MONITORING FLUCTUATIONS AT A SYNCHROTRON BEAM-LINE USING
MATCHED ION CHAMBERS: 1. MODELLING, DATA COLLECTION, AND
DEDUCTION OF SIMPLE MEASURES OF ASSOCIATION

C.T. Chantler, C. Q. Tran, D. Paterson, Z. Barnea, D. J. Cooksont
School of Physics, University of Melbourne, Parkville, Victoria 3010, Australia
T Australian Nuclear Science & Technology Organisation, Private Mail Bag 1, Menai, NSW 2234

& Chem-Mat-CARS-CAT (Sectol5, Bldg 434D), Argonne National Labatory,9700 S. Cas#venue,
Argonne, IL 60439

ABSTRACT

The flux, brightnessand temporal characteristics of an X-smurce often define itstility for a specific
experiment.However, there arenumerous contributions tthe statistic of a beam as observed by a
particular detector and associated electronics. The significance of these fluctuationsneghfietedywith

a consequenbss ofprecision or accuracy of up to twarders of magnitude. An understanding of the
detected statistior a given arrangement (anthe meandor optimising this)can make the difference
between asuccessfulexperiment and a much molenited investigation. We explain the method for
measuring avide variety ofimportant statistical contributions togh accuracyanddraw attention to the
statistical consequencesagtimisedmonitoring of upstream signals. We disctissuse oftwo matched
ion chambers on a monochromatised bendnagnet beam at thehotonFactory, Tsukuba. This is an
illustration of a general principlglso applicable ta@onventional fixed X-raysourcesfor investigating
simple measures of associationallows quantification of uncertainties of spectrometric measurements,

and also allows these to be minimised.

Keywords: determination of statisticsynchrotronsource, ion chambers, fluctuations and precision

measurements



1. Introduction

Synchrotrongyield the brightest andtrongest fluxes of X-rays amongstrestrialsources.Beam
divergenceand size can therefore be minimisetiile retaininghigh flux, and for third generation
synchrotronsthe coherence anghase of thessourcescan be investigated. Thegwoperties make
synchrotrons ideal testing grounds for structuraéstigationsusing conventional crystallography, XAFS
(X-ray Absorption Fine StructureDAFS (Diffraction Anomalous Fine StructureMAD (Multiple-

wavelength Anomalous Dispersion) and other innovative approaches.

The complex temporal variation of the incident X-ffyx is often a majorlimiting factor in
experiments, particularly aynchrotrons.Variation is due to rapid cycling of trapped electrons or
positrons inthe ring, atmicro-second and nano-secamdescalesorresponding todam revolution and
bunch separatiohs This rapid cycling is only observed idirect investigations of coherericer
picosecond time-dependent diffraction stutiie¥ariation is due to the finitifetime of the beam current,
usually between 1 hour to 60 hours. This lifetime de@aiesfrom one day tdhe next but is stable over

several minutes and is easily corrected for by direct observation before and after a scan.

Further variation is due to noise in the X-ray flux with a timescalgeobnds ominutes,well above
that expectedrom statisticalconsiderations. Faexample, anonochromated undulator fluray be 16°
photons 3, while acorresponding bendingiagnet lineflux may bel€? photons 8 for 5-15keV X-ray
energies. The statistical variation for one second should®be th2 weakecase, or a relative variation of
flux between observations of 10A beam lifetime of 20 hours would result in a decrease in flux.Byx
10° over theone secondhterval. The beam decashould thusdominateover the statisticafluctuation.

However, the observed flux variation in beam-lines is much greater tliaantDreaches 1%.

This additionalnoise arises from dam tuning operationssudden losses (or fills) ahe ring,
physical drift in the beam positiaelative to a collimatorangular ordivergencedrift at monochromators,
andthermal effects on the primary eecondary monochromator crystalmne mustherefore normalise
experimental observations to inciddioix as measured by a monitor count€he methodfor matching
detector characteristics is crucial, and understanding the nature of the noise is ésseptiahising final
results. Wecompare thdlux variation with detailecanalysis of noise contributions the experimental
chain and point out valid and inappropriate methimiisnormalisation. We illustrate the findimiting

precision of such methods, and the new phenomena accessible with optimised investigations.



