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ABSTRACT

The flux, brightness and temporal characteristics of an X-ray source often define the utility of a particular

beam-line for a given experiment. However, there are numerous contributions to the statistic of a beam as

observed by a particular detector and associated electronics. The significance of these contributions is

often neglected, with a consequent loss of precision or accuracy of up to two orders of magnitude. An

understanding of the detected statistic for a given arrangement (and the means for optimising this) can

make the difference between a successful experiment and a much more limited investigation. We explain

the method for measuring a wide variety of important statistical contributions to high accuracy, and draw

attention to the statistical consequences of optimised monitoring of upstream signals.

We illustrate our theoretical conclusions with the specific example of an X-ray attenuation measurement.

Since all X-ray measurements involve either scattering or absorption (or both), the net potential gain in

precision is similar for all such experiments, including crystallographic and XAFS determinations. We

also use, as an example, observations obtained with ion chambers on a monochromatised bending magnet

beam at the Photon Factory, Tsukuba. We determine the absolute flux incident on an experimental setup

without measuring the absolute photon count. The approach outlined results in an improvement in

precision by almost two orders of magnitude. We point out that the type of statistical analysis described is

not only a post-facto diagnostic tool but, by being incorporated into the experiment on-line, can provide a

real-time optimising intervention in the measurement process.
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Introduction:

Synchrotrons yield the brightest and strongest fluxes of X-rays amongst terrestrial sources. Beam

divergence and size can therefore be minimised while retaining high flux, and for third generation

synchrotrons the coherence and phase of these sources can be investigated. These properties make

synchrotrons ideal testing grounds for structural investigations using conventional crystallography,

XAFS, DAFS, MAD and other innovative approaches.

However, the complex temporal variation of the incident X-ray flux is often a major limiting factor

in experiments. This variation is typically more complex at a synchrotron than at a conventional laboratory

source. Two significant components of this variation are due to the rapid cycling of trapped electrons (or

positions) in the ring, at micro-second and nano-second timescales corresponding to beam revolution and

bunch separations (e.g. Elettra Highlights, 1997), and the finite lifetime of the beam current of between 1

hour to 60 hours, depending on the synchrotron and the particular run. The first type of variation is rarely

observed or important in current experiments, with the exception of direct investigations of coherence

(McNulty, 1999). The second type of variation is smooth and stable over times of the order of seconds or

minutes, is well-known and is easily corrected for by direct observation before, during and after a

particular series of scans.

A third type of variation is due to noise in the X-ray flux, well above the level expected from

statistical considerations, and with a timescale of seconds or minutes. This is significant for most

experiments. As a typical example, a monochromated flux may be of order 1016 photons s"1 for an

undulator, or 1012 photons s'1 for a bending magnet line, at central X-ray energies (e.g. 3-20 keV). As

such the statistical variation in an observation for one second should be of order 106 in the weaker case, or

a variation of the total flux observed from one observation to the next of 10'6. By comparison, a beam

lifetime of 20 hours would result in a decrease in the observed flux by 1.3 x 10'5 over this same one

second interval. The beam decay should thus dominate over the statistical fluctuation. However, the

observed flux variation in any beam-line is in fact much greater than that just quoted, by orders of

magnitude.

It is this last variation, which can be 1% or greater, that compromises many investigations. Its

sources include beam tuning operations, sudden losses (or fills) of the ring, physical drift in the beam

position relative to a collimator, angular or divergence drift at the primary monochromator, and thermal

effects on the primary or secondary monochromator crystals. Whenever this variation is important, one
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must normalise experimental observations to, for example, the monochromated collimated incident flux as

measured by a monitor counter. The method for matching detector characteristics is crucial in this

normalisation, and an understanding of the nature of the noise is essential for optimising any final result.

This paper compares this flux variation with detailed analysis of noise contributions in the experimental

chain and explains correct and incorrect methods for normalisation. We consider the equally important

question of the final limiting precision of such a normalisation, and the new phenomena which can

thereby be investigated. The discussion will concentrate on the use of ion chambers for this purpose.

We arrange the discussion under the following sections:

Review of statistical variations
Characterisation of detectors
Correlation of the detectors
Effect of correlation on analysis
Experimental example and discussion:
A: Do consecutive measurements have the same mean, the same standard deviation, and the same noise
distribution? What is the timing error?
B: Do predictions of noise reflect the standard deviations observed?
C: On what time-scale does a trend become dominant? How consistent is any trend in flux?
D: What precision do these results imply?
E: What do the noise distributions look like?
F: What independent measures of noise are provided by the data, and what do they tell us?
G: What independent noise components can be directly investigated?
H: What are the measured noise and photon contributions to the observed standard deviations?
I: Can we optimise the statistic on-line to the precision required, as we collect data?
J: How to optimise the precision.

Review of statistical variations

Standard questions relating to any observed quantity are usually related to the mean, standard

deviation (a), and variation (trend) with time. If the observed quantity is 'the flux from a synchrotron

beam,' then conventional assumptions are that the distribution has a simple decay trend and is symmetric,

that the mode and mean are identical, and that the distribution is Gaussian. These characteristics have a

direct impact on the final precision of an experiment. The detectors and experimental arrangements used to

analyse the statistical distributions also complicate the analysis, and the nature of the statistical distribution

is directly linked to the most appropriate approach to analyse the data.

The incident flux will pass through (Kapton) windows with negligible absorption, will be partially

absorbed by the gas inside the ion chamber serving as the monitor counter, and will thereby give

normalisation information. The experimental sample is further downstream and is followed by a second

matched ion chamber with the same gas flow. We assume here that the detectors for normalising and
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investigating the experimental statistic are ion chambers. However, most of the conclusions drawn here

are general and do not depend upon these experimental assumptions (Cookson, 1998).

Clearly, we are able to investigate directly the nature of the statistical noise correlation between the

two detectors, and in particular can determine whether the noise in the upstream detector is correlated,

anti-correlated or uncorrelated with that in the downstream detector. We shall show that the nature of the

con'elation dictates the method of analysis and identifies the dominant and contributing components to the

overall statistic of the experiment.

Characterisation of detectors

An ideal detector in this context would be linear over (say) six decades, would not be subject to

saturation, would negligibly attenuate the beam and would be 100% efficient. These characteristics are

clearly incompatible. In the high-flux of a synchrotron ion chambers are widely used because, unlike most

other detectors, they can cope with high fluxes without saturation. However, the linearity of ion

chambers, particularly across a range of a factor of two or three in energy, is extremely dubious.

Saturation and arcing occur, particularly in very high-flux situations on undulator ID lines, at the latest

synchrotrons such as the APS (Wang et al., 1999); but also at NSLS (Chantler & Staudenmann, 1995).

