
·PHYSICAL REVIEW A VOLUME 23, NUMBER 4 APRIL 1981 

At~mic pair production by photons in the threshold region 
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New results of relatively high-precision measurements to study atomic pair production· by photons in the threshold 
region together with some-other previous measurements are presented for a critical ·evaluation of the new 
calculations with i:Orrections of Coulomb effect and atomic-electron scr¢ening effect in the low-energy 'pair 
production. This evaluation reveals the degree in which the theory is in greater agreement with measurements in the 
threshold region and indicates the trend of cross.sections as a function of atomic number and photon energy. 

I. INTRODUCTION 

A significant advance has been made in recent· 
years in the theoretical calculations of atomic 
pair production by photons, photoionization of 
atoms, and ·atomic coherent and incoherent scat
tering of photons. The accuracy of cross sectiol).s 
from these calculations has· greatly increased 
compared to the accuracy of earlier calculations 
which have been employed in the analysis of pre
vious measuremep.ts of total and partial cross 
sections. Several of the "direct" ·measurements · 
of the partial cross sections of the atomic pair
production process are subject to considerable 
inherent difficulties and uncertainty arising from 
poor statistics and ~onsequently. show wide var
iations in the data. A few of the expe:riments in 
which agreement was found .with old calculations 
should be _reanalyzed in .view of the lat'est theor
etical work of much redu!!ed uncertainty_. Mea
surements of total cross sections from attenua
tion of photon beams in high-Z elements lead to 
determination with relatively !Iigher precision of 
the pair-production cross section through the use 
of very accurate atomic cros.s sections of the 
competing processes. Since it has been difficult 
so far to avoid systematic errors and. improve 
statistic.s in the low-energy direct pair-production 
measurements, high-precision total cross-sec
tion experiments appear to deserve f~rther atten
tion. In this paper we attempt a study of atom
ic pair production in the threshold region (1.02-
5 MeV) through an evaluation of some ~f the. morfl 
recent measurements representing considerable 
improvements in precision over earlier measure
ments and our own attenuation measurements at 
four-photon energies (1.115, l.ll9,. 1.173,' and 
1.332 MeV) on eight elements in the range Z 
= 42-82. The aim of this 'study is to indicate the 
degree to which the measurements show unity in 

· the data and with the currently available refined 
theoretical cross sections of the atomic pair
production process. 

23 

:_ II. PRESENT MEASUREMENTS 

.. The.~tte~uation"oi aphoton beam has been mea
sured very, carefully to obtain total cross sections 
for eight. elements in the range Z = 42-82 at four:.. 
photon Emergies.in the pair-production-threshold 
region'. A :'sche.matic dia·gram of the experimental 
arrangement is shown in Fig. 1. Transmission 
of an extremely-narrow collimated beam of pho
tons through 2-3 mean-free-path lengths of ab
s_orber and .a high degree of collimation of the 
beam after transmission through the absorber ex
cluded multiple scattering effects in the absorber 
and prevented the photons scattered in the absor
ber at scatteriJ;lg angles greater than 20' -24', 
from reaching the detector. Within such a geo
metry the. effect of scattering at angles smaller 
than 24' was so small it gave a systematic er-
ror which was much less than the statistical er:-
ror of 0.3% in the measurements. . . 

With the use of a 10-cm2 cylindrical Nai(Tl) 
scintillator .head, the spectra of the prhnary and 
transmitted photon~. through the absorber were 
recorded in the same counting channels of the 
analyzer to eliminate photons scattered from ob
jects other than ·the absorber sample. The details 
of counting are the same as given in a previous 

· paper.1 

Ill. EXPERIMENTAL DATA AND ERRORS 

' ' 
For the purpose .of the present analysis, we 

have incluc;led for eya.luation some additional re
sults from the following .recent measurements: 
(a). Total attenuation mea~ureme~ts of (i) Henry 
and Kennett2 at ten different energies (from 1. 778 
to 4.508 MeV) on four elements (Z = 29, 42, 82,
and 92), (ii) Conner et al.3 at three photon ener-· 
gies (1.115, 1.598, and 2. 754 MeV) on four ele
ments (Z = 29, 42, 82, and 92), and (iii) Colgate17 

at two photon energies (1.332 and 2.62 MeV) on 
lead (Z = 82); (b) Direct measurements· of (i) 
Avignolie et al. 4 at 1.332 and 2.615 MeV on z 
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FIG. 1. Schematic diagram of the experimental arrangement. 

=50, (ii) Henry and Kemiett5 at three photon en
ergies (1.173, 1.332, and 2. 754. MeV) on four ele.:. 
ments (Z = 29, 42, 53, and 82), (iii) T. A. Girard· 
et al. 6 at 1.119 and 2.615·MeV on four elements 
(Z = 13, 29, 50, and 82); (iv) J: Rama Reo et al. 7 

at 1.119 MeV on eight elements (Z = 29 to 82) and 
(v) Dayton8 at 1.332 and 2.615 MeV on four ele- · 
ments (Z = 29, 50, 82, and 92). ·Some of the mea
surements in these two classes overlap both ·in: 
photon energy and target element and thus help 
obtain a consistency check in the analysis. 

The errors lo our measured total cross sections· 
arising out of statistical uncertainty was in the 
range 0.1-0;3%. In addition to statistical uncer
tainty, the systematic errors arising from geome
try, target, source size, and background scatter
ing effects have been reduce4 to an extent less 
than the statistical error. · The correct~on due to 
experimental limitation of complete discrimina
tion when a gamma-ray source emits photons of 
more than one eriergy has been applied to the 
data. 

IV. COMPUTATION OF THEORET-ICAL 
CROSS SECTIONS 

·. In the threshold region (1.02.,..5 MeV) the atomic 
pair-production cross sections- have been compu
ted fro:m thtdatest calculations for pair produc
tion in the nuclear Coulomb field by Tseng and 

Pratt, 9 !bverb0 et ~l., 10 and lt>verb0.11 These 
treatment's 'inciude atomic electron screening and 
Coulomb effects, but the calculation of lt>verb0 
et al.10 and lt>verb01 1 is valid only above a photon 
energy of 1.25 MeV for high-Z atoms. Above a 
photon energy of 2 MeV we have· also included the 
cross sections for triplet 'production according to 
the calculations as summarized by Hubbell.12 

For the present purpose it w·as also necessary· · 
to compute the contributions of other competing 
interaction processes: atomic ·photoionization, 
and incoherent and coherent scattering of photons. 
The cross seCtions of these three processes are 
now known· theoretically to a ·high degree of ac
curacy and we have computed these using the fol
lowing calculations: (i) Theoretical ·atomic-photo
ionization cross sections in the range 1.0-1.5 
MeV from Scofield }3. in 1.5-3 Mev·from Schmick
ley and Pr~tt, 14 and in 3-5 MeV from ·the com- · 
pilation of Hubbell.12 (ii) Hartree-Fock atomic 
incoherent and coherent scatter-ing factors of 
Crominer and Mann15 ·as compiled by Hubbell 
et al.16 · · 

V. DISCUSSION OF RESULTS 

The main point to be made is presented in Figs. 
2-4 where total cross-s~ction results from atten
uation measurements are displayed together with 
theoretical curve·s for. the combined interaction 
processes involved. Theoretical curves· of var-



~ 

T 

~ 

? 
L 
~ 

23 ATOMIC PAIR PRODUCTION BY PHOTONS IN THE •.. 1819 

1.13 J.l4 1.15 1.16 1.17 

12.7 

12.6 

12.5 

e 
0 

~ 12.8 

' ... 
z 12.3 
0 
j:: 
u ... ., 

~ 
12.2 

!. ., 
:. ., 

0 :.. .. 
~ u 

.... ' c ' 
I; 12.0 ' ' 1- , Z=57 

' ' ' ' .... 
.... 

