisation-dependent EXAFS peak whi
h overlaps the edge. A marked 
hange intransmission as a fun
tion of the azimuthal orientation of the �lter with respe
t to the polarisation axisof the in
ident X-rays is observed for su
h materials. Experimental results and theoreti
al 
al
ulationsshow that the �lters produ
ed to date are not optimised for an astronomi
al appli
ation. This isbe
ause of the la
k of a large, uniform, plate like 
rystal and the experimental limitations imposed bythe beamline, whi
h did not allow us to test materials with absorption edges in the range 1� 5 keVwhere the main interest lies in the astronomi
al 
ontext.The la
k of a large 
rystal with whi
h to 
onstru
t a 
ight-like �lter is unsurprising as it was not one ofthe goals of the initial study. This work serves as a proof of 
on
ept for the te
hnique and has shownthat a di
hroi
 �lter polarimeter will be feasible with the arrival of the next generation of astrophysi
alobservatories su
h as XEUS and Constellation-X. Chara
terisation of existing �lters, and modeling ofthe behaviour of new di
hroi
 
rystal designs has shown the tradeo�s whi
h are ne
essary to optimisethe response of the instrument. This work has also pla
ed 
onstraints on the performan
e required offuture �lters in order to meet the goal of 1% MDP in a 105 s observation with XEUS.In order to measure the polarisation in a number of sour
es to better than 1% MDP, the �lters musthave highly optimised thi
kness and modulation 
hara
teristi
s. The �gure of merit � must be greater183



than 20-30% at a relatively low energy (� 1-5 keV) absorption edge in order to meet this goal.7.11 SummaryDespite the re
ent and proposed improvements in other areas of instrumentation, astronomi
al X-raypolarimetry remains in its infan
y, despite the �rst measurement of polarisation in an X-ray sour
ebeing made over 35 years ago. Costa et al. (2001), Bellazzini et al. (2003) and Jahoda et al. (2007)propose an number of possible polarimeter designs for future X-ray astrophysi
al observatories. HereI have des
ribed a 
ompa
t and simple, low mass, low power devi
e whi
h 
ould add a polarimetry
apability to the high resolution fo
al plane instruments proposed for these observatories. This 
on
eptwas �rst reported in the literature by Bannister et al. (2006) and further information is available inMartindale et al. (2007a).
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Chapter 8Con
lusions
Be
ause of the broad nature of this thesis I will split the 
on
lusions into their three areas. Dis
ussionof ea
h area will begin with an overview of the work undertaken, the reasons for it and end with theout
omes and 
on
lusions.8.1 Thesis overviewChapter 1 provided and outline to the subje
t and s
ienti�
 and te
hnologi
al areas of astrophysi
alX-ray instrumentation to whi
h the work in subsequent 
hapters relates. It began by introdu
ingX-ray astronomy, the me
hanisms of X-ray produ
tion in an astrophysi
al 
ontext, 
urrent and futureinstruments used to investigate this emission, 
on
luding with dis
ussion of a parti
ular example ofsu
h measurements � X-ray polarimetry
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8.1.1 Small pore MCP dete
torsChapters 2 and 3 
on
ern the 
hara
terisation of new, extremely small pore mi
ro
hannel plates andthe advantages of using MCPs with these smaller pore sizes. First, the 
ontext is set by reviewingthe use of MCPs as X-ray dete
tors, they are 
ompared with 
ompeting te
hnologies su
h as CCDsand TESs, where their unmat
hed ability to provide photon 
ounting operation at high spatial andtemporal resloution is used to demonstrated that they still have a ni
he in the dete
tor parameterspa
e. The progressive redu
tion in 
hannel size by the manufa
turers has resulted in plates withtheoreti
al spatial resolution governed by the MCP pore diameter (3.2 �m for plates tested herein)and temporal resolution of a few 10s of pi
o se
onds.Experimental results presented here show that the new plates 
an be operated safely for prolongedperiods in hard saturation. The redu
tion in ba
kground noise expe
ted be
ause of the redu
edamount of glass (and hen
e radioisotopes) in the MCPs has not been demonstrated. However, thisis thought to be be
ause of in
reased radioa
tivity in 
erami
 
omponents of the dete
tor body aseviden
ed by a peaked noise pulse height distribution. The limiting temporal resolution measured forthese plates was less than 150 ps whi
h is expe
ted to redu
e further when a more optimised readoutand ele
troni
s 
hain is used.Despite the astronomi
al bias of this thesis, the predominant area of exploitation investigated forthese MCP dete
tors was in a terrestrial 
ontext, where the extremely high temporal resolution ofthese devi
es is to be used to improve dete
tion te
hniques for the life s
ien
es. The high temporalresolution allows investigation of pro
esses o

urring within a living 
ell and 
ould potentially openup an entirely new area of biologi
al resear
h. The most promising area where these small poreMCPs 
ould be used in an astronomi
al 
ontext is UV and EUV spe
tros
opy. Here, for a dispersivespe
trometer, the high spatial resolution leads to high energy resolution, so long as the eÆ
ien
y of186