An ideal ion-chamber attenuation of perhaps 10% may be designed by a suitable mix of gases for a

particular energy but may then not be achieved at energies differing even by only 1 keV. In other words,

any investigation covering a wide energy range must either provide for a change of the gas mixture or

allow for the changing efficiency and attenuation inside the ion chamber. For example, for an

investigation below 7 keV, pure nitrogen flow ion chambers at ambient pressure (200 mm in length) yield

the optimum balance between efficiency and attenuation (Fig. 1). Since the count-rate at the downstream

detector will be reduced depending upon the nature of the experiment by perhaps orders of magnitude, it

is critical to maximise the flux absorbed by the downstream detector. Changing the ion chamber length or

the active detection length has a significant effect at the lower energy limit but a marginal effect on the

overall optimisation. Above 13 keV, pure argon flow ion chambers offer the best performance, so a gas

mixture is only useful in the relatively narrow range between 7 and 13 keV. Any moderate mixture of

argon becomes too strongly attenuating, by orders of magnitude, below 5-7 keV. The following

discussion addresses a range of energies from 5 keV to 20 keV and will therefore assume nitrogen-filled

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



Figure 1. Fraction of upstream radiation absorbed by ion chamber composition

(Ar/N2 mixtures) as a function of energy, for specific paired ion chambers in series.

Counting rates drop by three or more orders of magnitude if not appropriately

optimised.
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The linearity characteristics of the detectors depend upon the geometry of the ion chambers, the size

and alignment of the beam, the gas, and the amplifiers. We will cite the use of Keithley amplifiers.

Linearity and statistical precision are quite independent, but both are often optimised in the same manner.

For example, a flux which doesn't quite saturate either the monitor ion chamber or the detector but is

amplified to give a reading near the counting limit has the greatest number of significant figures recorded.

The last few digits may be inaccurate and non-linear. Statistical precision would be improved by

increasing the photon flux and perhaps decreasing the amplification factor. This may also optimise the

detector linearity by avoiding saturation in the ion chambers. In the experiments discussed below, the 1010

amplification scale was found to be unstable and have high noise levels, while the lower scales (109 and

108) were orders of magnitude more stable. This supports the lowering of the amplification factor if the



flux is sufficiently strong, in order to optimise precision, and in this case to additionally minimise

amplifier noise.

Since ion chambers only yield a current, amplified and converted to a voltage as a 'count-rate', it is

sometimes stated that they therefore do not have a photon-counting statistic. This claim is false - every

component of a detector chain either provides a limiting statistical precision or adds to the total noise, and

hence to the total statistic. In an ideal ion chamber operation, the statistical variation in the incoming flux

contributes directly to the total statistical variation of the detected flux, as shall be seen below. The number

of attenuated photons, which is a smaller number, generates a correspondingly larger statistical variation.

Table 1: Fluxes for a

Synchrotron output flux

photons s"1 (0.1% bandwidth)'1

ANBF estimated beamline flux

after monochromation

Attenuation inside 200mm N2

ion chamber, 1 Atm

Photons absorbed per second

by upstream ion chamber

Photons absorbed per second

by downstream ion chamber

typical beam-line
Energy

K
(c.p.s.)

Aion

absup

absdown

5keV

10"

109

0.5

5.0 x 108

2.5 x 108

lOkeV

10"

109

0.076

7.6 x 107

7.0 x 107

20keV

10'°

108

0.008

8 x 105

8 x 105

We pass over the details of X-ray fluorescence processes where photons are re-emitted, and of the

inverse process of absorption of a photo-electron by an ionised atom to release another X-ray (rare except

at saturation) (see e.g. Chantler and Staudenmann, 1995). We also neglect wall effects and similar

mechanisms for loss of conversion efficiency to electron-ion pairs. We therefore assume that there is a

reliable effective energy-per-electron-ion-pair (e.g. 27.2 ± 1.8 eV for pure argon). Hence the number of

electrons will have a distribution and statistic, determined by the variation in the absorbed number of

photons.

The amplifier and analogue-to-digital converter contribute electronic noise with several components,

leading finally to the 'count-rate' observed and recorded. Offsets of electronic bias are added to the

detected signal before amplification. With incorrect electronic offsets or faulty power supplies, these
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electronic bias contributions dominate over all other error sources. For any given counting time, there will

also be a contribution from any timing error, but for counting periods greater than one second this relative

error is less than 10"6.

Saturation of the ion chamber can have a serious effect on results and must therefore be avoided;

other factors like air absorption can be important in particular regimes (e.g. low energies). These estimates

are quantified and tabulated for an experiment at the Australian National Beamline Facility in Tsukuba, in

Table 1.

Correlation of the detectors

Given the requirement for normalisation, and assuming uncorrelated and Gaussian variation in the

two detectors, we have the usual relation for the standard deviation of the normalised signal ID/IM, where

ID is the value recorded in the downstream detector and IM is recorded in the upstream monitor:

\ ( 1 )

Each detector measurement (ID and IM) would involve the quadrature sum of all uncorrelated relative

fluctuations listed in Table 2. We differentiate between the actual flux of photons after monchromation Iup,

the flux of photons absorbed per second in the upstream monitor Iabsup or downstream detector Iabsdown,

and the integrated current reading recorded by the detectors IM and ID. In Table 1, we take the simple case

where the photons incident on the upstream monitor are attenuated only by the gas inside the monitor

before reaching the downstream detector. Hence the air gap, window thickness and the attenuator or the

experiment (described later) are neglected in Table 2 for simplicity. For attenuation measurements Iabsup

and Iabsdown, or IM and ID are often given as Io and I. We distinguish the parameters to emphasise issues,

below, of the linearity of response and the use of measured parameters to determine theoretical

contributions to statistical noise.

Observed standard deviations (in photons) are correspondingly given as aD and oM, for ease of

comparison to literature measurements. Predicted fluctuations listed in Table 2 are given as percentages or

relative standard deviations O"rd = O"abs/I to simplify equations.

The last column of Table 2 indicates whether the relative contributions from these components will

increase, decrease or remain unchanged with observations over different or longer timescales. Any



(normal) statistical counting contribution will decrease as l/*fN. The timing error is presumed to be of

constant magnitude, so a longer counting period will reduce this relative error. The beam-current decays

roughly linearly with time (exponentially with a small coefficient). The amplifier and conversion noise

will depend upon gain and offset, and may result in a constant error or contain a statistical component.

Table 2 indicates the expected correlation between monitor and detector signals as a function of the

type of contribution to variation. Any variation in the incident beam-flux should have a correlation

coefficient of unity, as both detectors should see the same increase or decrease in flux. The additional

fluctuation of the electron-ion pair numbers should be uncorrelated, as the charge amplification in one ion

chamber should be statistically independent of the amplification in the other. The amplifier and conversion

noise has several components which may be either con-elated by power supply faults or (preferably)

uncorrelated.

If the upstream monitor absorbed an extra 1% of the incident flux (due to some statistical variation)

then the downstream detector must receive correspondingly less flux (1% of the upstream flux or say 2%

of the downstream flux, if the monitor absorbs 50% of incident radiation). This statistical contribution

will have a correlation coefficient of-1 between variations in the upstream and downstream signals. The

positively correlated (incident beam-flux) contribution may appear to be dominated by this anti-correlated

component. However, the slope of the correlated component is unity (an increase of 1 % incident flux

upstream will also yield a 1 % increase of incident flux downstream) while the anti-correlated component

has a slope given by f,/(l-f,) where f, is the attenuation fraction inside the monitor. Hence, except at very

low energies where f, exceeds 50%, the correlated component dominates.

As a result, a comparison of statistics of paired detectors over different counting periods should

identify the dominant contributions to the final statistic, without unnecessary or invalid assumptions. In an

experiment, any investigation of these factors requires multiple sampling and repeated measurements.