.... 

' .... 
.... 

.... 

cl" 

11.2 
1.1 1.2 1.3 

PHOTON ENERGY C M•V) 

FIG. 2. Total cross section versus photon energy. 
------ theoretical total cross section and 
total cross section less the Tseng-Pratt (Ref. 9) pair-
production cross section. The experimental points 
are forZ =57, 58, and 60. Top and right-hand scales 
are for curves (c) and (d). 
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FIG.'3. Same as in Fig. 2 but for Pb. Experimental 
points: o-our experiments, o-Henry and Kennett 
(Ref. 2), t.-Conner et al. (Ref. 3), and o-Colgate 
(Ref. 17). 
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FIG. 4. Same as in Fig. 2 but for U. Experimental 
points: •-Conner et al. (Ref. 3) and a-Henry and Ken
nett (Ref. 2). 
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FIG. 5. Pair-production cross section versus photon 
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bl'l et al. (Ref. 10), curve--- Tseng-Pratt (Ref. 9), 
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FIG. 6. Same as in Fig. 5, but for Pb. o-our ex
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FIG. 7. Same.as in.Fig. 5 but forZ=29, 42, ·82, and 
92. Theoretical curves: --- Tseng-Pratt (Ref. 9), 
o-our reanalysis of total cross-section data of Henry 
and Kennett (Ref. 2), .a.-our reanalysis of·total cross
section data of Conner et al. (Ref. 3), CJ-Henry and Ken
nett (Ref. 2), and~-our experiments. 
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FIG .. a. a/us versus Z. For 1.119 MeV (a) and for 1.173 MeV (b): curve---- ¢verb~ et al., curve-- Tseng
Pratt (Ref. 9), l!lld curve·-·-· - ¢verb~ (Ref. 11) .. Experimental points for 1.119 MeV: o-Girard et al. (Ref. 6) and 
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FIG. 9. Same as ·in Fig. B. Upper: 1.332 MeV, curve 
------ ¢verb¢ et al. (Ref. 10), curve --· Tseng
Pratt (Ref. 9), and curve - • - • - • - ¢verb¢ (Ref. 11). 
Experimental points: o-our experiments, --Henry 
.and Kennett (Ref. 5), and •-Dayton (Ref. B). Lower: 
2.615 MeV, curve,---- Tseng-Pratt (Ref. 9), curve 
-- ll'>verbf$ et" al. Experimental -points: -'!.,-Girard 
et az: (Ref. 6), o-Dayton (Ref. 8), and •-our reanaly
sis of Colgate's data. 

ious processes are shown as a function of photon 
energy in two ways: (a) combined contributions 
of atomic photoionization and incoherent and co
herent scattering of photons and (b) atomic pair 
production, triplet production, photoionization, 
and coherent and incoherent scattering of photons. 
Such a presentation ha~ been given for four ele
ments (Z =57, 60, 82, and 92). 

It is seen that this method is adequately suited 
for inferring an unambiguous conclusion on pair
production theory in the threshold region. 

In Figs. 5-7 we have the results of present 
measurements, the reanalyzed results of some of 
the previous measurements, and results of some 
direct measurements displayed together with a 
combined theoretical atomic pair-production and 
triplet-production cross sections. The purpose 
is to demonstrate much larger unity in the data and 
the theoretical cross sections for the same atom 
at the same energy. 
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FIG. 10. Same as in Fig. 8. (a) for 3.53 MeV: curve 
- '---- ¢verb¢ et al. (Ref. 10) and curve -- · 
Tseng-Pratt (Ref. 9). Experimental points: •-Henry 
and Kennett (Ref. 2) and o-our reanalysis of Henry and
Kennett's data. (b) for 2.754 MeV: curve---.
¢verb¢ et al. (Ref. 10) and curve -- Tseng-Pratt 
(Ref. 9). Experimen!?I points: e -Henry and Kennett 
(Ref. 2), o-our reanalysis of Henry and Kennett's data, 
()-our reanalysis of the data of Conner et al., and e
Standil and Shkolnik (Ref. 19). 

Figures 8-11 show the dependence relative to 
the Born approximation resuttl2 of the theoretical 
atomic pair-production cross sections on the at
omic number at several photon energies in the 
threshold region. At 1.173 and 1.332 MeV, where 
direct measurements on the high-Z elements of 
Henry anq Kennett5 show appreciable differences 
with calculations of Tseng and Pratt9 and of 
fbverb~, 11 the present measurements indicate (i) 
excellent agreement with the results of Tseng and 
Pratt9 in the range of Z = 42-82 at 1.332 MeV, (ii) 
agreement in the medium-Z atoms at 1.173 MeV 
with Tseng aiJ.d Pratt, 9 and (iii) a trend in support 
of the calculation of fbverb~11 for high-Z elements 
at 1.173 MeV. In the near-threshold regioil. be
low 1.173 MeV, where disagreement between di
rect measurements and the theoretical predictions 
is greatest (Fig. 8) our measurements indicate · 
unity with theory, although the method is not sen
sitive enough at these low energies to distinguish 

/ 
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FIG. 11. Same as in Fig. 8. (a) for 5.3 MeV: curve---- ¢verb" et al. (Ref. 10) and curve--- Tseng-Pratt 
(Ref. 9). Experimental points: o-Rosenblum et al. (Ref. 18) and e-our reanalysis of Rosenblum's data. (b) for 4.50 
MeV: curve---- ¢verb" et al. (Ref. 10) and curve-- Tseng-Pratt (Ref. 9). Experimental points: •-Henry 
and Kennett (Ref. 2) and o-our reanalysis of the data of Henry and Kennett. 

between the results of cbverb0 and of Tseng and. 
Pratt. In· Fig. 8, the error bars to the data points 
at 1.119 MeV of Girard et al.6 do not tou.ch the 
screening-corrected theoretical curve of ¢verb0, 11 

except the point for Z = 29 at which disagreement 
disappears ... 

VI. CONCLUSION 

In this paper we have attempted only to indicate 
how very careful total attenuation experiments, 
in conjunction with very accurate theoretical cross 
sections for the various competing interaction 
processes; have provided a check on the recent 
pair-production theoretical cross section in the 
threshold region. While it is desirable to perform 
direct experiments to test the theory at low ener
gies, in practice such experiments have been 
found to be of limited value in view of inherent dif-
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Atomic Rayleigh scattering of photons in the momentum-transfer. range 0-lOmc 

S. K. Sen Gupta, N.C. Paul, J. Basu, and N. Chaudhuri 
Department of Physics, North Bengal University, Pin 734430, India 

(Received 24 January 1979) 

The new results of measurements of coherent scattering of photons by bound atomic electrqns over a 
momentum transfer q range 0-4mc together with those from other recent measurementS with a coverage in 
the momentum transfer up to lOme are presented for a critical evaluation of the previous and new 
calculations on Rayleigh scattering. This evaluation reveals the ranges of applicability of the form-factor 
formalism in the nonrelativistic and relativistic domain and demonstrates the trend of behavior of the exact 
theoretical predictions as a function of q I aZm . 

I. INTRODUCTION 

We have made a series of precision measure
ments of the coherent scattering of photons over 
the energy range 0.100-2.0 MeV. In this energy 
range atomic Rayleigh scattering is the important 
process predominating over all other elastic scat
tering processes which combine coherently; Our 
interest in the study of coherent scattering pro
cesses has arisen due to (i) the new developments 
in the calculations 1- 9 of Rayleigh (R) and Delbruck 
(D) scattering processes which have reduced con..: 
siderably the prevailing uncertainty in the know
ledge of scattering amplitudes, (ii) the differen:.. 
ces 10• 11 between the sets of experimental cross 
section data of early y-ray measurements using 
the same photon energies and scattering targets, 
and {iii) the inadequacy10• 11 of the existing experi
ments in the evaluation of the present state of the 
theory of nonresonant atomic scattering process. 

