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Corrections to the usual x-ray scattering factors in rare gases: Experiment and theory
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The ratio of the total x-ray scattering from Ne to that from He has been determined for photon energies in
the range 4-15 keV at scattering angles of 45 and 90 de@reagsponding to momentum transfers ranging
from 0.90 to 5.69 a.).. An arrangement of two gas cells in series was employed, allowing simultaneous
measurements on both gases at the same scattering angle, which eliminates possible errors due to fluctuating
beam intensity. Pairs of measurements corresponding to the same momentum teamstenentum transfers
of 1.67 and 3.08 a.pbut to different energies, provide a direct test of the corrections tdrttmmentum-
transfer-dependenform-factor incoherent-scattering-factor theory. These corrections include the anomalous
p-A contributions, which are found to be important. We also consider corrections to the usual approximations
made within the inelastid? theory (the incoherent-scattering factor, using closure approximation, and the
impulse approximation, assuming free-particle kinematics with a given momentum distrjbutitimese cases
an incoherent-scattering-factor treatment is generally adequate, while anomalous scattering factor corrections
to form factors are needed for elastic scattering.
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[. INTRODUCTION readily available tabulations of cross sections that give ratios
of total scattering from Ne and from He that are in agreement
We report precision measurements of x-ray scatteringvith the present experiment. Below we outline a scheme for
from He and Ne gas targets, obtaining agreement betweelin principle) obtaining the exadonrelativistig result, and
theory and experiment only after performing a detailed thewe identify two (approximatg¢ implementations of that
oretical analysis that goes beyond the current tabulations gichem&Methods A and Bwhich are compared with experi-
elastic and inelastic photon-atom scattering cross section§?€nt in Sec. Ill. More details concerning these methods,
This paper follows in the path of two previous studies in their .|mple_mentat|on., and the approximations they require,
which the experimental precision obtained stringently teste@'® given in Appendix A'see also Ref46,7]). .
the available theoretical predictions of the déb): The study First, we assume that the scattering process is well-
by Chipman and Jennings in 1968] reported precisions of _descrlbed nonrela_t|V|st|caIIYW|th relativistic effects be_mg
0.5%, and at the time only the newest atomic structure callncluded perturbatively, or else neglected entiyelhe dis-
culations were of sufficient quality for agreeme(®) The  CUSSION for t.he r}onrelatlwstl_c case will .be in pr|nC|p_Ie exact,
study of Junggt al.in 1998[2] was aided by the availability With approximations appearing in the implementation only.
of high-intensity third-generation synchrotron sources, andVé Write the nonrelativistic photon-electron interaction
while it covered a similar energy range to that of Rigfj ~ Hamiltonian
much larger momentum transfers were involved, revealing e g2
the need for the inclusion of nonlocal exchange, electron H=—m:p-A+ M
correlation, andp-A contributions. Because the effects of
target electron correlation and nonlocal exchange are weknd we consider the elastic- and inelastic-scattering pro-
documented for both He and N8-5], it was decided to cesses. We will next assume that the contributions arising
extend the studies of Reff2] to lower energies, where the from the p-A terms can be adequately described using
effects of thep- A terms in the nonrelativistic x-ray scattering independent-particle-approximation results for both the elas-
theory are expected to be larger, and where commonly madé and inelastic processes. We find that fhé contribution
approximations in thé\? theory of inelastic scatteringnco-  to inelastic scattering is insignificant, and one knows from
herent scattering factor, impulse approximati@re more photoeffect resultérelated to the forward elastic anomalous
guestionable. amplitudes through the optical theorgthat IPA results for
One finds that different experiments and regimes tend téhe anomaloug-A contribution to elastic scattering are ad-
emphasize different effecta quantitative discussion for the equate[8], with beyond-IPA effects being significant in the
three experiments is given in Sec. 11).CAs mentioned in  A? form-factor contribution.
Ref.[2] and discussed extensively in Rgb], one does not In elastic scattering thé\? term gives rise to the form
in general have a single available theoretical approach thdactor. Such form factors are widely available and are as
includes all the effects that may be important. There are ngood as the wave functions used. TA® term for inelastic
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processesCompton and Ramamequires more detailed dis-
cussion. Two well-known approximations are the incoherent-
scattering-factor approximatioiSF) and the impulse ap- <
proximation (IA). The ISF is an approximation employing
closure and gives the total inelastic scatteribgth Compton
and Ramahn The IA is an approximation to Compton only.
Therefore using IA alone to describe the inelastic cross sec
tion corresponds to neglecting Raman entirely. In fact we
find that one needs to include theorrelatedA?) Raman o
scattering cross section, since it is not generally insignificant Chamber
in the total inelastic cross section, particularly for He where
corrections of up to 5% are obtained.

