Position sensitive detector technology, data reduction and count rates
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| ntroduction

Over the years | have found that there exist qustane misunderstandings and
misconceptions about position sensitive detectowd @ata collecting issues. This text is
intended to shed some light on different aspectdetéctors. It should be clear from the start
that I'm convinced of the fact that the ideal dedecsuitable for all applications, does not
exist. Also be aware that this is an introduction toed&irs and not an ‘every aspect and
final word’ document. | leave the writing of thabaiment to the real experts. Also one
should keep in mind that technology is changingrre. My aim is to show some issues and
let the individual researcher determine for himfitezlf what to him/her/it are the important
ones. I'm aware of the fact that some people welkea career out of remapping detector
grids and also I'm also aware of the tendency aippeto ignore issues that they think are
too complicated or not consistent with their préged. As long as one gets nice reliable
results without over- or under-interpreting theadiation’t mind. The thing I'm really allergic
to is to publish nonsense and afterwards use thnenamt ‘but no one ever told me.....’

My background in X-ray research is time-resolvedamingle X-ray Scattering using
synchrotron radiation sources, where | developedomg particular set of prejudices. This
document is intended for students who use thisnigade but it is not forbidden for users of
other techniques to read and think about it (androent). | also would like to stress that |
have detector developers, second hand car dealdrsv@n some pachyderms, but very few
smooth talking politicians, among my friends. My tm&Chris Hall, who is a detector
developer, has shed a critical eye on this’text

! To use the phrase of the great and wise, Amstetutanm, football professor and philosopher JohanyfEru
‘Ellek foordeel hep se nadeel'. (For the AnglosaxdEffery afuntage hass hiss dissadfuntage’)
2 But should not share the blame for errors and eniseptions on my part.
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Detector technology with respect to count rates

Position sensitive detectors exist in several Wasebut they can be subdivided into two
broad categories. The first are photon countingogsvand the second are the integrating
detectors.

Photon counters

This type of detector counts incoming photons afividual events. The detector itself
generates a signal when a photon arrives and tinéerts of a counting register are
incremented with one. This might be done in a sljgbonvoluted way like for instance in
gas filled wire chambers equipped with a delay limevhich the electronics generate an
address in a multiscaler register. The gas courténgnology can also be used with small
detecting elements each equipped with it's ownvildial scaler. The strong point of these
detectors is that after the time frame is finisbeé only has to read out the digital numbers
stored in the memories. The read-out process doeshience the contents of the registers.
The weak point of these detectors is that the tleteof each individual photon is a rather
time consuming process during which the detectootisregistering other incoming photons.
This intrinsically limits the count rate capacitytbese detectors. For instance when one uses
a 100 nsec long delay line one can only detect 1@xcounts/sec (in detector jargon 10
MHZz). This is an average rate for randomly arrivevgnts. To be on the safe side we usually
say 1 Mhz.

In practice even this figure is not obtained witiay line detectors. When individual pixels
are equipped with their own counters the limitiagtbr becomes the detection process in the
gas. This improves this situation dramatically lsatta detector with a similar active length
can handle 400 MHz. The great advantage of thefsetdes is that it is possible to detect a
very high dynamic range in the pattern. This isdtigerence between the highest and lowest
scattered intensity in a scattering pattern. THfernce can become 1:0with this type of
detector. Another disadvantage is that the detgatlement can not be made too small
without risking that the physical process inside tletector will not trigger of a single pixel
but also it's adjacent ones. The limit for thigasighly 200 — 300 micron for a gas detector.
Smaller for solid state detectors. Yet anotherdliaatage is that gas detectors need some gas
depth in order to be able to detect photons effitye When a photon hits the detector at an
angle this leads to a parallax problem in whichhatpn is detected at a different position
than where it should be. This problem is practjcalbt very well suitable for mathematical
correction.