In this paper we present the results of our mea
surements and other more recent measurements 
and calculations in such a way as to bring out the 
present status of the various theoreticai scatter
ing investigations. 

II. MEASUREMENTS 

Absolute measurements of the differential co
herent atomic scattering cross sections were 
made as a function of photon momentum transfer 
to the bound atomic electron defined by q = 2k 
sin(iB), where k is the incident photon energy in 
units of electron rest mass energy and 6 is th~ 
scattering angle. The experimental apparatus 
and the method of measurements have been des
cribed in· detail elsewhere (Sinha et al. 12

). Con
sequently only the essentials relvant to the pre
sent measurements are mentioned. y-ray sources 
included radioactive isotopes 210 Pb (47 keV), 
241Am (59.54 keV), 141Ce (145 keV), 203Hg (279.2 
keV), 131Cs (662 keV), 65 Zn (1.115 MeV), 6°Co 

20 

(1.17 and 1.33 MeV), and 124Sb (2.09 MeV), the 
source strength being in the range of 3mci for 
241 Am to 7 50mci for 124Sb . The differential cross
section measurements were done for 15 elements 
representing low-, medium-, and high-Z atoms. 
The pulse-height spectra were accumulated in a 
NDllOO multichannel analyzer using a storage 
time of 20-100 ks. In the annular scatterer geo
metry [Fig. 1(a)], in addition to the scatterer 
thickness, radii, and source-scatterer distance, 
three quantities were needed to obtain the total 
differential cross section, namely, (i) the total 
number of scattered photons per second, (ii) the 
total number of photons per second from a simi
lar weak reference source of the same energy and 
at the same position of the scatterer, and (ii) the 
background counts per second, all recorded for 
the same interval of time. 

The total number of scattered photons was de
termined by summing over the pulses under the 
photopeak of the scattered spectrum. The cross 
section for the coherently scattered photons was 
obtained by subtracting the incoherently scattered 
photons determined ·by the calculations based on 
nonrelativistic Hartree-Fock (NRHF) scattering 
functions (obtained from Hubbell et al. 13

). 

For the determination of the cross section at 
larger scattering angles [Fig. 1(b)] we separated 
the coherent peak from the incoherent peak in .. 
the scattered spectrum so that the ratio of the 
number of coherently scattered photons to that of 
the incoherently scattered could -be. found. This 
ratio, when combined with the calculated incoher
ent scattering cross section based on NRHF inco
herent scattering functions, yielded coherent scat
tering cross sections. In the large-angle-mea
surement geometry both the incident and scattered 
beams were collimated so that for a very small 
scatterer in the shape of a right-circular cylinder 
the maximum solid angle between the scatterer 
and the detector was 5 x 10-2 sr. Corrections due 
to such a spread of scattering solid angle are 

948 © 1979 The American Physical Society 
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FIG. 1. Schematic diagram of the experimental 
arrangefueni (a) for small and (b) for large-angle 
scatteriilg fueasurements. S, source; T, target; 
and D, detector'. 

generally small, and were taken into account when 
necessary. The effect of photons suffering multi
ple scattering in the target and reaching the de
tector WaS taken into consideration. In the sym
metrical-scattering arrangements (Fig. 1) the 
photons multiply scattered towards and away from 
the detector should be mutually compensated 
to a great extent, therefore, the effect may be ne.:. 
glected since very thin (<3 nim) scatterers were 
used; 

Iii. EXPERIMENTAL DATA AND ERRORS 

For the purpose -of the present paper we have 
presented the cross sections (26 data poirits in 
the- graph of Fig. 2) of our measurements on 
Pb (Z= 82) for six photon energies: 0.145, 0.280, 
0.662; Lii5, 1.17, and1.33MeVandweincludedad
ditional data points for Pb from the following re
cent hl.gh..;precision measurements: (i) Schuma
cher et ai., l4 photon energies 59.54 keV (seven 
data points), 412 keV (eight data points), 662 keV 
(seven· data points), 889 keV (nine data points), 
L12 MeV (nine data points), and 2.75 MeV (eight 
data points); (ii) Hardie et al., 15 photon energy 
1.33 MeV (ten data points); (iii) Kahane et al., 16 

photon energy 6.84 MeV (one data point). 
The error to the measured cross sections aris

ing from statistical uncertainty was less than 1% 
in the present and all other measurements listed 
above. In addition to counting statistics, some 
sources of systematic errors were .considered in 
the present measurements. Those include un
certainties (i) from the presence of incoherent 
component in the measurement of coherent com
ponent, {ii) in the determination of photopeak area 
of the coherent component, (iii) variation in the 
detector background in the presence and absence of 
of the scatterer, and (iv) in the measurements of 
source-scatterer distances, scattering angles, 
thickness of the scatterer, and the photon attenua-
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FIG. 2. da(O)coh/da(B)t plotted vs q(nt'c). 

tion coefficient for the scatterer. Some of those 
errors have been either effectively exCt\fde·d of 
minil!lized and others accounted for witii.lippro
priate corrections. 

IV. RAYLEIGH SCATTERiNG CALCULATiONS 

For the interpretation of the data and' examining 
their preflent status in terms of the theory vie 
have computed theoretical differential cross sec
tions (in units of 'Thomson cross section per eiec
tron) from the following calculations: (i) nonreia.<: 
tivistic Hartree-Fock calculations of the atomic 
form factor by ·cramer and Manh1 (compiled.by 
Hubbell et al. 13); (ii) re.lativistic Hartree-.Fock 
(RHF) calculations of the atomic form factor by 
Doyle· and Turner, 2 Cromer and Weber, 3 and· 
pverb~4 (obtained from the compilation or' Hti.bbel 
et al.5

); (iii) atomic shellviise calculations of the 
Rayleigh scattering amplitudes by Johnson and 
Cheng, 6 Cornille and Chapdelaine, 7 and Kissel and 
Pratt8

; and (iv) atomic K-shell Rayieigh-scatter
ing amplitude by Florescu and Gavrila.9 

V. DISCUSSION OF RESULTS AND CONCLUSIONS' 

The scattering of photons depends on the inci
den:t photon energy k, photon scattering· angle e, 
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and the atomic nJ.mber z of the scatteref atom. 
In order to study the behavior. of the coherent 
scattering cross section as a function of photon 
momentum transfer q otrer the energy region 
where the Rayleigh scattering is predomi~ant, we 
have comp~teci the differential scattering cross 
section of atomic Rayleigh and nuclear Thomson 
scattering for the specific case of the m,ost com
monly used scatterer Pb (Z= 82) according to 
various calculations referred to above. In Fig. 2 
we have sh~wri the dependence of da(O)c~b/da(O)T 
on q over the range (O.OOi-10.0)mc. The results 
of Florescu-Gavrila9 are oa.Seci on their high-en
ergy approximation [Eq. (131) of Florescu-Gav
rila9] for the scattering of lower-energy photons 
at finite scattering angle~. The resuits of mea
suremimts referred to in Sec. IV are displayed in 
Fig. 2. It is seen that form-factor theory is suf
ficient eveh for high-Z atoms over the q range 
below 0.5mc. The RHF form-factor theory is 
appropriate to scattering of photons with energies 
greater than the K-shell binding energy of the 
heavy scatterer atom, whereas for photon energies 
less than the K-sheil hincting enetgy, NRHF form
factor pr~dictions, corisisl~rit with ne~ theoreti
cal predictions by Kissel ari.d Pratt are foimd to 
show agreement at 5% ievei below q = o .2mc and 
within 15% above q = (j .2mc. 