Without this there is no defined correlation coefficient R, and hence there can be no informed analysis of

the results. Any small sample may indicate quite strong accidental correlations between some of the

components predicted to be uncorrelated, but this random noise should be positive in one sampling, and

equally negative in another.



Table 2: Predicted fluctuations (1 s.d., arel = crabs/I) from various sources, based on

the assumptions in Table 1 and in the text:

Statistical contribution from

incident flux on upstream

monitor (1 second count)

Statistical contribution from

absorbed flux on upstream

monitor; and effect on

downstream detector

Statistical contribution from

absorbed flux on downstream

detector

Additional fluctuation of

electron-ion currents (circa 16

eV per ion pair)

Timing error (10 jus estimated)

Decay of flux from current

lifetime (10 hours lifetime

assumed)

Amplifier and conversion noise?

s.d./I,

°up

^absup'

^updowu

^absdown

ionup

CTlime

^decay

amp

Energy

5keV

3.2 x 1 0 '

4.5 x 10"';

4.5 x 10"'

6.3 x 10"'

4 x 10"'

JO"5

2.6 x 10"'

10 '

Energy

10 keV

3.2 x 10"5

1.1 x 10"4;

9.5 x 10"6

1.2 x 10"4

4.8 x 10"'

10"'

2.6 x 10"5

10"'

Energy

20 keV

10"4

l . lx 10"J;

9.5 x 10"*

1.1 x 10"'

3.1 x 10-'

io-'

2.6 x 10"5

10"'

R : anticipated

correlation

coefficient

between

detectors

1

-1

0

0

1 (single pulse);

0 (counters not

synchronised)

1

0, ±1?

Reduction of

s.d./I for 100

second counting

time, relative to

1 sec counting

xlO1

xlO"1

xlO"1

xlO"1

xlO"2

xlO2

xl

Effect of correlation on analysis

Equation 1 would be modified for a correlation coefficient R= 1 to the form

V*
a M (2)



If both signals increase by +10% for a given point, then the error in the ratio due to the variation

between measurements would be zero. Similarly, a correlation between detector signals of R = - 1 would

lead to

In
(3)

In the R = -1 case, the variation of 1^^ is much greater than the variation of either ID or IM. 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:

'<„ (4)

In general, for a positive R, one should report the mean of the ratios, and the associated variance is:

o,
£- 2M (5)

lM

while for a negative R, one should report the ratio of the means, with an associated variance of

o\, + 2R (6)
'M

Electronic offsets:

We have neglected subtraction of electronic offsets from Eqs. (1) through (6). These bias offsets

lead to observed signals /Motr and /Doff in the absence of any photon flux, and hence contribute to the

overall noise. They are most significant when statistics are very poor, such as when a very thick

attenuator is used. The bias offsets should be measured before or after the primary measurement. If,

following Eq. (1), we assume all measurements to be uncorrelated, then

\ 2

YD ~ 'D.iiff)'\'M ~ *M,oJl \'D~'D.OJ))

.off | (7)

while if we assume positive correlation between /D and /M, following Eq. (5), we have:
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Incorrect application of these equations will increase the apparent variance, with possible shifts in

final results.

Experimental example and discussion:

We illustrate these issues with observed data in a variety of forms, and relate these to the questions

listed in the introduction and repeated explicitly below. We discuss this in the context of an X-ray

attenuation measurement. This follows on the work of Chantler, Barnea, Tran, Tiller & Paterson (1999),

but is independent of the nature of the measurement, or the nature of the detectors. Since all X-ray

measurements involve either scattering or absorption (or both), the net benefit for all such experiments is

similar, including crystallographic and XAFS determinations. Many crystallographic determinations do

not require high relative precision of intensities or high absolute structure factors in order to determine

atomic species, lattice groups or atomic locations to moderate accuracy. However, accurate determination

of temperature factors, bonding arrangements, electron density studies, and structural determinations of

complex organic molecules all benefit from the increased precision.

A: Do consecutive measurements have the same mean, the same standard deviation, and

the same noise distribution? What is the timing error?

A typical result is illustrated by two consecutive sets of data taken with the monochromator set to

20 keV. The observed monitor (upstream) percentage standard deviations (% s.d's) for each of two 21-

point (i.e. 21-measurement) distributions of 3 seconds each was oM/IM = 1.28xl0'3 and 9xlO'4, versus the

prediction from Table 2 of aM/IM = l.lxlO'W3 = 6.4xlO"4. The two sets are disjoint - they do not have a

common mean. Any trend over 21x3 = 63 seconds is dominated by the noise (short-term beam

fluctuation). In all cases, the timing readout is accurate to 8lim/IM = 10"5 and consistent with a systematic

error of atime/IM = 0.5x10s.

The % s.d's vary by 40%, while the probability of a normal population s.d. greater than 1. lx s.d.

(sample), or less than 0.8x s.d. (sample) is about 10%. The probability of s.d. (pop) = s.d. x 1.4 is only

0.5%, while the probability of s.d. (pop) = s.d. / 1.4 is 3.2%. The two results may therefore have the



same population s.d., but this is unlikely if normal distributions are assumed (see e.g. Abramowitz &

Stegun, 1970 or Ito, 1987). Hence the % s.d's quoted appear disjoint. Observed distributions suggest

that this result is explained by the distribution not being normal, but with the source of variation being

consistent between the examples.

B: Do predictions of noise reflect the standard deviations observed?

A typical series of independent data for 20 keV is given in Table 3 for five different attenuators,

and a 'zero offset' (i.e. beam off) test. The downstream (detector) results are disjoint for all attenuators,

since they involve different thickness and attenuation. (The second and fourth rows are measurements

with attenuators removed; and are in fact conjoint for the downstream detector statistic.) Each group is of

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

The range of observed upstream % s.d's is 40% so all distributions may again have the same s.d.

Irrespective of the nature of the distribution, this suggests that the distributions are the same. Predictions

in Table 3 show that the ratio of observed/predicted variation is about 1.0 for monitor signals, and

perhaps the same for the detector distributions. Hence the predicted number of photons incident on the

detectors, and the photons absorbed by the detectors, appear accurate to within a small factor.

Table 3: Observed fluctuations for 5 independent groups of data, each composed

of 10 repeated measurements of / second duration, as explained in the text, section B

(compared to the prediction based on Table 2)

Summary Table: Different
Targets
Monitor (upstream) results
Monitor
Mean l¥

35320.6

34816.5

34682.6

34583.9

34513

s.d.

51.90

36.73

37.60

36.35

51.93

s.d./IM

xl0 J

1.47

1.05

1.08

1.05

1.50

s.e./ IM

xlO1

0.465

0.334

0.343

0.332

0.476

Predicted:
Table 2, with
no offset correction

s.d./lM

xlO3

1.10

1.10

1.10

1.10

1.10

observed
/predicted

1.34

0.96

0.99

0.96

1.37

Detector (downstream) results

Detector
Mean I,,

5504.2

33874.3

1551.7

33664.4

20268.9

s.d.