Therefore one can eithéa) take the ISF and add a cor-
rection to get the exad? inelastic result, otb) take IA and
add a correction to get the exakt Compton result, to which
is then added the Ramat result. Methods A and Bwhich
are discussed in Appendix)Aare approximate implementa- FIG. 1. Schematic illustration of the experimental apparatus.
tions of the proceduresa) and (b), respectively. Briefly

Method A includes the leading terms in a series expansion 0foth 45° detectors and by 2&m-thick Be films for the two
the needed correction to the ISF, based on sum rules that agg detectors. The spaces between the two cells and between
satisfied by the generalized oscillator strengB0S that  the exit windows for the scattered x-rays and the detectors
appears in the exa@ inelastic cross section. Method B \yere maintained at a pressure below 10 mtorr at all times.
makes the assumption of considering corrections to the siMpn chambers were placed in front of the first cell and behind
plest calculation as linearly independent perturbations to thghe second with the space between the chambers and en-
cross section, thus, for example, allowing the needed corregrance and exit windows maintained at a He pressure slightly
tion to IA to be estimated from uncorrelated exa¢tComp-  gver 1 atm to reduce x-ray absorption. The experimental data
ton calculations using local exchange. In Method B one theRyere collected over a three day period on the BESSRC un-
adds in the corresponding Rama# result (which can be  qgylator beam line, 12-ID, at the Advanced Photon Source at
obtained using similar assumptions of linearly independenprgonne National Laboratory. Available photon fluxes were
perturbations More details on this, and references to the gpproximately 16 photons/s in a spot size of 1 Mwith an
data used, are given in Appendix A. In both meth@d8  energy bandwidth of 0.01%. Aluminum attenuators were
corrections will then be added, as could relativistic correCplaced in the incident beam to produce count rates between
tions, if desired. _ 400 and 2000 counts/s. For all the experiments the beam
In the next section we describe the present experimengyrrent was externally stabilized to about 1%/h and was
with some further details in Appendices B and C. In Sec. ”lmonitored by the ion chambers. The experimenta| arrange-
we compare the experimental results with various theoreticghent employed here eliminated the need for deadtime, inci-

predictions, including those of the Methods A andvihich  gent beam fluctuation, and ion chamber corrections required
are described in more detail in Appendix.AOur conclu- in an earlier study2].

sions are given in Sec. IV. An experimental run consisted of filling the cell closest to
the incoming beantlabeled cell 1 with about 1 atm of He
Il. EXPERIMENTAL DETAILS and the second cellabeled cell 2 with 20—40 torr of Ne

and simultaneously recording the count rates of all four de-
tectors for four to six consecutive 15 min data collection
The experiment was characterized by the use of two gaperiods. The statistical uncertainty in the total number of
cells in series. A SLi) detector was mounted on the top of counts accumulated was typically between 0.2 and 0.6%.
each cell at a scattering angle of 45° and anothériStde-  The He pressure in cell 1 was monitored by a MKS Baratron
tector was on the bottom of each cell at a scattering angle df000-torr absolute pressure gaugez0d.5% reading accu-
90°. All four detectors were in a plane perpendicular to theracy (manufacturers specificatipmnd the Ne pressure was
plane of the synchrotron orbit, which contains the incidentmonitored by a 100-torr gauge of the same type and accu-
polarization vector. A schematic view of the apparatus isracy. The two gauges were compared using He pressures
shown in Fig. 1. This arrangement allowed the simultaneoubetween 20 and 100 torr and all Ne pressure measurements
recording of x-rays scattered from Ne and He for eachwere corrected to the response of the 1000-torr gauge. Note
incident energy at both 45° and 90°. Each cell employedthat the cross section ratio determined in this experiment
70-um-thick Kapton windows for the side of the cell ex- depends only on the ratio of the two pressures and not their
posed to room pressure while 0n-thick Kapton windows absolute values.
were used at the ends of each cell facing the evacuated tube A cell correction was determined by repeating the experi-
between cells. The exit windows on the paths leading to thenent with the two cells connected and filled to about 1 atm
detectors were 12pmm-thick Kapton. Additionally, the de- of He. The pressure in the combined cells was monitored
tector surfaces were covered by a ZuS-thick Be film for ~ with the 1000-torr gauge. In addition, background runs were

A. Data collection
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made at each energy with the cells evacuated in order tthe window transmissiof,,;(E). Corrections for the dimin-
document x-ray fluorescence lines and scattering from gaished registration of inelastic events relative to the elastic
cell walls and apertures. These data were used to subtract osgattering have been applied to the experimental ratios.
background contributions from both the He-Ne and He-He It should be pointed out that the transmissidgs(E)
runs. through the window in front of the detector decreases with
increasing energy lossk, while the detector efficiency,
B. Data analysis &(a,E), increases, but only slightly, with increasing energy
. : loss. The details are presented in Appendix B. Equation
The two cells were machined as closely as possible o3 given in Appendix C, was used to correct the experi-
have identical dlmen_smns. A_ssummg thaf[ absorption by Wint, antal ratios for gas and window absorption.
dows of the same thickness is the same in the two cells then,
within the machining accuracy, we can write for the intensi- C. Uncertainty estimates

ties observed by two detectors at the same scattering angle . .
The main error sources were the error in the pressure