In the q rarige above 0 .5mc, the Florescu-Gav
rila9 high-eriergy approximation is sufficient near 
the low-q end of the observed cj distribution for 
each photon energy over the range 0.400-2.75 

in. T. Cromer. and J. B. Manti, J. Chem. Phys. 47, 1892 
(1967); Acta Ccysta'llogr. A 24, 321 (1968). 

2p. A. Doyle and P. S. Turner, Acta Crystallogr. A 24, 
390 (1968). 

3D. T. Cromer and J. T. Wither, International Tables 
for X-ray Crystailography (Kynoch, Birmingham, 1974). 

4r. (,i1verbp, Phys. Lett. B 71, 412 (1977); Nuovo Cimento 
B 40, 330 (l!l7'i). 

5J. H. Hubbell anci I. l',i1verb_0; J. Phys. Chem. Ref. Data 
(to be published) . 

6w. R. Joluison and K. Cheng, Phys. Rev. A 13, 692 
(1976). . 

7H. Cornii.ie and M. Chapd(Haine, Nuovo Cimento 14, 
1386 (1959). -

8L. Kissel arid R H. Pratt", Lawrence Livermore Labora
tory Report,' 19'78 (impu!Jtisb:eii). 

9V. Florescu and M·, Gavrila, Pbys. Rev. A 14, 21 (1976). 

MeV, whereas the form-factor theory is suffi
cient near the high-q end. In the intermediate-q 
range the distribution of da(O!coh/da(OJT is in ex
cellent agreement with the prediction of the energy 
dependence of the Johnson and Cheng6 exact cal
culation which agrees with the Florescu-Gavrila9 

anq NRHF-RHF results at lower- and higher-q 
ends, respectively. 

This comparison leads to the conclusion that 
the Florescu-Gavrila9 high-energy approximation 
is vaiid for (q/aZm) up to 1.6, 2.5, 3.5, 4.3, and 
5.7 corresponding to incid~nt photon energies 
(greater than five times the K-shell pinding en
ergy) 0.412, 0.662, 0.889, 1.33, and 2.75 MeV, 
respectively (here 0! is the fine-structure con
stant and m is the electron-rest-mass energy). 
The corresponding q/O!Zm values above which the 
NRHF-RHF form-factor approximation is ade
quate are 1.9, 3.5, 5.0, 6.2, and 7.0. For inter
mediate values of qj O!Z mat each of these ener~ 
gies Johnson-Cheng6 calculations give excellent 
agreement with the measurements. 
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Abstract. New ~easurements of coherent (Rayleigh) scattering of photons of energies in 
the vicinity of K-absorption edges of gold and lead atoms together with other re~ent 
measurements with a coverage in the momentum transfer region up to 1.0 me are presented 
for a critical evaluation of (i) the latest relativistic calculation of coherent scattering factors, 
(ii) the anomalous dispersion correction to the scattering factors and (iii) the exact numerical 
Rayleigh scatteri~g ~mplitudes of inner electron shells. This evaluation reveals the ranges 
of applicability of these calculations and indicates the trend of behaviour due to the 
proximity of !<;-absorption edges of scatterer atoms. 

1. Introduction 

The coherent elastic scattering of x-ray and low-energy gamma r_ays by bound electrons 
(Rayleigh scattering) in the vicinity of photoelectric absorption edges of various 
scatterer elements is a subject of current interest. The region below photon energies of 
about 100 keV had been of considerable theoretical uncertainty in the past due to the 
proximity of absorption edges. New theoretical developments (e.g. Kissel and Pratt 
1978a, b) for the exact calculation of Rayleigh scattering amplitudes down to photon 
energies of 100 e V, go beyond the refined relativistic calculations of the form factor (/0) 

by Cromer. (1965), and the anomalous dispersion corrections, 1~./' (real) and Af" 
(imaginary), to / 0 by Cromer and Liberman (1970), for coherent Rayleigh scattering in 
the nearly forward direction. Below photon energies of 100 keV, the contributions of 
other elastic scattering processes of the whole atom coherent scattering are negligible 
compared with that from Rayleigh scattering. 

We have measured the angular distribution of the Rayleigh scattering by gold and 
lead atoms, of photons in the energy region up to 145 keV. In this paper we attempt a 
presentation of our results, along with the results of other more recent measurements 
and the latest calculations, in such a way as to exhibit the degree to which the 
calculations show unity in their predictions with the relatively high-precision experi
mental data. 

2. Measurements 

Absolute measurements of the differential coherent atomic scattering cross sections 
were made as a function of· the photon momentum transfer to the bound atomic 

0022-3700/82/040595+08$02.00 © 1982 The Institute of Physics 595 
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electrons defi'ned by q = 2 k sin ~9 in me units, where k is the incident photon energy in 
units of the electron rest mass energy and 9 is the scattering angle. The experimental 
set-up and the method of measurements have been described in our previous paper 
(Sen Gupta et a/1978). Only the essentials relevant to our present series of measure
ments are .mentioned~ · · Gamma ·ray· sources· ·include radioactive iso'topes 141Ce 
(145.00 keV), 170Tm (84.30 keV), 241Am (59.54 keV) and 210Pb (47.00 keV), the 
source strength being in the range 10-100 mCi. The differentiaf eros~ section 
measurements haye so far been performed for 17 elements. The pulse height spectra 
were accumulated in a NuClear Data 1100 multichannel analyser using a storage time of 
20-100 ks. In the annular scatterer geometry for ·nearly forw'ard scattering (figure 
1(a)), in addition to the scatterer thickness, radius and source-scatterer distance, three 
quantities were needed to obtain the total differential cross section: (i) the total number 
of scattered photons per second, (ii) the total qumber of photons.per second from a 
similar weak reference source of the same energy and placed at the position of the 
scatterer !J.nd (iii) the background counts per second, all.recorded.f()r the same span of 
time. · · · · 

·The totalnumbeJ: of scattered photons. was determined by summing over the pulses 
under the photopeak of the scattered spectrum. The cross· section for the coherently 
scattered photons was obtained by subtracting the incoherently scattered photons 
determined by the calculations based' on the non-rehitivistic Hartree:-Fock (NRHF) 

scattering functions (obtained from the c()mpilation of J:Iubbell et 'al (1975)). 
For the determination of the cross section at larger scattering angles (figure 1(b )) we 

separated the coherent peak from the incoherent peak in the scattered spectrum so that 
the ratio of the number of coherently scattered photons to that of the incoherently 
scattered photons could be found. This ratio, when combined with the calculated 
incoherent cross section based on the NRHF incoherent scattering function, yielded the 
coherenfscattering cross section. In the large-angle measurement geometry both the 
incident and the scattered beams were collimated so that for a very small scatterer in the 
shape of a right circular cylinder 'the maximum solid angle between the scatterer and the 
detector was-5 x 10-2 sr·; Corrections due to such a spread of the scattering solid angle 
are generally small, and were taken into account when necessary. The effect of photons 
suffering multiple scattering in the target and reaching. the detector was also taken into 
consideration. In the ·symmetrical-scattering arrangement (figure 1) the photons 
multiply scattered towards and away froin the detector should be mutually compen
sated to. a great extent, therefore, the effect may be neglected since very thin 
( <200 mg em - 2

) scatterers were used. 

3. Experimental·data and errors 

For the presentation intended. in this paper. we have included the cross sectio'ns (table 1) 
from the set of our completed measurements on Au and Pb for two photon· energies· 
(84.30 and 145.00 keV) and have included additional data points for Au and Pb from 
the following recent high-precision m()asurements: Schumacher and Stoffregen (1977), 
photon energy 59.54 keV; Tirsell et al (1975), photon energies 25.19, 35.84, 46.00, 
55.37 and 74.96 keV; Nath et al (1975), photon energy 145 keV; Hauser ·and Muss-
gung (1966), photon energy 145 keV. . 