The flux from a synchrotrondam is conventionalliconsidered tdhave asymmetric Gaussian
distributionwith a simple decay trendyith identical modeand mean. Experimental arrangemeaiisw
investigation of thesassumptionsThe nature of the statistical distribution is linked to the optimised
analytic method. We directlinvestigate the nature of the statisticaise correlation dtween the two
detectors, and measure the correlation of noise between the upstream and downstream detector signals.

correlation dictates the method of analysis and identifies contributions to the experimental statistic.

This work discusses an incident flux passing through (Kaptorjowswith negligible alsorption
into a monitor ion chamber detector. The flupgtially alsorbed bythe ion chamber gas, providing a
normalisation signal. An ‘experimental sample’ downstream is followed by a second matched ion chambe
with the same gas flow. Hence, wee ionchamberdor normalisation andhvestigating the experimental
statistic. Thediscussion will bespecificfor matched ion chambers, benclusions do not depend upon

the detector type - similar results may be obtained with scintillators, PIN diodes and other detectors.

Previous recenstudies have addressecelements ofthis problem inrelation to specific XAFS
experiment$. Their concerns do not address the issues presentedWerkave previouslgiscussed ion
chamber ionisation and detectiprocesses at synchrotrdhand theresponsdunction ofimage plate$.
These studieare relevant tahis paper, but conceptiiscussed in those studies will not lepeated; we

will discuss more general issues and tools for improving experimental methods.
2. Characterisation of detectors

In the high-flux beam of asynchrotron, ion chambers amdely used lecause they cahave low
absorption anatan copewith high fluxes without saturation. The linearity abn chambers is often
unsatisfactory across an energy range of a factor of two or three. Saturation and arcing vagunigh-

flux situations on undulator ID lines at the latest synchrotrons such a8’ AR&;also at NSLS.

Ideal monitor absorption of 10% may be designed hyixaof gases for givenenergy but will be
non-ideal at energies differing by onlykéV. Hence investigations coveringde energy ranges must
change gas mixtures or allow for the changing monitor efficidhay.aninvestigation below keV, pure
nitrogen flow ion chambers at ambigaressure (200 mm ifength) yield an optimum balancetiveen
efficiency and attenuatiofig. 1). Maximising absorption ithe downstream detector is crucialaoid
seriously compromisinghe statistical precisiorDecreasinghe active detection length of the upstream

monitor significantly improves théower energy limit, but has amarginal effect on medium-energy

3



performance. Above 13 keV, pure argon flow ion chambers offer the best balangassmiture is only
useful between 7 and 13 keV. Bel®a7 keV, any argon mixture is too strongéttenuating byorders of
magnitude. We investigafghoton energies from keV to 20 keVand thereforeuse nitrogen-filled ion

chambers, with brief reference to equivalent performance for a 24%/76% argon/nitrogen mixture.

lon chamber linearity depends upon the detector geometry, beam size and alignment, the gas, and
amplifiers. Statistical precision is optimised by increasingfltheand decreasinthe amplification. This
may also optimisahe detector linearity by avoiding saturatimnd background noise. A fluxelow the
saturation limit, amplified t@ive areading near the countidignit, hasthe greatest number of significant
figures. The last few digits may be inaccurate and non-linear. THealification scale of the Keithley
amplifier used in this study was unstable with high noise levels; lower scafeand 08) wereorders of
magnitude more stable. Hencdosver amplification factowith sufficient flux will optimise precision,

linearity and additionally minimise amplifier noise.

lon chambers yield a current, amplified and convertedvoltage as &ount-rate’. It issometimes
stated that they cannbave aphoton-counting statistic. This conclusion is falsevery canponent of a
detector chairadds tothe totalnoise andhe total statistic. The statisticadriation in theincoming flux
contributes directly to theotal statistical variation of the detectddx. The smaller number gbhotons

actually absorbed generates a correspondingly larger statistical variation.

We passover detds of X-ray fluorescencgprocessesvhere photonsare re-emittedand of the
inverseprocesycapture of a photo-electron by an ionised atom to release another X-rayexagpe at
saturationf.We neglect mechanisnfisr loss of cowmersion efficiency to electron-igpairs and therefore
assume a reliable effective energy-per-electron-ion-pair (e.g. 27.2 + 1.8 eV for &lgocg. thedetected

current will have a simple distribution and statistic, from that of the absorbed number of photons.