11(0,iwg) =1 Ty exd — (11 +1,)n 0, ]JAQAIN, ratio, the error in the total number of counts accumulated, the
error due to air contamination, and the uncertainty in the
do 7R 6, w) correction for gas absorption in the cell. The uncertainty in
X(T) (2)  the pressure ratio was estimated by assuming the gauge

manufacturers stated absolute uncertainty+@f.5% of the
and reading was the uncertainty in each of the two pressure mea-
2 surements for a total estimate %0.71% for the error in the
12(0, o) =1oTwiTuz XH = (I lg)noy = (11 +12)nz02] pressure ratio. It is of interest to note that gauges are com-
do$( 0, % wg) mercially available that are-0.08% in absolute accuracy but
o) ) 3 are also both+0.01% linear and reproducible, which means
that with careful intergauge calibration, pressure errors in
where 6,4 w, specify the scattering angle and incident x-rayratio measurements could probably be pushed to uncertain-
energy, Ty, Twz are the transmission factors for 70- and 50-ties as low ast(0.02-0.04%.
um-thick Kapton windows, respectively;,|, are the dis- The error in the total number of counts accumulated in a
tances from the cell entrance window to the beginning of thel5 min collection period was taken as the square root of that
observable scattering region and from the observable scatteietal and when count totals were averaged aveuns, the
ing region to the detector window, respectively=L—1,,  statistical uncertaintyANgerage Was calculated as
wherelL is the length of the celln and o are the number -
density and total gas absorption cross sectfioto absorp- AN _ 2i-1Ni
tion plus scatteringrespectively, where the subscripts refer average n '’
to the cell numberA() is the solid acceptance angle of the
detector,Al is the length of the incident x-ray beam visible
to the detector, an@o?’5(6,hwg)/dQ) is given by

xAQAm4

©)

whereN; is the total number of counts accumulated during
theith data collection segment. Typical values ranged from
0.3% on the low side to 0.7% on the high side.

Air contamination due to gas effusion through the Kapton

N E E . . .
M = ™dE T.«(E 2d R(E— windows appeared to mainly affect measurements made with
w3(E) e R( €) ;
dQ Emin E1 He in a cell at pressures below 1 atm. Background correc-
5 tions were applied to all the data runs and no He runs below
dcoq o€) . . . -
x| —=="" (4 atmospheric pressure were included in the analysis. No un-
dEdQ certainty estimate was made for possible error from this

source except in the case of the 4.393 keV data, since it was
| the only energy for which clear evidence was available that
ir contamination was a serious problem.

The uncertainty in the gas absorption correction was esti-
mated by assuming that the experimental pressure was un-
certain by =0.5% and that all cell dimensions were uncer-
tain by 0.1 cm. The tabular transmission values were

the numerical integration of the observed energy-loss Spe@ssumt_adblto bel efrrortlﬁsséi ;gg Ea\j gbtsorprt]mn %?rr?cpc:n was
trum so that the entire spectral width was included. Thes&PPreciabie only for the 4. eV data where the total cor-

L : tion was 17 18 %.
limits generally ranged from—fiwy to +(3—4) keV in rec . . .
: ; ; A number of decisions had to be made in the data analysis
energy loss. The results were calculated with slightly differ- ) .
9y ghty that required judgment on the part of the observer. These

ent choices for the upper limit and the sensitivity to its. I . .
choice was found to be less than 0.2%. A model analysig1c|uded assigning the limits to the region of the spectrum

: : exp containing double pulses, background subtraction, the width
of the error incurred by assuming thedo 5(07w)/d(2] of the spectral region, and subtraction of fluorescent peaks.

_ Em 2 . . . .
=/ dE[d 0, (E)/dEdQ] is given in Appendix B, where  the ncertainty introduced as a result of these decision mak-
it is pointed out that the most serious correction comes froning processes was determined by three totally independent

where the convolution integral overof the product of the
detector responseéR(e), and the cross-section differentia
with respect to energy loss and detected solid angleff1
d?0,(€)/dEAQ, is over the rang&; to E,, set by examin-

ing each spectrum. The limits for the remaining integral
over the window transmissiofi,,3(E), through the 12%m

Kapton and Be filmsE,, and E,.x, were determined for
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TABLE I. The ratio of total scattering in Ne to that in He, as determined by experiment and predicted by
various levels of theory. The following predictions are shown: correlated Cl form factors and incoherent-
scattering factors, the exa8f result, obtained by including the GOS corrections of Method A, and the full
predictions of Methods A and BSee the text for further details of the theoretical methods emplpjrethe
first columnK(a.u)=2afh wgy(a.u.)sin@/2), wherea=the fine-structure constant.

K (a.u) hwq (keV) 6° Experiment Cl Exaci\? Method A Method B
0.90 4.39 45 2440.4 23.13 23.18 24.42 24.15
1.23 6.00 45 2250.3 21.48 21.55 22.37 22.17
1.67 4.39 90 20.20.3 18.68 18.84 20.08 19.96
1.67 8.12 45 19.20.2 18.68 18.77 19.27 19.02
1.85 9.00 45 17.20.2 17.39 17.48 17.92 17.68
2.28 6.00 90 15.50.2 14.37 14.55 15.29 15.35
3.08 8.12 90 10.50.1 9.96 10.11 10.47 10.46
3.08 15.00 45 104680.1 9.96 9.99 10.18 10.11
3.41 9.00 90 9.£0.1 8.74 8.87 9.21 9.15