8.01

43.72

2.87

40.47

35.45

s.d./ID

xlO3

1.46

1.29

1.85

1.20

1.75

s.e./ ID

xlO3

0.460

0.408

0.585

0.380

0.553

Predicted:
Table 2, with no
offset correction
s.d./ID

xlO3

2.73

1.10

5.12

1.10

1.42

observed/
predicted

0.53

1.17

0.36

1.09

1.23

With zero
Offset
(Eq. 8)
s.d.
/In XlO3

2.93

1.10

7.52

1.10

1.43

It is useful to estimate both the relative or percentage s.d's of a single measurement, <JM/IM, and the

corresponding relative standard error of the set of measurements s.e./I = GM/(IMVN). The standard error

gives the best estimate of the final precision of the combined measurement, and also indicates the

improvement afforded by a longer collection time.



Table 4: Observed fluctuations for 5 independent groups of data, each composed

of 10 repeated measurements of 5 seconds duration, as explained in the text, section C

(compared to the prediction based on Table 2)

Summary Table: Different
Targets
Monitor (upstream) results

Monitor
Mean IM

229383

229398
230586

230496
232254

1781

s.d.

136.59

150.72
308.68

210.23
193.77

3.77

s.d./IM

xlO4

5.95
6.57
13.4
9.12
8.34
21.2

s.e./ IM

XlO4

1.88

2.08
4.23
2.88
2.64
6.70

Predicted: Table 2,
absorbed flux, no
decay contribution,
no zero offset
s.d./IM

xlO4

4.92

4.92
4.92
4.92
4.92

observed
/predicted

1.21

1.34
2.72

1.85
1.70

Detector (downstream) results

Detector
Mean I(>

128834

222357

16786
223372
147524

4250

s.d.

88.4J

132.2(

22.3^
214.2f
127.5(

2.2(

s.d./ID

XlO4

6.87

5.95

13.3
9.59
8.64
5.32

s.e./ I]:>
XlO4

2.17

1.88
4.21
3.03
2.73
1.68

Predicted:
Table 2, with no offset
correction

s.d./1,, xlO4

6.46

4.92
17.9
4.92

6.05

observed/
predicted

1.06
1.21
0.74

1.95

1.43

Predicted:
with zero
offset (Eq.
8)
s.d.
/In XlO4

6.51
4.92
20.6
4.92

6.08

C: On what time-scale does a trend become dominant? How consistent is any trend in

flux?

This is illustrated with another series of 20 keV data [Table 4], exactly as in section B but with

each group of 10 measurements of 5 seconds each - i.e. a significantly longer timescale. Any trend within-

each group over 10x5 = 50 seconds is still dominated by the noise (short-term variation). The time

elapsed between measurements #1 & #2 is 52 seconds; while that between the end of #4 and the

beginning of #5 is circa 136 seconds. The upstream means are disjoint - i.e. significantly different. The

approximately linear trend in time between groups in the series dominates over the short-term noise.

One of the purposes of this discussion is to observe whether the means and relative standard

deviations of the signal are consistent in different measurements. Often the means are inconsistent due to a

trend in the data, as with the beam decay in this example. The relative s.d's may still be consistent, which

would indicate a common source of noise and hence improvement of a final result by comparison with

individual measurements. Alternatively, the means may be consistent but the source of noise may vary,

leading to inconsistent % s.d's in independent sets of data. In all cases, it is the consistency of

independent sets of data which is the best indicator of the final precision of any result.

In this case, observed upstream s.d's vary by a factor of two. The probability of a population s.d.

greater than l.lx s.d.(sample), or less than 0.8x s.d.(sample) is about 20%, so is possible but unlikely if

normal distributions are assumed. The probability of s.d. (pop) = s.d. x 1.4 is only 3%, while the

probability of s.d. (pop) = s.d. / 1.4 is 13% with the same assumption. Hence the extremes of s.d's



quoted on the monitor measurements appear disjoint. The dominant outlier (s.d. = 308) is dominated by a

single outlying point, removal of which leads to a s.d. = 190 and a mean of 230506. Both of these are

consistent with set #4, implying that a non-normally distributed outlier impaired the comparison and

should be removed. If the outlier is removed the range of s.d's is only 50% and all distributions could

have the same s.d. of 175. Irrespective of the nature of the distribution, this suggests that the distributions

are the same.

This in turn suggests that the ratio of observed/predicted variation is about 1.5 - 1.6 for monitor

signals, but slightly less (perhaps 1.4) for the detector distributions. The latter signals are however

explicitly disjoint since the sample attenuation is different for different data sets.

A yet longer timescale is given in Table 5 with a series of 10 groups of data, 11 measurements per

group and 20 seconds per measurement. Here each downstream measurement has a (slightly) different

sample thickness and hence attenuation, so may be disjoint. We call this set of data a mesh measurement,

as the measurements map a rectangular grid of the thickness variation across the attenuator.

Upstream groups also appear disjoint. For each 11x20 = 220 second interval, the noise is

dominated by the trend. In this extreme series, the beam dumped in the middle of the set, so individual

groups show large decay and fill cycles. These trends are clear even on a 40 - 60 second timescale.

Fitting a slope allows the average decay (or fill) rate to be isolated from the s.d. of the random noise

distribution.

The upstream trend represents a decay ratio per second from 5xlO"6 to llxlO"6, neglecting the

beam dump and fill sections, or from 37x10"6 to -41xlO"6 for the dump / fill sections. These trends are

consistent for upstream and downstream signals, with the attenuated downstream signal corresponding to

a s.d. of around 5xlO"6. Removing this linear trend reduces the computed s.d's by a factor of 3 and leads

to close agreement between predicted and observed % s.d's. The decay is consistent with a lifetime from

2.5 to 5 hours (neglecting the dump / fill sections), rather than the estimate of 10 hours in Table 2 based

upon reported beamline lifetimes. This result is quite reasonable, and emphasises the utility of quantitative

monitoring of beam fluctuations during precision measurements.

After removal of the linear trends, we obtain the monitor (upstream) summary in Table 5, and the

detector (downstream) summary in Table 6, with an absorber placed between the two. For the upstream

data, the s.d's vary by a factor of 5, even relative to the changing means after refilling. The probability of



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

11%. Although the linear trend is removed, the fluctuations from the rate of change of data (decay or

refill) between adjacent points are of the same magnitude. The variation between the beginning and end of

a single 20 s data point is a significant contribution to the overall variation. If this decay is taken into

account, we find that results are consistent with a common ratio of observed/predicted variation of about

1.4 - 1.6 for monitor signals, which suggests that the actual absorbed photon flux is about half that

predicted in Table 2. Noting the results of section B and Table 3 above, this is consistent with the

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

means and s.d.'s are disjoint, the basis for the variation is therefore understood.

Table 5: Observed fluctuations of the upstream monitor for 10 independent groups

of data, each composed of 11 repeated measurements of 20 second duration, after

removal of linear trend, compared to predictions from Table 2

Row

# - 4
# - 3

# - 2
#-1
# 0

#1
#2
#3c
#4
#3a

Summary Table:
Mesh Measurement
Monitor Measurements

Monitor
Mean IM

559172
558313
557531
556771
555846
554669
553788
892133
896156
552816

s.d.