Integrating detectors

This type of detector uses a solid state physiosgss in which a charge is generated when a
piece of semiconducting material is being hit byisble light photon (CCD detector). The
visible light is generated by the interaction of t-ray with a phosphor material. The light is
then channeled to the detecting chip by eitherns ler by large bundles of fiber optics.
Unavoidably some photons will be lost in this walgielh means that the efficiency of the
detector is somewhat lower than a gas detécidte charges are accumulated in a small
capacitor which at the end of the time frame hasetoead out. The charge is then converted

% However, this is very much dependent on the enerfgthe incoming photon. A gas detector will have
difficulties to efficiently detect photons above Ré&V, unless the gas is pressurised.
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to the approximate number of photons that hashleitdetecting pixel. The big advantage of
this type of detector is that the count rate iglyaanlimited®.

There are some disadvantages. The first of the#igatsduring the read-out process of the
pixel some noise is added due to the read-out psoCEhis is on top of the noise that is
accumulated on top of the signal during data cotdac The second is that not every pixel is
equipped with it's own physical connections so tthat read-out takes place by reading out
the first pixel in the row, erase this one, shft tontents of pixel number two to number one,
read this etc. etc. This makes the read-out profmsthe total detector cumbersome and
slow. One can speed this process up but this isrgiy at the expense of an increase in read-
out noise. The third problem is that the capaais®d for the charge accumulation only has a
limited capacitance. This means that when it isifldas to be read out. This means that all
other pixels will have to be read out as well etlem ones that are not completely full. Since
every read-out cycle adds read-out noise the wesagaals will suffer strongly thus limiting
the dynamic range. Electronic crosstalk between ghxels and horizontal drift in the
phosphor will reduce the spatial resolution of tigjge of detector somewhat but in general it
is better than the spatial resolution of a gasaiete

Summary of detector properties

In the table below one can find a coarse summarthefproperties of the two types of
detectors.

Counting Integrating

Countrate Relatively low High

Spatial resolution Low (200 — 300 micron) High (®&ron)

Dynamic range High 1:£0 Low 1:10™

Read-out noise None Weak signals will |be

influenced

Read-out speed detector Fast (microseconds) Sldvrtiicroseconds)

Maintenance Not easy easy

Parallax problems At wider angles None

Efficiency High (5 — 12 keV) Low but much better than
Low > 12 keV gas detector > 12 keV

Obviously this is very much a generalization. Itpisssible to build detectors for specific
purposes that will satisfy the needs for a singipliaation. For instance it is possible to
construct gas detectors with a very high spatisbltgion. However, this will not be suitable
for high count rate applications. The same as gassible to photon count with solid state
devices if one reads out very carefully (i.e. v&ligw).

The factor of maintenance is rather subjective fouta beamline scientist on a multi user
synchrotron radiation beamline it is definitely reofparameter that can be neglected which
means that for a beamline a detector system cath@®en which is sub-optimal for many
applications but which operates reliably. The paseghand maintenance cost of a single
system is in general so high that it will not besgible to equip a beamline with more than
one system. (This leaves the station scientisnaftethe position that he has to defend his

* There is a rate limit for phosphors/scintillatorhere the light output goes non-linear with x-réyx.
However, it is large. Anecdotally we have reacheat L0 Mhz from a 100 micron square beam ¥rfv/sec
(Chris Hall)
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choice for a certain detector system and therefolteslack of other types of detectors. This
is a sin which normally fades away after the age3®for 10 years of experience on a
beamline, whatever comes first).

Basic statistics of counting®

In the following text no attention is paid to thH#eets that electronic crosstalk between
channels will have and every pixel is treated imimlly. Also Gaussian statistics is being
used while the more correct procedure for the nattgy case would be to use Poisson
statistics. The main reason for this is that | khinmore important to get a feel for what is
possible and which parameters are important rathan writing the ultimate text on
detectors. I'm not an expert in error propagatimoagh calculations. For more expert views
take a look at the book of Rabinovich.

The basic equation for primary data reduction reads

Isc((Q))_ |c((CI))
_ A Ac
|S(Q)— qF(q) A

Is(q) scattered intensity due to sample

l<(q) scattered intensity due to sample and cell/beawimdows/air etc.

lc(Q) scattered intensity due to cell/beamline windowsfte.

A«(q) intensity of transmitted beam with filled sampédlic

A(q) intensity of transmitted beam with empty samplé ce

F(g) pattern produced by even illumination of dete¢timod field/detector response)

In this g actually should be expressed in the Cartesiandawatesq(x,y) but for simplicity
sake | will refrain from doing that. Now make sosmmplifying assumptions.