5.69 15.00 90 5.80.1 5.77 5.82 5.90 5.89

analyses by three different observers using two different softfactors and incoherent-scattering factors is that of the anoma-

ware packages. These differences for the Ne to He ratio ditbus elastic-scattering-A terms. The ISF, while not corre-

not exceed 0.3% for any of the data points. sponding to an exact evaluation of the inelashit term,
appears to approximate it fairly well in obtaining total scat-
tering in this low-energy and low-momentum transfer range

lll. RESULTS where elastic scattering dominates.
A. Comparison with theoretical methods In Table Il we give correction factors characterizing the
. . contributions of various effects in the total scattering cross
Results for the ratio of total scattering from Ne to thatsection, again ordered according to increasing momentum

IL%T\/'V_'eer:rii\?ergtsien:eg |r|1?Tab|Ite | for thg enzrgle?hantd l‘;"lngle[?ansferK, with pairs of data corresponding to the same mo-

. . gated. Resulls are ordered in the 1able aGnq 1y transfer grouped together. Results are given for he-
cording to increasing momentum transiér and pairs of lium and neon separately, and in each case the contribution
'§ a given effect is expressed as a percentage oflibe}

grouped together for easy comparison. The experimental "Fotal scattering prediction for that element/energy/arites

tio (column 4 is compared with various theoretical results:

results using the correlated configuration-interacti@l) 1.03 , T |
elastic form factors and inelastic incoherent-scattering fac- 45° Scattering X
tors of Wanget al.[3] (column 5, exactA? results obtained 1.02 1, o
by including the GOS corrections to the ISF of Method A Tl T - X .
(column 6, and the full predictions of Methods A and B B : Do ;
(columns 7 and 8, respectivelwhich both include the elas- 1 bk >=< u
tic p-A contributions(Inelasticp-A and relativistic contribu- % EJ i [Experimentr+1| !
tions are not important in these situationBigure 2 com- 099181 I+ Memogg [>:<, I
pares the experimental results with the theoretical predictions i g | < 0[ |
of Methods A and B, as a function of energy, for each scat- ?'224 6 8 10 12 14 16
. T T T T T

tering angle. Note that in Fig. 2, each result is normalized to
the experimental mean value of the case.

Ratio (normalized to experimental mean)

We see that the predictions of both Methods A and B are 102 T _ X o
generally in agreement with the experimental results, al- 1.01 - i i 0 P
though both methods appear to give higher values for the : ; Do :
ratio than experiment at the highest energies. The general e : R :
conclusion is that both the Methods A and B adequately 099 X n i i N
agree with each other and with experiment. From Table | we g % 4 ;
see that thgsimply momentum-transfer-dependeptedic- 0.984 é é 1'0 1'2 1'4 - 16

tions obtained using the best available form factors and
incoherent-scattering factof€l) are not sufficient. Going
beyond this to exach® result, including GOS corrections,  FiG. 2. Comparison of experimental results with theoretical pre-
gives only a slight improvement. But going to the full result, gictions for the ratio of total scattering in Ne to that in He at 45°
including thep-A terms, using either Method A or B, leads (top) and 90°(bottom. All results are normalized to the experimen-

to good agreemenicolumns 7 and B Therefore the most tal mean values and the experimental error is indicated. See the text
important contribution beyond using the best correlated fornfor details of the different theoretical methods employed.

Photon Energy (keV)
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TABLE II. Correction factors used in Methods A and B: In all cases the contribution of a given effect is
expressed as a percentage of the t@édstic + inelastig scattering cross section for the element/energy/
angle being considered. In Method A, the correctiiys accounts for the difference between the ISF result
and the exach? inelastic result. Similarly in Method B§;» accounts for the difference between the IA result
and the exacA? result for(inelastio Compton scattering. Additionally, in Method B, one needs to add in the
appropriate Raman-scattering cross section, &qganexpresses this contribution as a fraction of the total
scattering. In both methods one also includes the contribution of the anomalous amplitudes, corresponding

t0 Sp.a-
K hwg 0° Helium Neon
(a.u) (keV) 5p.A dcos Oia ORaman 5p-A Scos Sin ORaman

0.90 4.39 45 0.1% —-03% —2.4% 43% 51% -01% —1.6% 0.4%
1.23 6.00 45 0.1% —-04% —-5.4% 49% 3.7% -01% —2.0% 0.3%
1.67 4.39 90 01% -12% —-7.1% 44% 63% —-03% —24% 0.3%
1.67 8.12 45 0.0% -0.7% —7.1% 44% 26% -02% —2.4% 0.2%
1.85 9.00 45 0.0% —-0.8% —6.9% 40% 25% -02% —2.6% 0.1%
2.28 6.00 90 01% —-20% —56% 29% 49% -07% —2.8% 0.2%
3.08 8.12 90 0.0% —-29% —2.4% 14% 3.6% —-15% —-2.6% 0.2%
3.08 1500 45 0.0% —-16% —2.3% 13% 14% —-08% —2.6% 0.1%
3.41 9.00 90 0.0% -33% —-15% 1.0% 3.8% —-19% -22% 0.1%
5.69 1500 90 0.0% -—5.6% 0.1% 0.1% 16% —-48% —0.3% 0.0%

being the total cross section obtained by either Method A or B. Comparisons at fixed momentum transfer
B). In Method A the correctiodsns accounts for the differ- We now consider the two cases in which there are two

ence between the incoherent-scattering-factor result and tl?ﬁeasurements at the same value of the momentum transfer