The amplifier and analogue-to-digital converter contribute electramgewith severalcomponents,
leading finally to the'count-rate’ olserved.Offsets ofelectronic las are added to the detected signal
before amplification.With incorrect electronicoffsets or falty power supplies, these electronic bias
contributions dominatever other errorsources.The relative contribution fromtiming errors is lesshan

10° for counting periods greater than one second.

Readers wittexperience in experimental wowkll find comments regarding saturation aofsets

to be elementantowever, at whatevel dothese various contributiordominate,and how carthis be
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optimised? Our estimates are quantified an experiment at the Australian National Beamline Facility in
Tsukuba, in Table 1, whichlso specifies symbols fahe differentflux measures. We d#gfentiate
between the photon flux after monchromatignthe flux of photons absorbed per seconthenupstream

monitor L, ,0r downstream detectayd,,,,» and the integrated current readings of detectoasd |,
3. Correlation of the detectors

Assuming uncorrelated and Gaussian variation in the two detectors, we have the usualaeligon
standard deviation of the normalised sigp4|,| where |} is the value recorded in the downstredetector,

l,, is the upstream monitor signal, asglando,, are the corresponding standard deviations:
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Each relative detector uncertaintyof/l, and o,/l,,) then involves the quadratusum of all

contributing uncorrelatecelative fluctuations.However, the detector and monit@ignalsare correlated,

with a correlation coefficient R. For R=1, Equation 1 is modified to
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If both signals increased by +10%tlween measurements, then there igemor in the ratio due to

this variation. Similarly, a correlation between detector signals of R = - 1 leads to
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Table 2 is somewhat unique in isolating eight contributions téotaefluctuationsand predicting
their magnitudes for a typical run ANBF usingdata in Table 1.Some contributionare statistical, and
behave as expected for synchrotrons; but some are not Gaussian and behave quite differeritjoBome

Equation (1) and are uncorrelated, while others follow Equations (2) or (3), requiring a different analysis.

The beam-line includeall contributions, and the optimuniata collectionand analysis minimises
some of these componenkdany experiments perform quiteell without this optimisation.Key issues
may beaddressed igimilar ways tathose discusselere, butmore commonly experiments may not be

fully optimised, in which case error bars may be poorly determined. This a primary concern of this paper.



In Table 1, we assume tiplotonsincident on the upstream monitor are attenuatdyg by the gas
inside the monitor before reaching the downstream detector. Thga@irwindowthickness and the
attenuator for the experiment are neglected for simplicity in Table 2. In attenuation measurgmesuts! |

I or |, and |, are oftengiven as | and I. We distinguish parameters to emphasiseuse of

absdown
measured parameters to determine theoretioalributions to statisticahoise. Observed standard
deviations inphotonsare given ass, andag,,, for comparisorwith literature. Predictedfluctuations in

Table 2 are given as relative standard deviatmns o,./I to simplify equations.

Table 2 indicates the expected correlation betweenitor and detectaignals as a function of the
type of fluctuation. The incident beam-flux noise should have a correlation coefficient of etmigeb ion
chambers as both sé® same % change flux. Additional noise due to electron-ion pair numbers are
uncorrelated as the charge amplification in one ion chasfimrld beindependent of that in the other.

Amplifier and conversion noise can be complex, uncorrelated or correlated by power supply faults.

The second row in Table 2 hasegative R: If the upsgam monitorabsorbedan extra 1% of the
incident flux (due to some statistical variation) then the downstream detemoredess flux (1% of the
upstream flux or say 2% dfie downstream flux, if thenonitor alsorbs 50% othe incidentflux). This
statistical contribution will thereforeave a R = —1 diween variations in thepstream and downstream
signals. Thepositively correlatechoise (incident beam-fluxinay be dominated byhis anti-correlated
componentHowever,the slope ofthe correlated component is unity (an increase of 1% incident flux
upstream yields a 1% increase of incidBax downstream)while the anti-correlated componemias a
slopegiven by {/(1-f,) where { is the attenuation fraction inside the monitBlence, except at low

energies whereg £xceeds 50%, the correlated component dominates.