1- the detector response curve is much better tt@@actual data. This is a valid assumption
in the case of dealing with proper experimenters.

2 - the scaling factors for the intensity have @ zgror. This again is not without basis since
this is a parameter integrated over time.

This reduces the equation to be considered foertoe propagation to:
|S(Q) =1 sc(CI)_ |C(Q)

Photon counting detector

Defining error margins and dropping theo reduce the writing:
oAl
lc £ Al g

With a photon counting detector one can basicallume Gaussian statistics. This gives for
the error margin:

Alg = \/(AI sc)2 +(al 0)2

® There are lies, bigger lies and statistics. (ipsian found on the wall of a toilet in Herculaneunext to the
inscription ‘Kilroy was here’)
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Integrating detectors

With an integrating detector one finds two noisente on top of the statistical noise intrinsic
to any measurement. These are the dark-currenttladead-out noise. The first is a
parameter that is linear with time. The read-ous@&ds a function of the read-out speed of
the detector. The faster the read-out is the highemparameter is.

lc+Al =D

o+ Al D

The dark current and read-out noise are indeperadeéhé countrate.

Now we can consider two regimes. The first wheeedbuntrate is sufficiently high that the
intrinsic experimental error is much larger thare tHark current and read-out noise:
Al >>D

In this case the integrating detector performs Bguaell as a photon counting detector when
considering equal countrates. However, integradietgctors have in general a much higher
countrate compared with photon counters so itkislyi that an integrator will outperform a
counter here.

The second regime is the opposite case where thetdenoise is higher than the experiment
noise:

Alg. << D

In this case the statistical error can be approtechly:

Alg=+2D

It will be clear that a counter outperforms an gmégor here.

One could argue that with enough flux this is mat tnuch of a problem since one will never
enter into this regime. However, the limitation iategrating detectors is the full well depth
of the integrating element. If this is over-fillloe detector either saturates or has to be read-
out again. Now, keeping in mind that a lot of SAX&tterns fall of in intensity as
I(q)~1/ q4 at wider angles it is not unlikely that at somenpan the data range one will

encounter this problem. In my opinion this is tliere closely related to what g-range one
wants to cover in a single experiment.

As an example take the case where at q = 0:01hA intensity reaches the full well depth of
a 16 bit detector. This is'2= 65536. Where do we reach the point z then where the
counts N, fall off to a real low level?

1(9=0) _
(o - 002)*
N=l=2z=4
N=10=z=13

N =100= z= 04

I(a=2)=

For N = 100 the statistical error margin due to counting stets is 10%. Now if the detector
reads out fast, one can sum several frames taceff increase the dynamic range. At the
high counting end this is no problem but as soo\ag = D one does not make any large
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gains in the low counting end of the spectrum. €mauld also keep in mind thBtincreases
when one is reading out fast.

For a photon counting detector no such problemst éxit it might take a longer time to reach
the 2° level due to the fact that the maximum countratemiuch lower than with an
integrator. So it is a matter of choosing betweeyll& and Charybdis (or the devil and the
deep blue sea).

The message in this is that if one just needs tenpato study orientation effects, phase
transformations etc. an integrating detector w#l & good choice. This is the case in
experiments where one is mainly interested in phasegnition like for instance high

pressure experiments on polymers. If one needsge ldynamic range then one is much
better of with a photon counter. This is the casefar instance solution scattering
experiments. Some people will claim that photonntimg detectors are 'best' for time
resolved experiments as well. | prefer to leave thsue to be determined by the individual
experimenter.