the devi
e is high enough to ex
eed the limitations of photon statisti
s and the readout te
hnology is
apable of mat
hing the improved resolution of the MCP.8.1.2 MCP opti
sChapters 4 and 5 
on
ern the use of MCPs as X-ray opti
s. The relevant opti
 geometries are reviewedalong with the state of the art in MCP opti
 te
hnology before the work reported herein. A terrestrialand two spa
e based appli
ations of these opti
s are des
ribed; an imaging X-ray spe
trometer usedto measure the elemental 
ompositions of engineering or geologi
al samples. The �rst spa
e missionwhi
h will employ MCP opti
s te
hnology will be BepiColombo, an ESA mission to the planet Mer
ury.The X-ray teles
ope will map the elemental 
omposition of the surfa
e in order to determine itsmineralogi
al 
omposition. Se
ond is the WFT instrument on spe
trum-RG, a wide �eld of viewteles
ope that will 
over the whole X-ray sky every 90 minute orbit, allowing the most 
omprehensivestudy of X-ray variability to date over the whole sky.The latest samples of MCP opti
 material in both the square pore, square pa
k and radial pa
k geome-tries were tested (Chapter 5) and have been shown to be approa
hing the performan
e spe
i�
ationsof the missions towards whi
h they are targeted. Indeed, the 
artesian pa
ked material is shown tohave a limiting resolution of better than 2 ar
minutes. This ex
eeds the performan
e spe
i�
ations ofWFT whi
h needs only 4 ar
minutes FWHM in order to meet the requirement of 2 ar
minute sour
eposition 
entroiding a

ura
y on the sky. The radial pa
ked material is shown to have a limitingresolution of better than 8 ar
minutes. However, all of the measurements of slumped MCPs reportedhave been identi�ed to be upper limits be
ause of problems with the dete
tor ele
troni
s in the longbeamline test fa
ility. It is expe
ted that in the very near future, signi�
antly improved measurementswill allow better understanding of the opti
s and help in the drive towards the �rst 
ight of this newopti
 te
hnology. 187



8.1.3 X-ray polarimetryX-ray polarimetry is identi�ed as an area whi
h holds huge promise for the understanding of 
elestialX-ray sour
es. Despite this, no progress as been made in X-ray astrophysi
al polarimetry for over30 years. This is explained primarily by the la
k of suitable instrumentation to exploit it. Chapter7 des
ribes experiments and design work to produ
e simple, low mass �lters whi
h are sensitive toX-ray polarisation. It shows that the X-ray absorption near edge stru
ture (XANES) in 
ertain, highlyordered materials exhibits a polarisation dependen
y. Therefore, su
h materials 
an be used as simpletransmission �lters whi
h, if rotated about the opti
al axis of a teles
ope, 
ould a
t as a polarisationanalyser. Three materials are identi�ed whi
h exhibit this e�e
t and intensive resear
h is ongoing topush the sensitivity of the �lters to lower energies in the astrophysi
ally most signi�
ant region of 1-10keV. The sensitivity of a polarimeter, based on the existing �lters, is 
al
ulated in terms of a 105 sobservation with XEUS for a number of obje
ts. This is shown to 
ompare favorably with 
ompetingte
hnologies.The aim of this work is to produ
e a 
ompa
t, low mass �lter system whi
h 
ould add a polarimetry
apability to the next generation of astrophysi
al observatories for minimal instrument mass and noadded 
omplexity to the fo
al plane. A preliminary engineering sket
h of what su
h a system 
ouldlook like is shown in Chapter 7.8.2 Closing remarksThe unifying themes of this thesis are the produ
tion and appli
ation of spa
e deployable hardware totake s
ienti�
ally important measurements. MCP dete
tors have been used extensively in astronomyand the useful appli
ation in a spa
e teles
ope is now questionable, ex
ept in 
ertain spe
ialisedni
hes. However, this mature te
hnology is now ripe for exploitation in other s
ienti�
 �elds whi
h188



will bene�t from the three de
ades of development work already undertaken to produ
e a usefuldete
tor for astronomy.Comparing these dete
tors to MCP opti
s, it is 
lear that this new appli
ation of mi
ro
hannel plates isat the beginning of its operational life. The huge e�e
tive area per unit mass they o�er will open a newwindow for exploitation of X-ray teles
opes in unexplored areas. This is embodied by the BepiColombomission to the planet Mer
ury whi
h will 
arry the �rst ever imaging X-ray teles
ope for planetarys
ien
e appli
ation. The te
hnology readiness of MCP opti
s is shown herein to be approa
hing thea

eptan
e 
riteria for a 
ight devi
e and it is highly likely that one will be operational within thenext de
ade.Finally, di
hroi
 �lters for X-ray polarimetry are extremely new. The work reported herein formspart of the �rst ever investigation of these devi
es and shows great promise. Mu
h development workis needed to get the devi
es to a stage where they are ready for appli
ation in spa
e. However, therelative simpli
ity of the te
hnique is in its favour and the maturation towards te
hnology readinessshould �t in well with the next gerneration of great astrophysi
al observatory (XEUS and Con-X)whi
h are s
heduled for laun
h in the timeframe 2015-2025.
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