A comparison of statistics of paired detectover different counting periodshouldidentify the
dominant contributions to the final statistic, without unnecessary or invalid assumptignsvestigation
of statistics and noise requires multiple sampling and repeated measurements, to define R. Otherwise th
can be no informed analysis of the results. Isolated measurements mastrgietphccidental correlations

between causally uncorrelated components, but this accidental correlation should be randomly distributed

The last column of Table 2 indicates whetherrtdative contributions from these componemit

vary with olservationsover different timescales. Any (normal) statistical counting contributialh

decrease as/+/'N . The timing error is presumed to be of constant magnitude, so a longer counting period
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will reduce thisrelativeerror. The beam-current decays rouglgarly with time (exponentially with a
small coefficient). The amplifier and conversion noise will depend upon gain and offset, and may result ir

a constant error or contain a statistical component.
4. Effect of correlation on the optimum method of analysis

If the correlation coefficient between the monitor and detesitprals in adataseries is R =1, the
variation of |/, is much greater than the variation of eitheorl,,. So much so, that the correct parameter

to report is the ratio of the means rather than the mean of the ratios, with a considerably reduced variance

D
T,

I Eﬁ% “)

Wm0 ‘EU, 0 o

For a correlation coefficient R, the mean of the ratios has an associated variance of:
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while the ratio of the means has an associated variance of
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For positive R the mean of the ratios should be repontbiie for negative R theatio of the means

should be given. This optimises the use of beam time and the precision of final results.

5. Electronic offsets

Electronic bias offsets lead to observed sighalsandl,  in the absence of any photon flux. The
corresponding noise dominates for low counts and ptadistics,e.g. whenusing avery thick attenuator.

Bias offsets should be measured with the primary measurement. Analogues of Egs (1) and (5) are:
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If 1, andl,, are positively correlated, wahould use Eq. (8)nappropriateuse ofthese equations
will increasevarianceand corresponding errors in resulidowever, toapply Eg.(7) or (8) reliably

requires avoiding drifts in the offset level and determining the electronic offsets to high accuracy.
6. Experimental examples and discussion

These theoretical predictions aaecurate, but do they hayeactical applicationan component
fluctuations be measured and identified? We illustrate tlssses forsimple casesvith observeddata,
and discuss this ithe context of an X-ray attenuation study, following Chantler €t Hhe methods are
independent of the nature of the measurement or detegliods-ray measuremenigvolve scattering or
absorption, so the net benefit is similéwr crystallographic and XAFS determinationdany
crystallographic determinations do not require higlhative precision of intensities or absolute structure
factors todetermine atomic specielgttice groups or atomic locations to moderate accuréiopwever,
accurate determination of temperature factors, bonding, eledtemsity studies, and structural

determinations of organo-metallic molecules all benefit from increased precision.

7: Do consecutive measurements have common meahsdnd ], standard deviations p,,], and

noise distributions? What is the timing error [o,..]? Are fluctuations normally distributed?

time.
Two consecutive scans of data were taken with the ANBF monochromator seked, 2dth each
measurement taking threeconds. The observeabnitor (upstream) percentage standdediations (%
s.d’s) for each of the two 21-point (i.e. 21-measurement) distributiass,/I,, = 1.28x10 and 9x10,
versus the prediction from Table 2 @f/l,, = 1.1x10°V3 = 6.4x10". The twoscansare consecutive but
are disjoint — i.e. they do nbave acommon mean. Any trenolver each scan &f1x3 = 63 seconds is
dominated by noise (short-ternedm fluctuation). Irall cases, the timingeadout is accurate &) /I, =

10° and consistent with a systematic erroogf/l,, = 0.5x10.

The two % s.d’s differ by 40%. The probability oharmal populations.d.greater thari.1x the
samples.d., orless than 0.8x s.ds@mpl@ is aboutl0%:* The normal probabilityof s.d. (pop) = s.d.

(sample) x 1.4 is 0.5%, and thermal probabilityof s.d. (pop) = s.d. (sample) / 1.4 is still only 3.2%.

The two results couldhave the same population s.d., bthis is unlikely (3%) if normal
distributionsare assumed?*® Hence the % s.d’s appear disjoitirther observed distributions suggest
that the distribution imot normal, but that theource ofvariation is consistent betweeneasurements.