2 i i i i i - . . .
exactA |ne|ast_|c result. Similarly m_Method Boia ac  The predictions for the two members of each pair are the
counts for the difference between the impulse-approximation

result and the exad? result for (inelasti) Compton scat- fnagzﬁr:n Llenic;rg:acé?f;é?ggzgrigﬁgzge:&g;@gt?;;lgsrgxg
tering. Additionally in Method B one needs to add in the ’ y

appropriate Raman-scattering cross Section, &ggha, ex- direct measurement of the sum of the GOS ar#l correc-

presses this contribution as a fraction of the total scatterin!®"S- Looking back at Table I, we have grouped the pairs of

In both methods one also includes the contribution of thdn&asurements corresponding to the case of momentum trans-
anomalous amplitudes, correspondingdio, . fer K=1.67, and likewise the pair witk=3.08. For each
What can we tell from Table Il about the importance of such pair of points we show the identical results of the form-
additional effects beyond using the bese., correlateyl factor incoherent-scattering-fact@€l) method, a slight dif-
form factors and incoherent-scattering factors in our descripference between results using the exattapproximation
tion of total scattering? Clearly one important effect is the(reflecting the GOS correctignand a more substantial dif-
contribution of the(elastio p-A term for the case of neon, ference between results using either of Methods A or B,
which is significant in all cases, though decreasing in magshowing that the influence of theA terms(included in both
nitude with increasing energy. This contribution is insignifi- Methods A and B but not in the other predictioris the
cant for helium in all cases, since we are so far above thdominant effect in the observed difference.
helium thresholds. The GOS corrections are often s(eaH Looking now at Table II, focusing on these pairs of points
cept at high energigsndicating that using the ISF to de- of equal momentum transfer, we see significant and different
scribe inelastic scattering is often fairly adequate in obtaincorrectionss,. , (for neon at the same momentum transfer.
ing the total scattering in thA? approximation[using the At a given momentum transfer the corrections are larger
form factor (FF) for the elastic scatteriqgNote also that at (here by a factor of=2) for lower energy and larger angle,
high energiegwhere inelastic scattering is most important since the elastic anomaloys A amplitudes are larger at
the GOS corrections are similar for both He and Ne, so thatlower energies and contribute more at larger angles where
theratio of scattering in Ne to He, which we are measuring,the form-factor contribution is dropping. We note that the
is largely unchanged. If, however, in the spirit of Method B, exactA? contribution is not strictly a function of momentum
one describes the total scattering in thé approximation transfer(though the elastic exad? piece, the form factor,
using IA to describe the inelastic piece, greater error is inis). Thus additional differences arise from the beyond-
curred (more so for He than for Ne First of all, to do so incoherent-scattering-factor contributions—these are pre-
entirely neglects Raman scattering, which can be significantgisely the GOS corrections of Method A. Note that in
particularly for He. Also one is not even describing the Method B the situation is different. Here the correction to the
Compton inelastic piece so well, as the correctidhisare  IA result 5, appears to be a function of momentum transfer
themselves significant, particularly for He. Therefore oneonly, but the IA result itself is not simply momentum-
concludes that, in describing total scattering, using ISF alon&ransfer dependent, but rather a function of energy and
for inelastic scattering is better than using IA alone. of angle.
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TABLE IIl. Comparison of various levels of theory with experiment using the figure of nReritefined
in the text. Values oR are given for the comparison of experiment with the following theoretical predictions:
form factors and incoherent-scattering factors using local exch@ogigmn 2, nonlocal HF form factors and
incoherent-scattering factofsolumn 3, correlated CI form factors, and incoherent-scattering fadicos
umn 4, the exactA? result, obtained by including the GOS corrections of Metho@@umn 5, and the full
predictions of Methods A and Bcolumns 6 and 7, respectivelyThe mean of the absolute value of the
percentage experimental error is also givealumn 8.

Experiment Local HF Cl Exact A Method A Method B Error
This paper 53 23 2.2 35 0.9 0.9 1.3
Ref.[2] 2.0 5.2 4.3 1.7 1.1 1.2 1.7
Ref.[1] 3.6 1.1 0.4 0.4 0.7 0.6 0.5
C. Comparisons with previous work beyond using nonlocal exchange has been achieved by the

fpclusion of corrections for electron correlation in the de-
scription of the target’s electronic structure. This is a high-
khergy small-angle regime where accurate form factors and
incoherent-scattering factors should perform well. Correla-
tion (in contrast to exchangelid not play a major role in this

do  do experiment, or in Ref.2].

d&)experimen{I ) _d_(—)theory(I )

In order to survey the present and previous experiments i
a succinct manner we utilize the figure of me®jitwhich is
the mean of the absolute value of the percentage deviatio
of the experiment from a comparison theory:

1
| x100%, (6)

N
R=§ 2

i=1 do .
d_Qexperimen{I )