155.489
280.38

369.649
298.562
203.052
262.594
236.821
1518.08
697.148
327.336

s.d./IM
xlO4

2.78
5.02
6.63
5.36
3.65
4.73
4.28

17.00
7.78
5.92

s.e./ IM

xlO4

0.838

1.51
2.00
1.62

1.10

1.43
1.29
5.13
2.35
3.42

Predicted: Table 2,
absorbed flux, no decay
contribution, no zero
offset
s.d./ IM xlO4

2.46
2.46
2.46
2.46
2.46
2.46
2.46
2.46
2.46
2.46

observed
/predicted

1.13
2.04
2.70
2.18
1.49
1.92
1.74
6.92
3.16
2.41

Average
slope in
time series

Decay
Per 20s

-87.8364
-55.80

-114.75
-70.01
-68.05

-128.75
-58.03

-696.10
763.96

-183.50

Decay
contribution:
linear
estimate
s.d./IM xlO4

1.57
0.999

2.06
1.26
1.22
2.32
1.05
7.80

-8.52
3.32

Predicted:
with decay
contribution,
no zero offset
observed
/predicted

0.95
1.89
2.07
1.94
1.33
1.40
1.60
2.08
0.88
1.43

The detector readings are also consistent. The attenuated signal is expected to have a larger relative

variance, and this is observed. The increased relative uncertainty due to photon counting dominates over

corrections involving the zero offset and the allowance for the variability of decay during the 20 s

measurement.

The final ratio of observed/predicted % s.d's is consistent with a value of 2, quite disjoint from the

earlier detector results, and inconsistent with the earlier monitor results. This enhancement of noise is due

to the fact that we are measuring significantly different thicknesses of attenuator for each point in this data

series, and these variations (between points) dominate over the statistical variation and trends. Hence the



data is sufficiently precise to measure thickness variation of the magnitude observed (in this case, to 1%

or better).

Table 6: As for Table 5, but for the downstream detector.

Summary Table: Mesh Measurement
Detector Results

Detector
Mean Iu

48932.9
48455.5
47789.4
47218.6
46834.1
46746.6
46967.6
65591.7
66197.3

47023

s.d.

144.32
154.31
93.17
99.60

123.75
128.19

87.98
151.23
155.61
35.59

s.d./ ID

xiO3

2.95

3.1S
1.95;
2.11
2.64
2.7'
1.87
2.31
2.3J

0.757

s.e./ ID

xlO4

8.8S
9.6C

5.8£

6.3C
7.97
8.27
5.6E
6.9£

7.OS

2.2£

Predicted: no decay
contribution, no zero
offset

s.d./ 1D

xlO4

8.31
8.35
8.40
8.45
8.47
8.47
8.45
9.07
9.05
8.43

observed
/predicted

3.55

3.81
2.32
2.50
3.12
3.24
2.22
2.54
2.60
0.90

Predicted: no decay
contribution, but with
zero offset (Eq. 8)

s.d./ ID

xlO3

1.01
1.02
1.03
1.04
1.05
1.05
1.04
1.04
1.04
1.04

observed
/predicted

2.91
3.12
1.89
2.03
2.53
2.62
1.80
2.21
2.26
0.73

Predicted: with decay
contribution, and
zero offset
observed /predicted

2.88

3.11

1.85

2.01

2.51

2.56

1.79

1.77

1.75

0.69

D: What precision do these results imply?

The data set summarised in Tables 5 and 6 may be analysed in several ways. We refer in this

section to this data set (the mesh measurement), and to a second mesh measurement of similar quality for

a different attenuator sample.

The variations in attenuation across the sample meshes are 2.2% and 7.6% respectively. This

simple distribution of measurements would suggest that relative attenuation may be determined to 1% and

3% respectively (e.g. using Eqn 1). This pooled variance aP
2 actually gives aP(ID/IM)/( ID/IM) = 1% or 3%

precision for a measurement at a random location on the attenuator sample concerned, which is a much

larger variation than for an experiment with the location of the photon beam well-defined on a specific

point of the mesh.

A complete analysis requires a parallel investigation at a fixed location to determine the

reproducibility of an individual measurement. The upstream monitor and downstream detector variances

resulting from these tests, following the procedure used for Tables 3 and 4, imply %s.d's of 0.5% or

0.22% levels, respectively. These estimates assume uncorrelated signals, following Eq. (7), but we have

explained that we predict significant noise components with both positive and negative correlation. This

estimate of Eq. (7) describes a quadrature sum of the noise in both detectors, which may be the limiting



precision in some experiments. In the experiment described here, however, the positive correlation

dominates and this estimate of limiting noise is also poor.

A correct approach to the estimation of precision is given by Eq. (8), or equivalently by the

predicted results represented by Eq. (13), below. Note that this requires the assessment of the correlation

coefficient R for each pair of upstream and downstream data sets, in every experimental arrangement. The

actual % s.d.'s resulting from this approach yield precisions of 0.15% and 0.045% for these two

illustrated examples, after taking all correlations into account. This precision is confirmed by the

reproducibility of the extracted ratio from individual paired IM and ID measurements - i.e. from the %s.d's

of the y=i to N measurements of the point-point ratio

(9)

This proper inclusion of all correlation [Eq. (8) or Eq. (9)] is the only correct approach in these

situations, and the net increase in precision observed, by factors of 7 or 70 respectively, makes a dramatic

difference to the overall precision of any result obtained.

The correct reported uncertainty is the standard error of the ratio, which is typically a factor of 3-5

smaller (for 10-21 data points per measurement). Hence the nominal statistical quality of the determined

ratio should approach a relative standard error s.e^lp/ljj/t ID/IM) = 0.03% to 0.01%.

Figure 2: Time series of long-term monitor signal.
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E: What do the noise distributions look like?

If we want to explicitly investigate the distribution of noise, and not simply the point estimators

(mean, s.d., kurtosis etc.), then we must collect long series of data on time scales maximizing each noise

component. A long time series at 20 keV composed of 19 groups of 11 measurements of 5 seconds per

point (i.e. 1045 seconds in total) is shown in Fig. 2. This series exhibits the same consistent features

observed earlier. By plotting all the data, we observe the synchrotron decay clearly. This trend and point

deviations from it are clear, and so is a series of discontinuities and correlated excursions from the trend.

The distribution is not normal because of the decay. In this relatively quiet set of data, the percentage

decay is about 2x10~5 per second, corresponding to a lifetime of around 12 hours. We can remove a fitted

linear trend through the data. Then the apparent s.d. of the total set (from the pooled variance) is much

reduced as the trend is clearly dominant on this time scale. The resulting distribution is still not normally

distributed, as there are specific discontinuities when a significant loss occurred in the beam (or some

injection or optimisation during refills). If these significant isolated losses are not removed from the data,

the resulting noise distribution (the pattern of deviations from the mean) represents a square profile or top-

hat distribution.

Figure 3: Observed distribution of noise after removal of linear trend and discontinuity.
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After the trend and discontinuities are removed from the data, the data does appear to be

distributed in a manner similar to a normal distribution [Figure 3]. The width of the distribution matches

that of the corresponding normal distribution (fit).

However, the distribution width and %s.d. is still significantly larger than would be predicted on

the basis of the statistical noise fluctuations of the beam flux (Tables 5 and 6). In other words, there are

three additional large contributions to computed s.d's revealed by this investigation. Over medium or long

time-scales the decay becomes dominant; the discontinuous loss (or gain) of flux in the beam can be

dominant during short time-scales; and the normally-distributed noise distribution is broader than that due

to the estimated flux of photons entering the monitor detector - hence there also appears to be an

additional normally-distributed statistical source of noise.