This appears true for most beam-lines.



8: Do predictions of noise agree with observed standard deviations,[,0,]?

A typical series of independenfatafor 20 keV is given in Table 3or five different attenuator
samples, togethewvith a‘zero offset’ (i.e. beamoff) test. The downstream (detectogsultsare disjoint
for all attenuators, since they involve different thickness and attenuationsé€@bied and fourth rows are
measurements with no attenuator, and are conjoint for the downstream detector statistgr.pugach of

10-points (10 measurements) of 1 second each. Any trend is dominated by short-term variation.

The range of observed upstream % s.d’s is again 40% so all distributions may agéne lsaree
population s.d. Irrespective of the nature of the distribution, this consistency suggests didtilbi¢ions
are the samePredictions based on Tables 1 and 2, in Table 3, showhthaitio of observed/predicted
variation is abut 1.0 for monitor signals, and perhaps the sdorethe detectodistributions. Hence the
predicted number ophotonsincident on the detectors, and the numbermplbbtons absorbed by the

detectors, appear accurate to within a small factor.

We report theelative orpercentage.d’s of a #ngle measurement,,/l,,, and thecorresponding
relative standard error dfie £an of measurements s.e./log/(1,,VN). Thestandard errogives the best

estimate of the combined measurement precisiod, in the absence of any trend or discontinuiily,

improve with counting time asl—
N’
9: On what time-scale is a trend dominant? Non-normally distributed outliers and consistency

of trends in flux [Oyec,]-

Another series of 2&eV data [Table 4] is identical to that of theevious section butith a
significantly longer timescale. Any tremdthin eachgroup over 10x5 = 50 seconds #ill dominated by
short-term noise. Théme elapsed btweenmeasurementsariesfrom 52 seconds (#1 & #2) to 136
seconds (#4 & #5). The upstream means are significantly different. Here, the approximately linear trend i

time betweergroups in the series dominates over the short-term noise.

Often means are inconsistent due to a trend in the data, as with the beam decay in this example. T
relative s.d’smay still be consistent, indicating a comnsmurce of noise. Then a pooled result will be
superior to individual measurements. It is also posgitaiemeans are consistent but #oeirce of noise

varies, leading to inconsistent % s.d’s in independent scans of data.

In Table 4, observed upstreand’s vary by afactor of two. The probability o$.d. (pop) = s.d.
9



(sample) x 1.4 is only%, while theprobability of s.d. (pop) = s.d(sample) /1.4 is 13% assuming
normal distributions Hence the extreme s.d’s in the monitor measurements apfsgaint. The

probabilities depend upon the number of sampled points.

The dominant outlie(scan #3, s.d. = 308) gominated by a single outlyingoint, removal of
which leads to &.d. (190)and amean(230506) consistenwith the following scan(#4). Hence anon-
normally distributed outlier impaired the comparison and shouletipeved. If the outlier is removed the
range of s.d’s is onlyp0% andall distributions could be consistemtith a common s.d. of 175.

Irrespective of the nature of the distribution, this again implies that the distributions are the same.

The ratio of observed/predicted variation in Table 4.5%5— 1.6 formonitor signals and perhaps
1.4 for detector distributions, suggestihgt thephoton flux (if dominantvas overestimated by a factor

of two. The detector signals are disjoint since the sample attenuator is different for different data scans.

A yet longertimescale is given in Table 5 withsaries of 10 groups afata. Each downstream
measurement has a (slightly) different sample thicknesstemnbliation, so may haisjoint. Wecall this
set ofdata anmeshmeasurement, as the measurements map a rectaggdlaf the thicknessvariation
across the attenuator. Upstream groups appear disjoint. For each 11x20 = 22hsswvahthe noise is
dominated by the trend. In this extreme case, the lkeenped in the middle of the set of measurements.

Individual groups show large decay and fill cycles and trends are clear over 40 — 60 seconds.

Fitting a slope isolates the average decay rate thensymmetric fluctuations. The upstream trend
represents decay ratio pesecond §,,.,] from 5x10° to 11x1C, or from 37x10 to —41x1C for the
dump / fill sections. These trends are consistent for upstream and dowrsgealswith the attenuated

downstream signal corresponding to a s.drgf = 5x10°.