Small changes on a large background

When considering small changes in a time-resolw@grement there are some tricks that can
be used. Consider the time-dependent version dfdhkground subtraction at time

|s(q’t1) = |sc(qat1) - Ic(q,tl)
Al s(at) = (81 (o) + (01 (0 1))

A similar formula holds fot, .
Now one is interested in the difference:

lg(a.t —t)=1s(atz) - 1s(at)
Conventionally this is obtained by subtracting teusves like in the equation above. Now the
error margin in this difference is:

Al (0t ~t1) = (81 (0,2))% + (81 (0, 2))7 + (81 o (0,1)? + (A1 (a, )2 =
~/2014(q,ty)

However, if one assumes that the background doedrdhge, which is not completely
unrealistic since we’re only dealing with small obas, one skips two mathematical
operations and the error in the data becomes:

Dlg(aty 1) =201 & (a,ty)

This is by definition smaller than the previousoerrOne should keep in mind that the
reduction in the background due to the increagbarsignal is not taken into account so that
the total change in the actual signal is probabgh#y smaller but this is offset by a much
smaller error margin. This method looks particidarorable in the case of for instance the
growth of a crystalline peak above an amorphou&dracnd. It should be noted that as long
as the count rate on the detector is high enoughiehd-out noise of an integrating detector
will not play a role.
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Data reduction issues

Detector pictures are not always what they appedoet Before one can start with data
analysis several artifacts introduced by the detesltiould be taken care of. These problems
are not the same for every type of detector. Evath wupposedly identical detectors
variations can occur.

The order in which this happens is sometimes ingmbrtAlso one should be careful to keep
the amount of mathematical operations, in whicheexpental scattering patterns are used, to
a minimum since errors on the experimental dathpwdpagate. For instance if one divides
one pattern, with a statistical error margin of 39g, another pattern with the same error
margin, the resulting pattern will have an errorgiraof about 7%.

Pixel to pixel sensitivity

It is very unlikely that every pixel, or detectirgement, in a detector has the same
sensitivity. Some will count 9 out of 10 photonsotrer will only detect 7. One has to
compensate for this effect. See figure . The expamntal procedure for this is to illuminate
the detector with a uniform scattering pattern divide the original pattern by this uniform
pattern.

Remapping in the detector plane

Ideally a detector is divided up in a grid with agel pixels. This is often not the case in real
life. In a CCD the detecting phosphor is coupledfibgr optics to the detecting chip. The

individual fibers cannot be bonded with matheméaficacision. In a wire chamber, equipped

with a delay line, the delay line can introduceoesrsince the thickness of the line influences
the speed of the electrons which means that soregtiri0 pixels are mapped on 1 cm line
and at another position maybe 95. See figure.

|| H il

— il

-

One way of correcting this is to use a metal gsidh regular arrays of holes, which is placed
before the detector. After this the detector igniinated with a fairly uniform source. The
dark stripes in the pattern should be visible eagtt lines. If this is not the case the pixels
have to be shifted and readjusted in dimensionsiefmes there is software available to do
this. However, one should try to asses how impottas issue is in the total data reduction.

Remapping on Ewald sphere

Generally position sensitive detectors are flatweeer, diffraction theory tells us that in
principle one shouldn’'t measure in a flat plane égrywhere the distance from the sample
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to the detector should be the same. This meanstiehas to use, in principle, a detector
with a spherical surface. For linear detectors ithigossible but for area detectors this is not
practical. This means that one has to remap tharegletector grid onto a spherical surface.
In fact this is the inverse problem that producefratlases face. This requires specialized
software. See for instance the CCP13 software.suite

In small angle scattering this problem is much legsortant than in wide angle scattering. A
cynical remark is that researchers working withidgacal fibers apparently have discovered
this problem many years ago but that synthetic mpelyresearchers hardly see this as a
problem. Another cynical remark is that people iagkat biological fibers apparently have
so little data that they can afford to spend yearthe analysis of a single pattern.

Data noise simulations
In combined experiments, like for instance SAXS borad with WAXS or Raman
spectroscopy, the issue sometimes crops up whdintleecorrelation is between parameters

derived from the different techniques.

In the following the results of a simulation of apidata are shown. The first curve (blue)
represents the function:

y =40x 2 t< 40
y =40 + 2t+ 2 t>40
The second curve (red) is:

y=10x6 t< 40
y=10+2t+ 6 t>40

The error margins represent the intrinsic staastimise levels associated with experiments.
The offsets of 40 and 10 respectively are purehgfaphical reasons in this case.

The green curve is

y=10+6 + (3+1) t< 40

y=10+2t+6 + (3£ 1) t>40

This is the same data as above but now with a baokg and noise level added. This could
for instant represent the read-out noise of argnateng detector.