F: What independent measures of noise are provided by the data, and what do they teil

us?

The experimental geometry discussed actually allows four iitdependent parameters to be measured:

the noise in the upstream ion chamber aobsup; the noise in the downstream ion chamber oobsdown; the

correlation coefficient between the two chamber readings R^^,,; and the standard deviation cjobsratio of the

point-point ratio [defined by Eq. (9)]. These all measure some combination of these noise components,

but with different weights, and thus allow access to different combinations of noise components. This is

explained by the equations below, where reference is made to the relative s.d's for one-second

measurements as predicted in Table 2 and observed in Tables 7-8.

obsup ^^^ f.rcl uecttx ^"^ time zvroup V tip ubsup totittp /
i component

(a
2

 + (T2 +(T
2

 +(J
2 Y / _ / >

2 _ V^ _ l _ _2 , 2 , _2 , ^ up ^updown absdown ' w iondown D.blank D.off
obsdown / 1 i n»l decay lime zei'odown . II r f

i component \ ' / \ ' D D.off

( 1 \

(T — a (7 1
up absup upaown)2

r> AT component i componentj ^
updown ^ . ^ . __ _

x v ohxup ohsuown obsup obsaown

*D,bl«"k *D

ID-ID*
(12)



ohsratio
a
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ionup . V iondomi abxdown ) \ * D,blank D,oj

_ _ _
>ff

ahsuj) updown
*D.bl«nk D,off
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The percentage standard deviations (coefficients of variation) from zero offset noise, Gzeroup and

azerodown> a r e computed from their absolute standard deviations, divided by the actual detector or monitor

counts with the beam on, /M or /D respectively. The attenuation factor involving ID (counts) is computed

from experimental values, and requires a measurement of the straight-through beam (i.e. no attenuator

D̂ wank) f° r e a c ^ attenuated measurement. The approximations in Eqs (12) and (13) are very good when no

accidental correlations occur between components which are causally uncorrelated. This can occur if a

very thick attenuator is placed between the detectors when the uncorrelated downstream noise dominates

and the signal is also very weak. Under these conditions an accidental correlation between this

'uncorrelated' component and some other may become significant and lead to a correlation coefficient of

±0.5 or so. In what follows, we assume that this is not the case.

Because of the large variability of the decay trend, a short-term and a long-term estimate were

generally compared to determine the apparent standard deviation of the pooled variance due to the trend,

and hence the actual standard deviation underlying the trend:

\<J.
udean ~

obseireJ short—term trend

<yobserved IWR -term trend

xl, if trend removed

x
I'2- N + l

(14)

N-l
-, for N observations if trend not removed

G: What independent noise components can be directly investigated?

The upstream noise signal weights each source of variance equally, so that all variances combine

to give the total. The attenuation sample leads to the relative statistical noise components in the

downstream noise increasing with the decrease in flux, while the other contributions to the downstream

noise are unaffected. The zero offset noise may dominate in the downstream variance, for strongly

attenuating targets. The correlation coefficient gives the ratio of the positive (minus negative) correlated

noise contributions compared to the total. The point-point ratio o~obsralio omits positively correlated



contributions, and is therefore composed only of uncorrelated and anti-correlated components. The

balance between these contributions changes significantly as the monochromated X-ray energy varies, for

example from 5 keV to 20 keV, allowing exploration of particular components at different energies.

Hence the timing error, the decay trend, short-term discontinuities in flux, the negatively

correlated components, the positively correlated components and the uncorrelated components may all be

separated and investigated. At some level a suitable model-based assumption will be invoked, but in

general this can be tested against the data.

Errors in the model presented here could involve omitted noise components, incorrect or inadequate

description of the correlation matrix, incorrect scaling of components with time, overestimated

components or incorrect relative magnitudes of components. However, the consistency of the model

predictions for all results, for absolute s.d's varying by factors of over 100, strongly confirms most of the

details of this discussion at the level claimed.

The component percentage s.d's are simply related to the total fluxes:

a-'=ih <15)

&absup = I, ~ I, . •- (1°)

ionup I

bsdmvnl ^ IupAon AiiA'- ~ Aon )

T _ Am
updown | j

H: What are the measured noise and photon contributions to the observed standard

deviations?

The tests conducted are summarised in Table 7. The range of observed relative s.d's in the

upstream monitor, the downstream detector and the point-point ratio are given in Table 7, together with

the correlation coefficient R. This includes a scaling with time, as represented by the model. Our method



can determine the incident flux to c(I)/I = 20%, for fluxes varying by factors of 40 and of different

energies. However, this relates to our observed upstream measurements - the method should be valid for

much larger ranges of flux.

Table 7: Measured fluxes for one-second counting times and summary of

estimated precision of each measurement, consequent on the extensive series of

measurements of the four independent measures of noise.

Energy

Measured photon count per

second from series of sets of data

after monochromation, IU|1

Estimated precision of each

measurement

Related observed variation of
observed/predicted ratios for

obsup' *"'obscit>wii * * ^obsralio

Number of sets of data

investigated

Independent scans per set

Points per scan (range)

Seconds per point (range)

Air gap attenuation between

detectors (20 cm gap), Aalr

Range of measured relative

monitor fluctuations, aol)SU(J

Range of measured relative

detector fluctuations, aobsdwn

Range of measured detector-

monitor correlation coefficient

Range of measured point-point

fluctuations, au,KraUo

5 keV

(3-15) x 10s

20%

10%-40%

4

5,5,5,7

11,21,101

1,3,10

0.36

(1.5 - 6 ) x 10'4

(2.5 - 322) x 10'4

-0.423 to +0.996

(0.07 - 3.0) x 10"4

10 keV

(1.5 - 4) x 109

20%

10%-40%

3

7,7,7

11,21

1,3

0.86

(4 - 14) x 10'4

(3.6-96) x 10-4

+0.414 to +0.998

(0.14-4.8) x 10'4

20 keV

(4.4 - 6) x 108

20%

10%-40%

3

8,8,7

11,21, 102,209

1,3,5,20

0.98

(6 - 72) x 10"4

(5.5 - 172) x 104

+0.104 to+0.970

(0.49 - 7.2) x 104

In fact, the downstream observations probed fluxes reduced by some 3 x 10", with the flux

determination becoming poorer but still useful at this low-flux limit. We achieve this without measuring

22-



the flux, but only by measuring the noise distribution. The confidence of our result is based on the

consistency of consecutive flux determinations, and on the 10%-40% agreement of observed/predicted

ratios of all measures (aobsup, aobsdown & aobsra[io) for 5-8 independent data scans simultaneously, in each

data set (see Table 7). Each of the scans is not a duplicated measurement, but involves widely differing

attenuation and probes the scaling of noise over a long baseline. All predictions must agree with the

observed %s.d's for the defined photon flux, simultaneously. Each set of data scans probes o~obsup

covering a range over a factor of four or twelve, which is a good probe of the components of noise. The

range of aobsralio probed simultaneously is typically a factor of 30. However, the range of Gobsdown probed

in any set of data scans reaches a factor of 100, corresponding to a range of downstream fluxes of 104.