The decay indicates a lifetime from 2.5 td&urs (neglecting thedump /fill sections), rather than
the estimate of 10 hours in Table 2 based upon reported beam-line lifetimes. This reastinable, and

emphasises the utility of quantitative monitoring of beam fluctuations during precision measurements.

In other words, this analysis providedieect measure of theeam performancendependently of
any displayed &am current profile provided by th&nchrotron operators. This observed trend in
delivered flux is of direct relevance to the experiment since the beam current would be affected by trackin

of the beam across a monochromator or collimating slit.

Removing the linear trendiglds reduces s.d’s by a factor of 3 and leads to cgseement
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between predictednd observed %.d’s. We olain the monitor (upstream of ansalbber) summary in

Table 5, and the detector (downstreamnmary in Table 6. Fdhe upstreandata,the sd’s vary by a

factor of 5, even relative to the changing means after refilling. The probabilitpaizal populations.d.

= s.d. éamplé x 1.4 is only 3%, while the probability of s.d. (pop) = s.d. (sample) / 1.4 is AltB6ugh

the linear trend isemoved,the fluctuationsfrom the rate of change of data (decay or refiveen
adjacentpointsare of the same magnitude. TVaiation between theelginning and end of a single 20
seconddata point is a significant contribution to tbeerall variation. Takinghis into account yields
results consistentith a common ratio of observed/predictedriation of abut 1.4 — 1.6 formonitor
signals, suggesting that the absorbed photon flux isthnetifporedicted in Table Zhis is consistenith

the reduction of flux between tests by about a factor of two, due to the decay of the beam. The means a

s.d.’s are disjoint but the basis for the variation is understood.

The attenuated detector sigihas alargerrelative variance thathe monitor signal, as expected.
The increasedelative uncertainty due tphoton counting dominatesver correctionsinvolving the zero
offset anddecay variabilityduring the 20s measurement. The ratio of observed/predicteds.@'s
([oo/lp)obsenvellO0/ bl prediced 1S Nearly 2, significantly ~ larger ~ than  monitor  results
([ow/Nlobservel [Om/ Ml prediced-  ThiS  enhancementarises  from using sequentiaheasurements  of
significantly (1%) different thicknesses of attenuator. Thesgtions (betweepoints)dominateover the

statistical variation and trends. Hence we are measuring thickness variations to better than 1%.
10: What precision do these results imply?

We refer to the data set presented in Tables 5 and 6 (themmeesikirement), and tosacond mesh

measurement of similar quality for a different attenuator sample.

Pooled variancesThe variations in attenuatioacrossthe samplemeshesare 2.2% and 7.6%
respectively. This pooled varianag’ (Eqn 1) givess(I/1,)/( 1/1,,) = 1% or 3% precision, argliggests
that relativeattenuation may be determined 186. This precision is for aandom location on the
attenuatorand is much larger thaior a well-defined location at a specific point of theesh. Many

literature measurements of attenuation are limited at the 1% - 3% level, for this'feason.

Uncorrelated signalsiThe reproducibility at a fixed locatiomust be determined bgdditional
experiments. The upstream monitor and downstream detectancesfollowing the procedureised for

Tables 3 and 4, yiel@os.d’'s of 0.5%and 0.22%, respectively. These estimaesumeuncorrelated
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signals, following Eq. (7). This estimate (Eq. 7) describes a quadrature shemofse in bothdetectors,
which can be appropriate some experimentddowever, wepredict significantnoise componentsith
both positive and negative correlation. The positive correlation dominates in the optimisetesaiked

here, and this uncorrelated estimate of limiting noise is also poor.

Correlated signalsA correct estimate of reproducibiliipr correlatedsignals (etween upstream
and downstream detectors) is given by Eq. (8). Approachindiiiigequires thedetermination of R for
each pair of upstream and downstredata scans, in each experimental arrangement. The actual % s.d.’s
resulting from this approach yield precisions of 0.15% and 0.045% for thesatagets. This pcision
is confirmed by the reproducibility of the extracted rdtam individual paired |}, and |, measurements -

l.e. from the %s.d’s of thel to N measurements of the point-to-point ratio

[(lD Vo )14 1 M,Oﬁ)]j 9)

Allowancefor all correlation [Eq(8) or Eq. (9)] isthe optimal approach, and the net increase by
factors of 7 or 7@espectively inprecision oberved, is dramatic. The difference between thertsgaolts
obtained (0.15% and 0.045%analso be optimised by sampbeeparation, selection arhta collection,

so that an optimised figure of 0.05% for the limiting sample s.d. is quite achievable in many cases.