The total experimental error arising froinstatistical uncertainties in the background 
counts, the number of scattered courits and the measurements of r~lative gamma-ray 

,r·; 
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Figure 1. Schematic diagram of the experimentai arrangement, (a) for small-angle and (b) 

for large"angle scattering measurements. S; source; T, target; D; d~tector. : 

Table 1. Measured cross sections for coherent scattering from'bourid electrons. 

Photon Experim~rttal 
energy Target 
(keY) (Z) 

cross section 
8 q· (me) (b atom-1 sr- 1

) 

84.30 Au(79) 2°39' O.Q08 3~2.5 (±4.2)3
. 

5°04' 0.015 268.9 (±5.4) 
10°38' 0.030 130.5 (±2.6) 
13°13' 0.038 92.8 (±2.9) 
24°12' 0.069 . 23.3 (±1.0) 

145.00 Pb(82) 1°56' 0.009 418.2 (±12.5) 
2°24' 0.012 267.7 (±8.1); 
3°46' 0.019 279.7 (±8.4). 
8°05' 0.040 92.3 (±4.6) 
13°58' 0.069 54.6 (±3.2) 
15°48' 0,078 33.1 (±2.6) 
19°53' 0.098 23.2 (±2.3) 
24°50' 0.122 12.3 (±1.2) 

• Figures _within parentheses indicate errors in the experimental cross sections. 

source strengths was kept in the range from 1% at forward angles to about 10% at 
intermediate angles. In addition to counting statistics some sources of systematic error 
were considered in the present measurements. These include uncertainties (i) from the 
presence·of the incoherent component in the measurement of the coherent component, 
(ii) in the determination of the photopeak area of the coherent component, (iii) from the 
variation of. the detector background in the presence and absence of the scatterer and 
(iv) in the measurement of source-scatterer distances, scattering angles, thickness of the 
scatterer and the photon -attenuation coefficient for the scatterer. Some of these errors 
have been either ~ffectively excluded or minimised and others accounted for with 
appropriate corrections. The correction for the effect (i) was applied with an 
uncertainty not exceeding 5%. The uncertainty in the cross section due to (ii) was 
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minimised by using two methods for the evaluation of the photopeak area, the results of 
which agree to within 2%. The correction for (iii) was at the 1% level and the error in 
this evaluation was within 10%. The errors in various measurements under (iv) were 
small and the combined uncertainty in cross ~ection due to these is less than 1%. 

4. Rayleigh scattering calculations 

The experimental data under consideration represent a significant improvement in 
precision over earlier coherent scattering measurements and hence deserve careful· 
examination in terms of the latest calculations mentioned in § 1. For this purpose we 
have computed theoretical differential Rayleigh scattering cross sections in units of the 
Thomson cross section per electron from the following calculations: the relativistic 
Hartree-Fock (RHF) calculation of the atomic form factor (/0) by Doyle and Turner 
(1968), Cromer and Weber (1974), and 0verbf2! (1977a, b), obtained from the 
compilation of Hubbell and 0verbfi! (1979); the atomic shell-wise calculation of 
Rayleigh scattering amplitudes by Kissel and Pratt (KP) (1978a, b); and the atomic 
coherent scattering factors corrected by forward angle dispersion terms by Cromer and 
Liberman (cL) (1970). 

These forward angle dispersion corrections are usually applied (James 1965) at 
other angles through the use of the following expression 

(du )·(du )-1 -I " ,/h(q)lz I" ,/h(q)lz 
dO(B)coh dO(B)r - fo+ '1 A/i/(O) + '1 A/i /(O) (1) 

where fh (q) is the form factor per electron for the ith subshell. 

5. Discussion of results 

The dependence of the ratio of the coherent (Rayleigh) scattering cross section to the 
Thomson scattering cross section per electron on the momentum transfer q is shown in 
figures 2-4 for each of several energies. The results of the measurements referred to in 
§ 3 are displayed in the same figures. At a photon energy of 84 ke V no coherent 
scattering measurements have so far been reported. At 145 keV, the measurements at 
angles above 30° have been reported by Schumacher (1969). At smaller angles for this 
energy, the measurements of Hauser and Mussgung (1966)" are not consistent with 
present results or the results of Nath et al (1975) and the theoretical predictions based 
on the dispersion corrected form factor of Pb (figure 3). 

When we examine the data points with reference to the respective ratios EK/ E (in 
the range 0.55-3.20 for Au and 0.6-3.49 for Pb at an interval of 0.1 near EK! E = 1) of 
the K-edge energy to the incident photon energy E, in different regions. of the q 
distributions, we notice in figure 2 that at photon energies with EK/ E > 1 and in the 
range 0.05 < q < 0.1, the data points show better agreement with values intermediate 
between the predictions according to the RHF form factor calculations and the dis
persion corrected CL calculations. We also find some indications of explicit dependence 
on the photon energy beyond q = 0.1 (figure 4 ). The data points with q < 0.1 do not 
show such energy dependence (figure 2) as expected from the fundamental condition of 
form factor approximation. The points with EK! E < 1 agree with the dispersion 
corrected CL calculations. 

'· 
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Figure 2. Plot of (du(O)coh/dfi)(du(O)r/dfi)-1 against momentum transfer, q, in me units 
for Z = 79. Theoretical predictions: A, form factor-; B, RHF form factor corrected for 
dispersion - 0 -. ·Experimental points: e, 25.19 keY; !:::,., 35.84 keY; 0, 46.00 keY; liiiJ, 
55.37 keY; 0, 74.96 keY (all from Tirsell etal1975); --· 145 keY (present measurements). 

New theoretical predictions according to the newS -matrix calculation of KP and the 
results of cL calculations are shown in figure 3 together with the data points with 
EK/ E > 1 and with EK! E < 1. We note a close agreement between these two predic
tions which agree with the data for several photon energies. At small q below 0.05 and 
for EK! E > 1, the RHF form factor predictions in close agreement with those of the CL 

calculations, appear to be the best approximation to the KP prediction. 
In .order to exhibit the i111portance of the contributions of higher atomic shells 

beyond M shells of heavy atoms we plot in figures 3 and 4 shell-wise KP predictions and 
the data. at·35.84, 74.96 and 84.30keVon Au and at 84.30 and 145keV on Pb, 

, respectively. We see that below q = 0.06 higher-shell contributions are significant and 
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E 

q{mcl 

Figure 3. Plot of-(du(8)coh/dfi)(du(8h/dfi);-1 against momentum transfer, q, in me units 
for· Z = 82. Theoretical predictions: B, Dispersion corrected form factor -· ·-; E, KP 

calculation with 59.54 keV forK+ L+ M + N shells--,-; F, KP calculations using 59.54 keV 
for K + L+ M shells--: Experimental points: 'V, 59:54 ke V (Schumacher and Stoffregen 
1977); /:;., 145.00 keV (Nath et al 1975); 0, 145.00 keV (Hauser and Mussgung 1966); e, 
145 keV (present measurements). 