IV. CONCLUSIONS

Ratios of total scattering cross sections for gases can be

where N is the total number of data points collected in adetermined with high accuracies, approaching.1%, by
particular experiment. Values & are shown in Table Il for ~ UsSing third-generation synchrotron sources, accurate pressure
[2]. Values are given for the comparison of experiment withthe scattering cells. Whlle previous experiments have dgm-
the following theoretical predictions: form factors and onstrated the need to include anomalous scattering contribu-
incoherent-scattering factors using local exchafggumn tions for small scattering angles, and the effects of nonlocal
2), nonlocal Hartree-FockHF) form factors and incoherent €xchange and electron correlation, we have here demon-
scattering factors of Hubbedtt al.[9] (column 3, correlated strated the need to include the anomalous scattering contri-
Cl elastic form factors and incoherent scattering factors oPutions at intermediate scattering anglés particular by
Wang et al. [3] (column 4, exactA? results including the ~comparing pairs of measurements corresponding to different
GOS corrections of Method Acolumn 5, the full predic- €nergies and angles but the same momentum tran ¥t
tions of Method A including both the GOS corrections anghave also considered in detail the various theoretical ap-
the p-A contributions (column 8, and the predictions of proximations used to dgscrlbe scattering, focusing on Fhe
Method B including the corrections to IA, Raman scattering,COrrections to the usual incoherent-scattering factor, and im-
and thep-A contributions(column 3. The mean of the ab- pglse approximations for mglasﬂc—scattermg. If one begins
solute value of the percentage experimental error is als®ith the impulse approximation one needs to consider cor-
given (column 9. rections to the impulse approximation and the contribution of
We note the sensitivity of all three experiments to the usé%aman scattering in obtaining the inelastic—sca_ttering Cross
of nonlocal versus local exchange. For the cases of this pap&fction. In these cases the incoherent-scattering-factor ap-
and that of Ref[1], both measuring total scattering, a defi- Proximation for inelastic scattering is generally adequate' in
nite improvement is seen is going from using local exchangé’bta'n'”g the_ total scattering, while anomalous sca@ttermg
to using nonlocal exchange. In RE®], however, both total factor corrections to form factors are needed for elastic scat-
scattering and ratios of elastic to inelastic scattering werd€ring to achieve agreement with experiment.
measured, such that in averaging over all results one does
bette_r with a simple treatment using local exchar_1ge, instead ACKNOWLEDGMENTS
of using nonlocal Hartree-Fock form factors and incoherent-
scattering factors. We note that such fortuitous cancellations The authors wish to thank the staff of BESSRC for their
are not a general feature. assistance in carrying out the experiment. This work is sup-
Assuming that one has adopted nonlocal exchange, it iported in part by the Chemical Sciences, Geosciences, and
clear that the present experiment is mainly sensitive to th&iosciences Division of the Office of Basic Energy Sciences,
p-A corrections, while the data in Rd] are mainly sensi- Office of Science, U.S. Department of Energy, under Con-
tive to the GOS corrections, although some improvement igract No. W-31-109-ENG-38 and in part by the National Sci-
observed when thp-A corrections are added. In the case of ence Foundation under Grants Nos. CHE-9705189 and PHY-
the data reported in Ref1], the only major improvement 9970293.
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APPENDIX A: DETAILS OF THE METHODS A AND B is complicated it is often dealt with by using approximations,
leading, for example, to the ISF or the IA. We now describe
the implementations of Methods A and B, whiGwpproxi-

As discussed in Sec. |, we first assume relativistic effectsnately) recover the exach? inelastic results starting from
are small or negligible, allowing us to continue our discus-the ISF and IA, respectively.

sion using the nonrelativistic form of the electron-photon
interaction Eq(1). Should one wish to include an estimate of
relativistic effects, these could be gauged, for example, by a
comparison of nonrelativistif9] and relativistic[10] form If the energy-conservation restriction is ignoreq/ wq is
factors (elastic caseand nonrelativistid9] and relativistic ~ approximated by unity, anl{ is replaced by the momentum
[11] inelastic-scattering factor@nelastic case Further we  transfer for elastic scattering, Kgpasida.u.)
assume that estimatesfA contributions are obtained from =2afiwg(a.u.)sin@/2), then the sum in Eq(Al) can be
Ref.[12], neglecting inelastip-A terms, which are insignifi- carried out exactly13] with the result

cant for the cases under considerati@s is seen from a

1. Considerations common to both methods

2. Implementation of Method A

comparison of exach? and full dynamicS-matrix results. 2 l df(Kelastic E) Slon— wn— E) = S(K e
This leaves us with thé\? term to consider for both the e'as“go E dE (@0~ w0~ E)=S(Keiasud
elastic and the inelastic cases. (A4)
The pureA? contribution to the angular dependent cross

section can be written as where
(da) (da) N dO’) ||F(K)|2 N

90 g0 90 =0T .

dQ total dQ elastic dQ inelastic S(Kelasti(‘) =N+ < 0 ; equ Kelastic‘ rij) 0> - | I:(Kelasti(‘)|2

i#]

w,\ K2 df(K,E A5
nz( ) (K,E) (A5)

—EaE 5(wo—wn—E)}, (A1)
0 is the x-ray incoherent-scattering factor. Waetgal. [3] re-

whereo is the Thomson cross sectidh,, is the excitation ~ Port values ofS(Kepsid for He and Ne, which include 99
energy of the final state, and the summation includes all exand 80% of the correlation, respectively, while R&f| con-

cited discrete and continuum states consistent with energi@ins values ofS5(Kejasig for Ne with 95.7% of the correla-
conservation. tion included. The best estimate for the exact theoretical

value for S(Kgjasii0 Was obtained by linear extrapolation of
the results given in Refd3] and[5] as a function of the

N
> (A2) percentage of correlation.