The black curve is again with extra background rmoide added:

y =10+ 6 + (6% 3) t< 40

y =10+ 2t+ 6 + (6% 3) t>40
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The results are shown below.
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Now we want to determine from this data the momantvhich the data points start to
increase. This can be done by fitting the straggits to linear functions and determining the
intercept. The result is shown in the followinguig:

noise and background simulation

intercepts should be att = 30 30.3

lowest noise

I(a)
high noise

W

low noise 1

30.4
- 30.6
30.5

From this figure we find values of 30.5, 30.6. 3@rd 30.3 seconds while the underlying
mathematics tells us that it should be 30.0 secoRas absence of any systematic tendency
is somewhat counterintuitive. In this simulation se that noisy data doesn’t always have to
inhibit the finding of the intercept. It should beted that only point to point noise is taken
into account here. To be clearer the differenceésden I(t) and I(t+1) and I(t-1). In a real
experiment one has to take into account the intriesor margin as well. This is the margin
that one can determine by repeating the experirmeweral times and then calculating the
average. This is the variation betweg() land ,(t) with n and m indicating different repeats

of the same experiment.

The reason that one still finds the proper interciesp mathematical explainable. The

horizontal part can be represented by:

f(t) = ¢

the other part by:
git)y=c+ at

For the intercepf(t) = g(t) =t=0
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If now a background or noise levét is added it reads like:

f(t) = c #4c;, g(t) = c+at +Acy;
f(t) = g(t); c £4c = c+at + Acy;

NEING

a
Assuming the noise levels in both curves to bestimae at the moment that the increase in
intensity starts we can apply conventional erralysis to this and estimate that the expected
error margin is/2 times a single error margin. So variations in poeition of the intercept
are only due to the higher noise levels which efices that accuracy of the linear fits and
thus the position of the intercept. This ultimatidgds to a larger error margin but not to a
systematic tendency. This is easily verified by eupal simulations.

=>t=

So variations in the position of the intercept ardy due to the higher noise levels which
influences that accuracy of the linear fits andsthiibhe position of the intercept. This
ultimately leads to a larger error margin but moatsystematic tendency.

This is illustrated in the following graph. In thisn fits are shown to different (repeat-) data
sets and from one of the data sets all data poirie. data-sets are created by taking a
constant value of f(x) = 20 and add to that randmise with as maximum 1.5¥20

30 30

10 I I I I

10 ‘ : ‘ ‘ 0 10 20 30 40 50
0 10 20 30 40 50

time

time

In the right hand panel the same data set is shdtva.connected line is the average of the
ten data sets and the line the fit to this data Isetill be clear that the variation in the
position of an intercept with a sloped line wittmgar error margins due to a high noise
levels can vary considerably. These problems aite gquportant at low detector countrates.
(This is off course something that we all know gyeherally prefer to forget since it means
that for taking accurate data we need either teaktthe experiments several times and take
an average or that the data quality should be high)

The method of determination of the exact point whée intensity starts to rise also can have
an influence. In the case that one uses the methtwdo linear intercepts we mathematically
get out the correct answer but it might not be catibype with the underlying physics.

It should be noted that when the changes in seatt@tensity are less than the experimental
statistical noise level any attempt to detect angkds useless.
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Detector technology with respect to spatial resolution

The conventional attitude towards the spatial ngswh of detectors is that ‘the higher the
better’. A slightly modified attitude could saveiigua bit of work and improve results and
ease of data analysis.

In the case that one wants to drill a small hola imall to hang a frame for a photograph one
uses a small electric drill. In the case that om@t® to drill a hole in the ground to look for
oil hidden 5 kilometers (3 miles for the Anglosagpbelow the surface of the earth, one uses
a drill head 1 meter wide (1.1 yard) equipped vgplecial drill bits. Most people understand
this logic but forget it as soon as position sévisiK-ray detectors are being discussed.

Assuming that one is working on a beamline wheeedize of the X-ray beam in the focal

plane of the beamline is approximately 300 micribrese is very little to be gained by using a
position sensitive detector with a spatial resolutimuch better than 300 microns. The
mathematical theory of this was developed someescof years ago by a guy called Nyquist
(1928) and formalized mathematically by Shannohda9 (see reference). Mind you, it does
not hurt to oversample your data but your datas fikéll be larger and might give you the

impression that your spatial resolution is betbantit actually is.