The predicted results agree with the observed results on all these temporal and flux scales.

The individual noise contributions for the investigation discussed are presented in Table 8. As

shown in the above equations, these results depend in a simple manner upon the photon flux incident on

the detector. Most dependences estimated prior to the experiment, based on reported beam and detector

characteristics, are accurate. As presented in Table 2, the reported values in Table 8 are based on

measurements with durations of one second, and the observed scaling with other durations is indicated in

the last column. Also, the values of oupdown and o~absdown in Table 8 are based on 'blank' measurements (i.e.

with no attenuator) - all attenuated measurements will have increased variances as discussed in the above

equations.

We illustrate the effect of attenuation by presenting two ranges in the rows for azeroup and azerodown.

The 'blank' or no attenuator limit represents the beam attenuated only by the air gap and the upstream

detector, while the no beam limit represents the beam fully attenuated, thereby leaving the residual zero

offset noise. Noise in these rows is effectively a simple counting limit - whatever the scalar yields, and

whatever the zero offset value may be, the uncertainty corresponding to this particular noise contribution

is well represented by ±1 count.

With respect to the initial assumptions presented in Table 2, the estimates of the time dependence

of the timing error and the zero offset were incorrect, although they may be accurate for time-scales below

one second.
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Table 8: Fluctuations (1 s.d., are( = oabjl) from various sources for one-second

counting times, derived from measurements:

Statistical contribution from incident

flux to upstream detector (1 second

count)

Positively correlated noise, composed

of non-statistical variation of incident

flux and discontinuous beam

dumping and refilling

Statistical contribution from absorbed

flux to upstream detector; and effect

on downstream detector

Statistical contribution from absorbed

flux on downstream detector

Additional fluctuation of electron-ion

currents (circa 16 eV per ion pair)

Timing error (scalar error dominates)

Short-term decay slope of flux (10

hours current lifetime = +2.6 x 10"5

per second)

Zero offset (monitor):

results given for no attenuator limit;

and for no beam limit [N = scalar

count] — ~
N

Zero offset (detector):

results given for no attenuator limit;

and for no beam limit

Amplifier and conversion noise

(x 10-50 for poor settings)

s.d./I,

up

^ a b s u p '

^updown

absdown

^ i o n u p

time

^decay

zeroup

zerotlowii

ainp

Energy

5 keV

(2.6 - 5.8)

x I0's

( 1 . 8 - 3 ) x

lO"1

(3.7 - 8.2)

x 10s;

(3.7 - 8.2)

x 10s

(8.6 - 19)

x 10s

(1.9 -4 .3 )

x 10"*

5 x 10"7

±1 x 10"4

(2-4)xl05;

(l-2)xlO'J

(2-4)xlO"\

(l-2)xl0"-'

10"

Energy

10 keV

(1.6 - 2.6)

x 10"s

(6 - 8) x

10"4

(5.7 - 9.4)

x 105;

(5.0 - 7.7)

x 10"

(6.4 - 11)

x 10 s

(2.1 - 3 . 5 )

x 10"

5 x 10"7

±3 x 10"4

(2-4)xlO"5;

(l-2)xlO'J

(2-4)xlO"s;

( l -2)xlO'

10"

Energy

20 keV

(4.1 - 4.8)

x 10"5

( 8 - 11) x

104

(4.6 - 5.3)

x 10"4;

(3.7 - 4.3)

x 10"

(4.6 - 5.4)

x 104

( 1 . 2 - 1.4)

x 105

5 x 107

±2 x 104

3 x 10'5;

(3-4)x 10"J

3 x 10J;

(2-3)x 10-'

106

R:
correlation

between

detectors

1

1

-1

0

0

1

1

0

0

0, ±1

Reduction of

s.d./I for 100

second duration

versus 1 second

xlO"1

xlO1

xlO1

xlO1

xlO"1

1

xlO2

xlO"2

xlO"2

xlO1



The number of photons estimated prior to the experiment, from the bending magnet computed

output, collimation and monochromator efficiency, seems to be accurate to within factors of 3 (5 keV), 4

(10 keV) and 6 (20 keV). Note that there is an intrinsic factor of two uncertainty in the predictions of

Table 2, which are based on optimal performance of the beam, due to whether the beam is at its maximum

or minimum current. The timing estimate was accurate within a factor of two. The actual amplifier noise

was much larger in poorly optimised settings. The decay estimate was in agreement with expectations but

varied much more dramatically with time than expected. The zero offset noise and discontinuities in beam

current were also more significant than we had predicted.

Consequently, the original estimates (Table 2) of the component relative s.d's were often very

good, and generally accurate within a factor of two of the results. The derived results for component

relative s.d's are much more accurate than this, and we estimate their uncertainty at 10% - 20% in any

given series of data. Hence our approach is very reliable for both understanding and optimising data

collected at synchrotrons.

I: Can we optimise the statistic on-line to the precision required, as we collect data?

It is probably obvious by now that the answer to this question is yes. We certainly achieved this,

although the approach can be quite time-consuming. However, the value of a method for improving the

limiting precision of results by an order of magnitude cannot be overestimated. In the final analysis, it is

also worth the effort simply to be able to define contributing errors. The limitation in any given

experiment will of course still depend upon the detectors, collimation, divergence and all the other

parameters of the experiment.

Additionally, the on-line determination of photon and other noise allows a rapid estimation of the

limitations of a particular beam-line, or of a particular day of synchrotron operation, which might

invalidate a given type of experiment. By using a system of equations and fitting programs such as

discussed here, the precise consequences of gas pressure, detector tuning, amplifier range etc. can be

quantified within the first hour of data collection. Since some modifications decrease error contributions

of particular components by orders of magnitude, this is a very effective use of beam-time.

zsr



J: How to optimise the precision.

What features of an ideal statistic and beam-line should we look for to yield the indicated

improvement in final precision? We have already highlighted several aspects to this question. Correct

analysis will allow for all correlation between noise contributions. For this to be optimal, the overall

correlation coefficient should be positive and close to unity.

The ranges of R listed in Table 7 include specific data sets where the correlation was negative. In

general this can be due to many characteristics of the experimental chain. In our cases this was sometimes

due to a very strong attenuator which allowed zero offset noise to dominate, and sometimes this was due

to spurious short-term trends in detectors (dominated by accidental correlations between formally

uncorrelated noise contributions). Hence longer data series would have minimised this, and use of

appropriate target thicknesses would have resolved other cases.

To demonstrate that this is a resolvable issue we present Figure 4, in which we plot the correlation

coefficient R as a function of energy for many energies. It is clear that we have correctly optimised the

correlation, and that almost all the results are highly correlated as intended. Further, for comparisons

between detectors with no attenuator interposed, R is always above 0.9, and often around 0.99. The

figure shows a larger spread at the very low or very high energies. This is due to the explicit use of a

range of thicknesses. The thickest attenuator demonstrated the problem mentioned above, while the

thinner attenuators were largely unaffected. There is also a trend for the value of R to decrease at higher

energies, which is due to the detector efficiency declining with energy. This could be optimised further by

changing the detector gas.

The net improvement over poorly optimised investigations is quite variable. Perhaps the best

comparison is that given in section D, above, regarding the precision of relative thickness determinations.