,; . 
have to ·be included in an exact manner to obtain agreement with data for EK../ E;;:; 1. 
Above q = 0.1, the sum of the contributions up to theM shell by the S -matrix method is 
adequate when EK! E ;;:;1 for Au.and Pb atoms. · 

. In some recent papers (Kissel and Pratt 1978a,.b;· 1980; Tirsell et al 1975, 
Schumacher and Stoffregen 1977) the experimental data have not bee!:) considered for 
the wider q · range, and hence. have not been compared with. various ·theoretical 
predictions as discussed above. This presentation· reveals the ranges.of agreement and. 
disagreement of various calculations and with the data and is an improvement over 
previous work. 
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q !me) 

Figure 4. Plot of (du(O)coh/dll)(du(Oh/dll)-1 against momentum transfer, q, in me units 
for Z =79. Theoretical prediction: C, KP calculation with 35.84 keV for K+L+M shells 
-. ; D, KPwith 74.96keVforK+L+Mshells-; G, ~Pwith84.30keVforK+L+M 
shells -. Experimental points: !:::,, 35.84 keV; 0, 74.96 keV (Tirsell eta/ 1975); ~. 
84.30 keV (present measurements). 

6. Conclusion 

It is now clear that for incident energies below the Kedges of heavy atoms the main part 
of the form factor, fo, is inadequate above a momentum transfer of 0.2 me and the 
dispersion terms t:J..f' and Af" calculated for nearly forward scattering begin to fail for 
25.6 keV photons at scattering angles of 172° and at 35°when the incident energy is just 
below the K edge. The theoretical predictions of Kissel and Pratt (1978a, b) for 
individual inner electron shells provide the most accurate set now available for a 
comparison with experimental data above a momentum transfer of 0.06 me. For lower 
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values of momentum transfer such exact predictions for outer electron shells. are not 
available and hence there is no other theoretical basis except that of the RHF form factor 
prediction. 

Acknowledgment 

The authors wish to express their gratitude to the University of North Bengal for 
providing UGC Teacher Fellowships to S K Sen Gupta, N C Paul, J Basu and G S 
Goswami and a Junior Research Scholarship to S C Das. They are also grateful to Dr L 
Kissel for sending Rayleigh amplitudes and to Dr J H Hubbell, for relativistic Hartree-
Fock form factor results. · 

References 

Cromer D T 1965 Acta Crystallogr. 19 224 
Cromer D T and Liberman D 1970 J. Chern. Phys. 53 1891 

:<; 

Cromer D T and Weber J T 1974 International Tables for X-ray and Crystallography (Birmingham: Kynoch) 
Doyle P A and Turner P S 1968 Acta Crystallogr. A 24 390 
Hauser U and Mussgung B 1966 Z. Phys. 195 252 ~-
Hubbell J Hand 0verbl'! I 1979 J. Phys. Chern. Ref. Data 8 69 
Hubbell J H, Veigele W J, Briggs E, Brown R Tand Cromer D T 1975 J. Phys. Chern. Ref. Data 4 471 
James R W 1965 The Optical Principles of the Diffraction of X-rays (Ithaca, NY: Cornell University Press) 
KisselL and Pratt R H 1978a Phys. Rev. Lett. 40 387 
-- 1978b Lawrence Livermore Laboratory Report 
-- 1980 Lawrence Livermore Laboratory Report 
Nath A, Roy S C and Ghose AM 1975 Nucl. Instrurn. Meth. 131163 
0verb~ I 1977a Phys. Lett. 71B 412 
-- 1977b Nuovo Cirn. B 40 330 
Schumacher M 1969 Phys. Rev. 182 7 
Schumacher M and Stoffregen A 1977 Z. Phys. A 283 15 
Sen Gupta S K, Paul N C, Roy S C and Chaudhuri N 1978 J. Phys. B: At. Mol. Phys. 12 1211 
Tir~ell KG, Slivnisky V Wand, Ebert P J 1975 Phys. Rev. 12 2426 

I 
l 

. ' ' 



Nuclear Instruments and Methods 193 (1982) 39.5400 

North-Holland Publishing Company 
395 

NEW MEASUREMENTS OF COHERENT AND INCOHERENT ATOMIC SCATTERING 
FACTORS USING RADIOACTIVE GAMMA RAY SOURCES 

Swapan K. SEN GUPTA, Niranjan C. PAUL, Jahnabi BOSE, Satyendra C. DAS and Nirmalendu 
CHAUDHURI 
Department of Physics, University of North Bengal, Pin 734430, Darjee/ing, India 

, A representative sample of results of our measurements over the photon energy range 0.08--2.00 MeV on coherent and 
incoherent scattering is presented and compared with theoretical predictions resulting from new calculations at photon energies 
below and above the K-shell binding energy of heavy atoms. The present results taken with some other recent measurements near 
and far from K-absorption edges of tiJe scatterer atom help identify the region in photon energy and momentum transfer for the 
applicability of various theoretical predictions for photon coherent scattering. The Hartree-Fock model for bound electron 
incoherent scattering is found to be adequate in explaining the measured whole atom incoherent scattering factors over the :whole 
momentum transfer range investigated. 

1. Introduction 

We have made a series of precision measure
ments of the scattering of photons over the 
energy range 0.080-2.00 MeV. In this paper we 
make a presentation of present results of 
coherent and incoherent scattering of photons 
for a number of representative low, medium, and 
high Z atoms together with some results of other 
measurements in such a way as to indicate the 
degree to which these measurements serve as a 
test of the various calculations. 

2. Measurement 

Absolute measurements of tne differential 
atomic scattering cross sections were made as a 

,g.: function of photon momentu'm transfer to the 
bound atomic electrons defined by q = 
2 k sim(9/2) where k is the incident photon 
energy in units of electron rest-mass energy, and 
e is the scattering angle [1]. The essentials rele
vant to the present measurements in the sym
metrical scattering arrangements (fig. 1) are 
mentioned. The gamma ray sources included 
radio~ctive isotopes 201Pb (47 keV), 241Am 
(59.54 keV), 17<Tm (84.30 keV), 141Ce (145 keV), · 
203Hg (279.2keV), 137Cs (662keV), 65Zn 
(1.115 MeV), 60Co (1.17 and 1.33 MeV) and 124Sb 

(2.09 MeV), the source strength being in the 
range 3 mCi for 241Am to 750 mCi for 124Sb. the 
differential cross section measurements were 
done for 15 elements representing low, medium 
and high Z atoms. At scattering angles above 15° 
(fig. 1b), we separated the .coherent peak from 
the incoherent peak in the scattered spectrum . 
usi~g suitable Nal (Tl) detectors. The pulse 
height spectra were accumulated in a NDllOO 
multichannel analyzer. 

3. Results: theoretical and experimental 

3.1. Coherent scattering 

.We have measured coherent scattering from a 
number of low, medium, and high Z represen-

T 

~D 
(a) 

,',r--- ------------ ----,~/ 

/:/s/~r·:.~:/ 
' ' ' ' 

/ D :' (b) t ____________________ J 

Fig. 1. Schematic diagram of the experimental arrangement 
for (a) small, and (b) large-angle scattering measurements. 
5--source, T -target, and D-detector. 
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tative elements covering a momentum-transfer 
range (0.001-0.15)mc. The results of measure
ments presented here are of energy 0.145 MeV 
(fig. 2), 0.662 and 1.33 MeV (fig. 3). The 
differential cross sections have been computed 
using F(q,z) values based on nonrelativistic 
Hartree-Fock (NRHF) wave functions [2, 3]. In 
fig. 4 we haye shown the dependence of 
[du(8)coh/d.Q]/[du(8)r/d.Q] (i.e. IF(q,z)l2) for Pb 
on q over the range (0.001-10)mc. In addition to 
the data points from our own measurements on 
Pb we have included in fig. 4 the data points for 
Pb from other recent measurements of (1) 
Schumacher et al. [4], photon energies 412 keY 
(eight data points), 622 keY (seven data points), 
889 keY (nine data points), 1.12 MeV (nine data 
points) and 2.75 MeV (eight data points); (2) 
Hardie et al. [5], photon energy 1.33 MeV (ten 
data points); (3) Kahane et al. [6], photon energy 
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ATOMIC NUMBER Z 