Standarderrors: The correct reported uncertainty on thean is thestandard error athe ratio, a
factor of 3-5 smader for 10-21datapoints per measurement. Hertbe nominal statistical quality of the

determined ratio should approach a relative standard errog/§,&/(ll/1,,) = 0.03% to 0.01%.
11: What do the noise distributions look like?

To investigate the diribution of noise and not simptiie point estimator@mean,s.d., kurtosis),
we must collect long series of data on time scales maximizing each noise componenttirAdceges at
20 keVcomposed of 19 groups of 11 measurements séconds pepoint (1045 seconds itotal) is
shown in Fig. 2. Thigexhibits the features observed earlier. Byachrotrondecay trend and point
deviations from it are clear, and so isaies of discontinuities arabrrelatedexcursions fronthe trend.
The distribution isrot normal because of the decay. In this relatively quiet set of data, the percentage deca
is about X10° per second, corresponding to a lifetime of 12 hours. We can remove a linear or exponentia
trend fitted to the data. Then the pooled variance (the apparent s.d. of the total set) is much reduced, but

resulting distribution is still not normally distributed, as there are specific discontinwitiesever a
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significant beanmoss orinjection occurred. If these significant discontinuities are raptovedfrom the

data, the resulting noise distribution (the pattern of deviations from the mean) represents a square profile
top-hat distribution. After the trend and discontinuitiesraraovedfrom the data,the data is similar to a
normal distribution [Figure 3]. The width dhfe distribution matches that of @rrespondingnormal

distribution (fit).

However,the distribution width anébs.d. is still significantlytarger than would be predicted on
the kasis ofthe statisticahoise fluctuations ofhe beanflux (Tables 5 and). In other words, there are
three additional large contributions to computed s.d’s revealed binvkesigation. Over medium or long
time-scales the decay becomes dominant; theodtinuous loss (ogain) of flux inthe beam can be
dominant during short time-scales; and the normally-distributed noise distribution is broader than that du
to the estimateflux of photons etering the monitor detector — hence there is an additional normally-

distributed statistical source of noise.

12. Conclusions

The method presented allows investigation of statistical components and correlation of contribution:
to fluctuations in an X-ray source. Wave appliedhis to atypical kendingmagnet beam-linasing ion
chamber detection. The fluctuations are well predicted byusing quoted synchrotroreamfluxes and
beam current decay profileand they are notvell predictedusing a normal distribution plus sample
linear or exponential trenQuoted fluxesanassessome component fluctuations wathin a factor of

two, but omit significant contributions to observed fluctuations.

The operator-provided beam curraetdes notreflect discontinuitiesand fluctuations in the flux
delivered to an experimental hutclye for example to beam-wanderinglative tothe monochromating
andcollimating elements. The deceste, level ofdiscontinuites and additional symmetrically-distributed

noise can dominate over other sources of fluctuation on time-scales between seconds and hours.

Pooled relative standard deviationsogfi ,/1,,)/( 1,/1,,) = 1% - 3% have limited precision in previous
attenuation experiments. With appropriate optimisation and analysis, this uncertainty is redelzgitieto
standard errors s.e\l,,)/( 1,/1,,) = 0.01% to 0.03%. This residurianceappears systematic origin,

and it may be possible to improve this 0.01% precision further through a refinement of our approach.

Flux discontinuities and upstream positively-correlated noise in excess of the photon statistics play

major role in the observed statistic, and predicate proposed routes of experimental setup and analysis. T
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positively correlated upstreavariation was thelominant noiseadditional toour predicted contributions.
The trend of decay or filling of the beam current is not a simple or sraffeth, ashas leen shown. The
statistical distribution revealedfter removal of thedecay trenddiscontinuities and distant outliers is

consistent with a normal distribution.

A companion papét addressethe problems in analysis and correlation raised by this work. One
key issue raised mwhatkind of informationcan be obtained ocomponenstatistical contributions, and

what practical value is afforded by such information?
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