Time resolution

When performing time-resolved experiments thereraa®y experimental aspects that one
has to consider. These range from the suitabifithe X-ray equipment, like detectors, to the

sample environment that one is using. The lattpe@ally deserves attention since in a time
resolved experiment one generally varies a physicehemical parameter in order to study

the response of the sample to this perturbatioe. drbicial aspect here is that this parameter
should be varied in a controlled and uniform way.

Before starting a time-resolved experiment it iparant to check if it is possible to obtain
the information that one needs with the experimesg@ipment that is available. Generally
the real limits can only be determined empiricdliyt by carefully assessing the factors that
influence the time resolution it might be possiflesee beforehand if there is not a parameter
that inhibits the experimenter to perform the ekpent at the time-resolution needed in
order to render relevant results. These paramaters

1 - X-ray flux
With synchrotron radiation sources the flux is defent on the photon energy. The
higher the flux the faster the experiment can bépmed.

2 - detector efficiency
Different types of detectors have different effirmees which are also dependent on
the used energy. Also one should keep in mind soate types of detectors, like
CCD’s, add dark current and read-out noise to tigaat which influences the
dynamic range. A higher efficiency and low noiseelewill have a positive effect on
the achievable time resolution.

3 - maximum countrate a detector can handle
This is dependent on the physical process by wtiiehphotons are detected and on
the associated electronics. If this value is higbrenphotons can be detected in a
single frame and will therefore have a positiveeefffon the time resolution.

4 - read-out time of the detector
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This depends on the number of ‘pixels’ to be readamd on the physical process by
which the detector is read-out. The shorter theebéboise being equal)

5 - attenuation of X-rays by windows around sampié extra background scatter
In some cases this factor can be eliminated byingdaeoth sample and detector in a
vacuum chamber. The smaller this number is theerffaite experiment can be
performed. However, even when X-ray flux is aburida¢tra background scatter will
have a negative impact on the quality of the data.

6 - X-ray contrast
In an X-ray scattering experiment this is the etatidensity contrast giving rise to the
scattering. If the contrast is high one needs ti@ss to obtain a statistical significant
result.

7 - statistical accuracy needed
This parameter depends heavily on which parameteeswants to derive from the
experiment but in general this is also a humarnfa@ome people have ‘the eye of
faith’ and others don’t. The higher this value I thetter the data quality but the
slower the time resolution.

8 - available memory to store the different timenfies
This is a crucial consideration and might be atimgi factor in applications where it
is crucial to use two-dimensional detectors. (Altlo computer memory is cheap
nowadays it is still not trivial to store large datolumes rapidly)

9 — dynamic range
The maximum intensity a detector can detect in @spn with the minimum is
called the dynamic range. In scattering experimessre the intensity generally falls
of at wider angles as the fourth power of the sciat) vector this is not a trivial issue.

All these parameters can be summarized in a symfwinula as follows:

. . read- out x statisticsx attenuatim .
Time resolution= — : x|memory x|dynamicrange
flux x detectorefficiency x maximumcountratex contrast

The higher the ‘value’ of the parameter time regotuthe longer the length of a time frame

and consequently the slower the experiment. Thadu® should, as mentioned in the

previous section, be convoluted with the time saalewhich it is possible to perturb the

sample uniformly. The parameters ‘memory’ and ‘dyi@arange’ act as a type of delta

functions. If these conditions are satisfied thpeziment, regarding this aspect, is possible. If
this is not the case the experiment is not possilille the equipment under scrutiny. The

fastest experiments, using conventional methodsremdcyclic data collection, are at the

moment limited to roughly 0.1 sec/frame. When dawpivith a process that can be accurately
cycled one can play different tricks and the tinesotution can be pushed towards the
millisecond/frame resolution at the expense ofrg vemplicated experimental protocol.

My personal opinion is that for most X-ray scatigriexperiments at the moment the
achievable time-resolution is not necessarily kediby the X-ray beamlines and detectors but
by the speed with which a sample can be pertunba@dcontrolled and uniform fashion.
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