Fig. 2. Experimental scattering cross sections da(O)cohfd.Q (in 
b.sr- 1) with 0.145 MeV photons (A) for q = 0.0095mc, (B) for 
q = 0.014mc, (C) for q = 0.019mc, (D) for q = 0.04mc and (E) 
for q = 0.05mc compared with predictions from da(O)cohfd[.l = 

da(O}r/d.f.ljF(q, z)J2 (i.e. coherent). 
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Fig. 3. Experimental scattering cross section, da(ll)t0 ,/d.f.l (in 
b·sr-1

) with 0.662 MeV photons (A) for q = 0.027mc, with 
1.33 MeV photons (B) for q = 0.045mc and (C) for q = 
0.09mc compared with da(O)cohfd.Q = da(O}r/d.f.ljF(q, z)l2 

(i.e. coherent) and da(O);nc/d.f.l = da(O)K.Nid.f.lS(q, z) (i.e. in
coherent). tot is the sum of the coherent and incoherent 

6.84 MeV (one data point). The data points for 
photons in the energy range 25-145 keY are dis
played in figs. 5 and 6. The theoretical predictions 
for the differential cross section in units of Thom
son cross section per electron have been obtained 
from the following calculations: (1) NRHF form~ 
factor by Cromer and Mann [2], compiled by 
Hubbell et al. [3]; (2) relativistic Hartree-Fock 
(RHF) calculation of the atomic form factor by 
Doyle and Turner [7], Cromer and Weber [8] and 
0verb0 [9], compiled by Hubbell et al. [10); (3) 
atomic shell-wise calculation of the Rayleigh scat
tering amplitudes by Johnson and Cheng [11], 
Cornille and Chapdeline [12], and Kissel and Pratt 
(KP) [13]; (4) atomic K-shell Rayleigh scattering 
amplitudes by Florescu and Gavrila [14]; and (5) 
atomic coherent scattering factors corrected for 
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6"84 MeV • (Florescu and Gavrila) 
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Fig. 4. [du(O)coh/df.l]/[du(O)r/df.l] plotted versus q(mc). 

forward angle dispersion terms by Cromer and 
Liberman (CL) [15]. 

3.2. Incoherent scattering at small momentum 
transfer 

We have taken measurements of a number of 
selected atoms with Z = 5, 6, 7, 11, 13, 16, 21, 26, 
29, 30, 50, 74, 79, 80, and 82 covering a momen
tum transfer range (0.3-0.12)mc using nearly 

~- p10noenergetic photon beams over an energy 
range 0.5-2.0 MeV. The completed measure
ments included here for presentation are atoms 
of Z = 13, 16, 29, 50, and 82 for photons of 
energies 0.662 and 1.33 MeV. The results are 
presented in figs. 3, 7 and 8. In figs. 3 and 7 the 
coherent scattering has not been subtracted from 
the experimental total cross section measure-

. ments in order to compare more clearly the 
measurements and predictions in the small 
momentum transfer region, where the binding 
effect is important. 

-+:- ·• 

.,. 

tot . 

EXPERIMENTAL POINTS 

ZS.t9 koV Au e (T-u. ot al tm ) 
35.84 .. " i:J. 

.e.oo " ·" D 
55.37 ~ " lil 
74.86 " "0 
114.30 " " ~ ( P .. IPIT MlAIJ 

THEORETICAL PREDK:TIONS 

A RHF FORM FACTOR Au 

B RHF FORM FACTOR CORRECTED 
FOR DISPERSION Au~ 

q(mc) 

0 
A 

Fig. 5. Plot of [du(O)coh/df.l)/[du(O)r/df.l versus momentum 
transfer q in units of me for Z = 79. Theoretical predictions: 
(A) form factor (solid line); (B) RHF form factor corrected 
for dispersion of line width small circles). Experimental 
points: e 25.19 keY, 6. 35.84 keY, D 46.00 keY liiJ 55.37 keY, 
0 74.96 keY (all from Tirsell [16]); _. 84.30 keY (present 
measurements). 

4. Discussion and conclusions 

The new results of coherent scattering cross 
sections for representative low, medium, and 
high Z atoms over photon energies of 0.145-
1.33 MeV are considered in figs. 2 and 3 with a 
basic interpretation of form factor approximation 
based on the HF model calculation of F(q, z) [3], 
which adequately interprets measured atomic 
scattering factors over a momentum-transfer 
r;mge (0-0.15)mc. The interpretation of the data 
over a wider momentum-transfer range for the 
scattering of photons up to several MeV is con
sidered in fig. 3 in terms of various theories 
mentioned in section 3.1. It is seen that the form 
factor theory is appropriate to scattering of pho
tons with energies greater than the K-shell bind
ing energy of the heavy scatterer atoms. 

In the q range above 0.5mc (fig. 4) the 
Florescu-Gavrila [14] high energy approximation 

IX. X-RAY ABSORPTION 



398 S.K. Sen Gupta et al. I Coherent and incoherent atomic scattering factors 

... 

~/c: 
~ 

m' 
8 

~lc: ..., ..., 

to' 

EXPERIMENTAL POINTS e 
~0 

59.54 keV Pb 'V ( 5CWUMACIIER 81 al,1977) 

145.00keV Pb e ( PRESI:NT IIEAS.) 

" .. .. C. ( NATW olal.1975) 

"• ~ ·". " 0. _(.HAUSER elal;1966), 

THEORETICAL PREDICTIONS 

B. DISPERSION COIRECTEll FORM FACTOR Pb ~ 

E •. KISSEL 59.54 keV.K+LtM+N SIIELLS Pb ----

F. KISSEL 5s.54keV K+L+ll SUELLS Pb -· --

q(mc) 

Fig. 6. Plot of [do:(8)coh/df.l/[do:(8)r/d.Q vsmomentum transfer 
q in me units for Z = .82. Theoretical predictions: (B) .dispersion 
corrected form-··-·--; (E) KP calculations with 59.54 keY for 
K + L+ M + N shells---; (F) KP calculations using 59.54 keY 
for·K+L+M·shells-:. ExJ'>erimental points: 11 59.54'keY 
(Schumacher [4]); b,. 145.00 keY (Nath [17]); e 145.00 keY 
(Hauser [18]); e 145.00 keY (present measurements). 

is sufficient near the low q end of the obst?rved q 
distribution for each of the photon energie~ oyer 
the·range 0.400-2.75MeV, whereas. the form 
fact~r theory is sufficient ·near the high q end. In 
the intermediate· q -range the distribution of 
[d0'(0)coh/d.O]/[d0'(6)T/d.O] is in excellent 
agreement ,with the prediction of the energy 
dependence of the Johnson and Cheng [11] exact 
calculation, which agrees with Florescu-Gavrila 
[14] and NRHF-RHF results at lower and higher 
ends, respectively. This leads to the ·conclusion 
tha~ the Florescu-Gavrila high energy ap-

. proximation is. valid for q/aZm up to 1.6, 2.5, 
3.5, 4.3 and 5.7 corresponding to incident photon 
energies (greater than five times the K-shell 
binding energy ·of high ~Z. atoms) 0.412, 0,-662 

1. $1~' '.' 

.... 
·~ .. 
.s::i 

e 
.g~,o 

'40 60 
ATOMIC NUMBER Z 

80 

Fig. 7. Experimental scattering cross section '(0) of 
0.662 :tyleY photons at q ,= 0.107mc with predictions inc, coh 
and tot as in caption of'fig. 3: ' 

0.889, 1.33 and 2.75 MeV, I;espectively (here a is 
the fine structure constant and m is the electron 
rest-mass energy). The corresponding q/aZm 
values above which the.NRHF-RHF form ·factor 
approximation' is adequate are 1.9, 3.5, 5.0, 6.2 
and 7.0. For-intermediate values of q/aZm at 
each of these energies, the Johnson and Cheng 
calculations give excellent agreement with the 
measurements. 