2 el KT

F(K)=<

df(K,E)
dE

el K- Ti

It only remains to estimate the difference between Eq.
is the x-ray coherent scattering factor or form factor, and (A4) and the inelastic sum in E¢A1) in order to arrive at an
2 accurate estimate for th& contribution to the total inelastic
E) 2 ‘< > S(E,—E) (A3) x-ray scattering. The details of the approximate calculation
K2/ % = P of the difference, called the GOS correction, are given in
Refs.[15] and[7]. For an accuracy commensurate with the
is the GOS withK the momentum transferred to theelec-  experimental uncertainties of this paper, the GOS corrections
tron target by the photon, arfelis the photon energy trans- can be included by replacin®(K gjssid by
ferred to the targefcalled theenergy loss The sum in Eq.

(A3) is over all excited final statd®). ho g 1
So, in the elastic case th# term leads to the form factor S(Kejasid — 2N )Sln2< )[ ( ) 3 sir? ) >

Eq. (A2), which corresponds to the Fourier transform of the mc mc

atomic wave function. Many tabulations of form factors are hwg o 9

available, calculated using a wide variety of wave functions. _) S|n2( ) 4sirdl =]+ =]}, (AB)

Here(in both Methods A and Bwe used the correlated form mc? 2) 4

factors of Ref[3], those being the highest quality believed to

be available. We note that in form-factor approximatipe.,  Therefore the finite second term in Hé&6) gives rise to the
neglectingp-A contributiong elastic scattering is simply a GOS correction.

function of the momentum transfer only—deviations from
this behavior are an indication of the influence of anomalous
p-A contributions, as discussed in Sec. Il B.

This leaves us only to obtain the inelasié scattering In Compton scattering the impulse approximation is often
piece, i.e., the last term in E¢AL), which corresponds to an used. We obtain the difference between the IA result and the
integration of the GOS EqA3) over the allowed values for exactA? Compton results by assuming linear independence
the energy los&. Note that the possible final states in Eq. of a number of effectgcorrelation, nonlocalityA? correc-
(A3) include both excited bound statéRaman scattering tions to impulsg allowing us to use perturbative estimates to
and continuum state€Compton scattering Since this term  construct the full result. Since local uncorrelated estimates of

3. Implementation of Method B

052718-7



L. YOUNG et al.

the A? correction to IA are available, we can first include

PHYSICAL REVIEW A 63 052718

these, then include the other effects, using the data available,

as described in Ref6]. How one obtains a corresponding
“better” prediction for the scattering cross section from a
“simple” result, using the composite method, can be sym-
bolically represented as

(do) 3 da)
dQ/, —\dQ/_
simple

better
where the summation is over all correctioAs associated

(A7)

1+Ei 5i>,

R(og,a,e)=S(oRr,e)é(a,e), (B2)
where the detector efficiency, is modeled as
flae)=1+as, (B3)
with >0 and
1
S(oRr,e)= Nor o exd — £2/203] (B4)

is an approximation to the delta function response for the

with independent perturbative effects not included in thedetector, which has an energy resolutiontoéz. The win-

“simple” calculation.

dow transmission is modeled as

One should also then include estimates of the inelastic
Raman-scattering. Note that at higher energies, as inRf. Tus(e)=1-Be, (BS)
this piece is small and can also be included perturbatively, oy B>0. The model choices are dictated by the fact that
even neglected. However in the present case it is importanf, corrections are expected to be small so that a crude
particularly for He. Hydrogenic results indicate that the model should suffice for the purpose of estimating the cor-

p-A contribution to the Raman scattering Cross Section ige yions. The convolution of the response with the doubly
insignificant in this case, with the hlgh-momentum-transferdifferemia| cross section can be evaluated as

contribution being given by thé? term. Here we directly
calculate the RamaA? result using local exchange, and add
perturbative corrections according to be method described in
Ref. [6], based on results for the generalized oscillator
strength for excitation to excited bound statese, e.g., Ref.
[14]). One can also sum Raman and Compton cross sections
evaluated using local exchange and then apply nonlocal-
exchange and correlation correction to this sum, based on
ISF results—which is consistent since the ISF is an approxi-

f deR(oR,a,E—¢)

do
=<—) R(og,a,E)+
d .
elastic

dEdQ

d201,2(8))

) inelastic

mation to the sum of Compton and Ramdatal inelasti¢
scattering.

APPENDIX B: ION AND DETECTOR RESPONSE

In order to explore the effects of window absorption and

2 2 2

g 0RO,

x{ R af,a(—R> E—Ec|| —5—
(o O'f

X[S((TR,E_ﬁw0+A)S(O'C,Ec_ﬁwo+A)

_S(O'R,E+2ﬁw0)s(0'c,Ec+2ﬁwo)]}, (BG)

detector response on the measured cross section we use the

following model for the doubly differential cross section

d?o(e) da’) 5 )+(da'> 1
= — 8 — —
dEdQ dQ elastic dQ inelastic V270 ¢

xexd — (e —Ec)?/202], (B1)

where oy = \/02R+ (rcz, the limits of the integration approxi-
mate the upper and lower threshold settings of the pulse
height analyzer, and the lower limi, is usually no larger
than a few hundred eV o (1/40)h wo. Note that the last
two terms in Eq.(B6) make their largest contribution only
whenE~fwy or — 2% wy.