The precision of attenuation point-point ratios as discussed above may be one or two orders of magnitude

better than that obtained by other methods. Accuracy may also be dramatically improved in the process. In

many experiments no attempt is made to use absolute intensities, but even the determination of ratios of

intensities is dramatically improved by this approach (including, for example, the use of matched

detectors).

In the specific field of absorption coefficient measurement, this increase in precision allows

fundamental atomic physics and existing theory to be critically investigated, and allows improvement



upon earlier work by up to two orders of magnitude. We cite here issues regarding the physics of

scattering contributions (Chantler and Barnea, 1999), the relativistic correction factor in the atomic form

factor (Creagh and McAuley, 1995), investigations of XAFS and other structure near absorption edges,

and variations between theoretical predictions of attenuation coefficients (Chantler, 1995). As with any

area of research, an order of magnitude improvement should allow the resolution of many outstanding

questions.

Figure 4: Correlation coefficients between monitor and detector signals for an extensive

series of attenuation measurements, as a function of energy
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The point-point ratio s.d's in section D were 0.15% and 0.045% respectively for two particular

data series. The standard error of the ratio is a factor of 3-5 smaller in the data collected in most of the

series discussed in this paper (for 10-21 data points). Hence the nominal statistical quality of the

determined ratio can approach 0.03% to 0.01%. A crude result might be suggested by the use of Eqs (1)

or (7), as opposed to Eqs (6), (8) or (9).

Figure 5 reflects the consistency of results achieved with poor, uncorrelated analysis, which

mimics the use of Eq. (7): This figure shows the observed variance using normalisation but with random



pairing of data (incorrect normalisation). These are observed results, and are still much better than the

pooled variance of 1% - 3% (section D) which was based on thickness variation of samples. If the

measurements were not normalised at all, we would get a distribution reflected in Figure 2, dominated by

the decay contribution and with a much enhanced relative standard error, of some few percent. Neither of

these problems should be limitations in a well-designed experiment.

Figure 5: Use of normalisation and well-defined collimation to improve the variance of

reported measurements below 1% (compared to Fig.2 or Eq. 1). This shows the

consistency of attenuated ratios of independent measurements paired randomly (ij), but

using poor normalisation (e.g. Eq. 7) for any two independent measurements. Dots

(IMi/IDj) lie above squares (IMj/IDi) implying a systematic effect in the data.
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In fact, we obtained two independent sets of results at different times with no attenuator for an

extended series of measurements. Figure 6 shows the result based on the correct normalisation of the

data. The consistency has been improved by one or two orders of magnitude compared to Figure 5 or

Figure 2, and this consistency is represented in the derived %s.d.'s after proper inclusion of correlation.

The consistency of the data does indeed lie at the 0.03% to 0.01% level, as predicted. However, note that

one series of measurements remains consistently higher than the other. This shows that the remaining

•2S



variation is still not a limiting factor, but we also see that there remains a small systematic discrepancy

even at this level, which may lead to a limiting precision below the 0.01% level in future work.

Figure 6: Consistency of variation of independent measurements with derived computed

statistical precision. This shows the consistency of attenuated ratios of independent

measurements paired correctly (i,i), (j,j) for any two independent measurements.

Crosses (IMi/IDi) lie above dots (IMJ/IDj) in almost all cases, implying that this (high)

precision remains limited by a small systematic effect.
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Conclusions

The consequences of introducing a monitor counter to an experiment are enormous. It permits a

dramatic increase in accuracy of results. However, ignoring the correlation between the monitor and

detector in such experiments leads to large and unnecessary imprecision. Failure to optimise experimental

and detection conditions also leads to large systematic error and imprecision. As we have shown,

understanding and optimising the consequences of the use of monitors leads to major improvement in

precision of determined results.



In particular, in measurements of attenuation intensity ratios, pooled relative standard deviations of

/C y i j = 1% - 3% are reduced to relative standard errors s-cCV^VC V U = 0-01% to 0.03%

in the examples presented. This precision exceeds that previously reported by almost two orders of

magnitude. This residual variance appears systematic in origin, and it may be possible to improve it

further through a refinement of the approach.

Optimisation of all contributions to the observed noise, and appropriate analysis with incorporation

of all correlation, can therefore permit a precision up to two orders of magnitude better than that

achievable by previous, alternative approaches. Optimisation includes detector gas selection, optimisation

of amplifier settings, selection of experimental attenuation and optimising for strong positive correlation.

Many details regarding individual components of the statistic of a detected signal on a synchrotron

line may be determined to high accuracy, without absolute calibration of the detector efficiency. We have

determined the absolute photon count incident in an experiment to o(I)/I = 20%, without counting the

photons. The accuracy of observed standard deviations Gobsup, crobsdown and o~obsrati0 is limited by sample

size, flux and attenuation observed, but is typically oobsup = 10% (and similarly for the other

observations). The component contributions to relative standard deviations denoted as O"up, o~ebeam, dabsup;

tfupdown- <*absdown. °ionup> <*«„*' ^decay' °zeroup> <*zerodown' 'dnd Gamp h a V e a 1 1 been determined from model

predictions and from observed standard deviations and the correlation coefficient Rupdown- Each

measurement investigated regimes where different noise components were significant, so that the accuracy

of individual component standard deviations (e.g. aup) varies from 10% to 50%.

We have shown that fairly simple models account for the observations and can be used for on-line

diagnostics and optimisation of the statistic. The zero offset noise and the amplifier noise can limit

experimental precision beyond acceptable limits for many experiments unless conditions are optimised.

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

major role in the observed statistic, and predicate proposed routes of experimental setup and analysis.

This positively correlated upstream variation was the dominant noise additional to our predicted

contributions in all our investigations. The trend of decay or filling of the beam current in the synchrotron

ring, which is not a simple or smooth effect, has also been investigated. The statistical distribution

revealed after removal of the decay trend, discontinuities and distant outliers is consistent with a normal

distribution.
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Separated Figure Captions (duplicated as in main body of text)

Figure 1. Fraction of upstream radiation absorbed by ion chamber composition (Ar/N2 mixtures) as a

function of energy, for specific paired ion chambers in series. Counting rates drop by three or more

orders of magnitude if not appropriately optimised.

Figure 2: Time series of long-term monitor signal.

Figure 3: Observed distribution of noise after removal of linear trend and discontinuity.

Figure 4: Correlation coefficients between monitor and detector signals for an extensive series of

attenuation measurements, as a function of energy

Figure 5: Use of normalisation and well-defined collimation to improve the variance of reported

measurements below 1% (compared to Fig.2 or Eq. 1). This shows the consistency of attenuated ratios of

independent measurements paired randomly (i,j), but using poor normalisation (e.g. Eq. 7) for any two



independent measurements. Dots (IM/IDj) lie above squares (IM/IDi) implying a systematic effect in the

data.

Figure 6: Consistency of variation of independent measurements with derived computed statistical

precision. This shows the consistency of attenuated ratios of independent measurements paired correctly

(i,i), (j,j) for any two independent measurements. Crosses (IM/IDi) lie above dots (IM/IDj) in almost all

cases, implying that this (high) precision remains limited by a small systematic effect.
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Time series of long term decay - upstream monitor, 20 keV
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Observed Distribution compared to Normal Distribution after
removal of discontinuity and linear decay trend
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