Equation(B6) times the window transmission can be in-
whereoc andE characterize the width and the energy losstegrated over the observed energy-loss spectrum with the ap-
for the Compton peak. The detector response is given by proximate result

do$8(0,hwo)|  [Ema » d?oy &)
(—ol,de 2o >=f | dETws(E)fwdsR(E—s)(—daEldzg>

min

(Bo{—aog)

2
Ot

do 2
z(m | t.{l-l-(ﬁ—a)O’R[S(O'R,EmaX)_S(O-RIEmin)]}+

da’)
m inelastic (1_IBEC)+

aoto?
2
f

X[S(0¢,Emax—Ec) —S(0t,Emin—Ec) ]+

)[S(O'C +Emax—Ec) —S(0¢,Emin— EC)]} )

g

(B7)
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whereE i, andE ., are the limits for summing up counts in where we have assumed that the two detectors have the same
the recorded spectrum and are usually chosenEgs, response. For the runs in which both cells are filled with He
=3-4 keV andE,,,=—"iw,. Since this interval contains the to a number density,,,, the ratio reduces to

entire spectrum the integration limits can be taken frem

to » as before when dealing with the pure Gaussian terms.

For the exponential term@.e., terms involving integrals of

the type/dE Eexd —E?20?]) which contain all the correc- e o( 0, F ag)
tions, except for the termdg/dQ);nerasid 1 — BEc), the in- oo (0. 5iwg)
tegrals were carried out with the exact limits in order to He-1( 0,72 0o
assess the value of their contribution. Equati®Y) was

evaluated numerically for all the observations. The radiation

passed through a 12&m Kapton window and a 7.xm Be ) . . .
window at 45° and the same thickness Kapton window withVhich can be used to eliminate the window scattering by

a 25um Be window at 90°. Only the window transmission dividing it in to the previous result. We treat the exponential
produced an appreciable correction as the shape factor&rms as corrections calculated from tabulated transmission
S(a,E), were all found to be extremely small. It was discov- factors[16] for 1 cm of gas at a pressuR, assuming that

ered that the decrease in the slgpwith increasing incident the gases are ideal and at the same temperature, so that our
x-ray energy outweighed the increasefp so that the larg-  final result for the desired ratio can be written in terms of
est corrections occurred at the lowest incident energy. A corexperimentally measured quantities as

rection A defined as

=Tiexd — I3+ )N onel,  (C2)

(dcrﬁ’;p(ﬂ,ﬁwo)) (dgﬁép(aaﬁwo))
S da do

[F(K)?+S(K)(1— BEc) e
[F(K)2+ S(K)]He :THe(l Cm,PO)[(|3_|2)(PHe/PO)_(|1+|3)(P|/-|LJPO)]
X The(1 Cm,P(’))(|1+I2)(PNe/P6)

(P_He) [Ine( 0,7 00) 1 e 0, 7e w0p) |
Pre/ [ He-2( 0, w0) /1 ye—1( 6, wg) ]’

( [F(K)2+S(K)Ine
X

- ) (88)
[F(K)2+S(K)(1— BEc) e

(C3)

was multiplied by each experimental ratio to obtain the final
result for the experimental ratios. In E@®8) 8 was obtained
by fitting the transmission through the Kapton and Be win-where all distances are measured in centimeters and
dows to a straight line over an energy range beyond th&,4(1 cm,Py) and Tyl cm,P(',) are the transmissions
position of the elastic line that varied from 200 eV at 4.393through 1 cm of He and Ne gas witP,= 760 Torr andp(’)
keV to 900 eV at 15 keV. The parameteg is the energy-  —go Torr. EquationC3) will serve as the basis for analyz-
loss position of the center of the Compton peak. The correcng the experimental data presented here. The transmission
tion was largest for 90° and 4.393 keV, where it amounted tQorrections varied from 17%60.6% to 0.5%¢ 0.01% for the
a 0.7% decrease in the ratio. 4.393 to 15.0 keV data sets, respectively.
As an interesting aside, if Ne is placed in cell 1 and He in
cell 2 at the same pressures that were used in(E®), and
the results are divided into the previous result, the gas ab-
sorption of the beam passing through the cell can be elimi-
The ratio of the two detected signals with He in cell 1 andnated with the result for the cross section ratio
Ne in cell 2, using the notations introduced in E¢®. and

APPENDIX C: DETAILS OF CORRECTIONS
TO EXPERIMENTAL RATIOS

(3), is then
doﬁ,’ép(ﬁ,ﬁwo))/(do’ﬁ)ép(ﬁ,ﬁwo))
I 6,7 o) (
|:e(07ﬁ22) =Tooexd — (13— 12)Nkeoe dQ dQ
e :(P_m> \/[INH(B,ﬁwo)/lHe,l(e,ﬁwo)]. ca
= (I +12)Nyeoel e Prel VIlre 2 0:7iwo) I ne1(0,Fiwo)]
(dffﬁ’ép(ﬁﬁwo)) (daﬁﬁp 0,ﬁw0)>
8 dQ dQ '

This option was not selected for the present paper because of
(Cy practical difficulties in matching the pressures accurately.
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