At photon energies below and near the K-shell 
binding .energies of scatterer atoms the data are 
considered in figs. 5 and 6. In reference to th~ ;lit 
respective ratios Ek/E (in the range 0.55-3.20 for 
Au and 0.6-3.49 for Pb. at' an interval of O.i near 
EKIE = 1) of. the K-edge_ energy to the inCident 
photon·energy, E, in different regions of _q-dis
tributions, we notice in fig. 5 that at photon 
energies with Ek/E > 1 and in the range 0.05 < 
q < 0.1, the data points show better agreement 
with values intermediate between the predictions 
of the· RHF form factor calculations and dis
persion corrected CL calculations. We also find 
some . indications of. explicit dependence on the 
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Fig. 8. Incoherent scattering factor vs. momentum transfer. Present .measurements (circles with error bar) compared' with 
calculations based on NRHF model [3]. 

photon energy beyond q =' 0.1 (fig. 6). The data 
points with q < 0.1 do not show such energy 
dependence (fig. 5) as expected from the fun
damental condition of form factor ap
proximation. The points with Ek/E < 1 agree 
with dispersion corrected CL calculations. New 
theoretical predictions according to the new S
matrix calculation of . KP and the results of CL 
calculations are shown in fig. 6 with the display
ing of the data points with EkE> 1 and Ek/k < 1. 
We note a close agreement between these two 
predictions which agree with the data for several 

l ,photon 'energies. At small q below 0.05 and for 
· · 'Ek/E > 1, the RHF form factor prediction in 

close agreement with those of CL calculations 
·appears to be the best approximation to KP 
predictions. In some recent papers [4, 5, 13], the 
experimental data have not been considered for 
a wider q range and have not been compared 
with various theoretical predictions discussed 
above. This presentation reveals the ranges of 
agreement of various calculations with the data 
and is. an improvement over previous work. 

The present data on S(q, z) for low, medium, 

and high Z atoms (fig. 8) over the momentum ' 
transfer range (0.03-0.12)mc are seen to be in 
reasonable agreement with incoherent scattering 
function approximations based on the configura
tion interaction (Browp [18]) and new HF wave 
functions [2]. This means that the effect of elec
tron binding which is effectively revealed at low 
momentum transfer (q < 0.1) incoherent scatter
ing processes is accounted for satisfactorily. 

The authors are grateful to North Bengal 
University and U.G.C., Govt. of India. 
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A SIMPLE METHOD OF sniD\1NG _ATOMIC SCREENJ~G EFF£CfS IN PAIR ~ootJCnoN 
., 

Ja1Jbabi BOSE. S"·apan K. SEN GUPTA. Ni.ranjan Ch. PAUL. Gopal Ch. GOSWAMI, S..tyr.w . ·:,C. DAS 
and Ninnalendu CHAUDHURI 
1Xt-t~rW11t of l'h):sics. No.-tlr Br?~IDI U~tlwt'sity, AvjNIJtrf·'1JN_io. 1rfd. • 

~ developmeflt of a simple methOd lor an lllotWc pair production cn:periment il described. The prelimina.ry rauhs obtaUw4.,. · 
removing vaoou• C:llperimental di(fJCUitie& and enon ~ ~ to jllJtify the iuitability of the method over other men~ 
pair detection syMem' reponCJ4 in rec:ent litemtllfe. 

l. Introduction· 
. r 

The .method used in the measurement of pair pro
duction cross sections in the sixties used Nal(TI) detec
tors in the -coincidence technique. The results of the~ . 
measurements are now· found to be not adequately 
reliable for a comparison with more refined theoretical 
calculations taking screening correction to the pair pro
duction into account. The experimental method of · 
Avignone et a!. [I] using a spherical symmetry Of 'the 
target and source is. dependent on experimental values 
of the annihilation pair production detection efficiency 

·and the total gamma-ray absorption coeffl.Gient of th'e 
target material and.is subject to experimental uncertain· 
ties. 'Another disadvantage of the method arises from 
the poor statistics due \o the lower dcte.·tion efficiency 
of the Ge(Li) detector. 

The present paper describes a method of mell$uring 
pair production cross sections and .has the. followins 
advantages: (f) separate. measurement{ o.f the annihila
tion pair producti;:>n detection efficiency b not needed 
in the evalu'ation of "the cro~s sccti<m. n:l;.ti\'~ tq a 
standard cross section; (2)' the: t(>t;1l ~ammr.-my absorp
tion coefficients of the target_ lllittcn~hl.;• rh.>l <;••tcr into 
&he computation of the cr<,ss ~cw~m: (3) a btg.: number 
of Corrections to the data ~~ a"oided: (4} a· r.:l-,>lvmg 
time of abo'ut 40 m ha<. h<.'en -.chie\'~d b~ imprt"J\·ed 
electronics; (5) the c<>ntlnuum background docs nm 

. affect the re~ult and tlierc: i~ no problem in the analysi~ 
of \'CrY well defined simpfe pair annihll~tion. peakt. 
obtained by a Nal(TI) detector; (6) the method is 
&uitable for testing new theoretical iettening corrections 
to the pair production cross section. . 

Preliminary resuh& of CfOliS IOCCtion measurements by 
thii method on three element5 ( z = 29; so' and 79) using '. 
pholOIU or encr~ic:& u73l. and l.332S MeV from a 
60Co _sourc:e are lilliO dii>C\l5ied. 

1.1. Formul~t/on . 

The idea of this experiment is to obtain cross secti011 
results by avoiding the determination of various experi· 
mental factors and errors in counting, in c:pincidenoC. or 
two annihilation-quanta produced 'when the pOsitrOnS 
of. the pairs created in the target stop ftnd annihilate · 
with electrons .. The target chosen was thick enough to 
stop tbe. positrons but thin for the incident gamma:ray 
be8Jll. When observing th~ two annihilation-quanta at 
180° .llpl\l't Crc:,lt((i in ll target 'X' of atomic number z. 
the spectrum of annihilation photons at the given direc
tion with respeet to the incident gamma-ray beam was 
recorded along with that from an exactly similar 'lower 
Z comparison radiator (taken as standar~) placed at the 
same posil.ion ·or X. in exactly the same geometry. 

The intensity of the aimihilation-quanta determined 
from. the area of the photopeak of th-e sample target X 
was compared with that in the spectrum of the standard 
radiatpr. The standard radiator element chosen. wu · 

· C?pp.:r ( Z = 2Q) because this gives counted annihibl· 
tlon-quan ia of 1-.:ttc:r statistics and the effect of trident 

''produ.:lion and inroher~ni pair production is negligibly 
small at such int.:nnedilue atomic number .. element!>. 
·Taking t:.\lpper as. the standard radiaaor this pr~ure 
,gives tor the crosb section· ratio· · 

o~ _ CxAx 
:. ;;: ":" ~:uA~:' · (1) 

where: t; x and Cc .. ·are the intensities o( &he annihilation 
radiation per g ~:m -l of the thin sample. radiatOr X and 
the standard radiator (copjler); Ax and Ac. arc the 
ut(\miC weights of the sample target X and the starulud 

. radiator •. res~tiv~ly. ..... · -
, .. 

'' .. 

·.,,. 



An ;m~l in 1l~Jurt:TM:H' of two-photon 
Qr2njll.illl'twn ~'!!l'lu, lW" "P~I"L haJ. been raclueved by 
e!urunlrtmg effect~ &uc.- 10 (! l ahr.ol'f'I\IOl"> of :=nnihil.l
tion-quanUII in the tsrget. 12l l!h!-.-.rphon of H\tldcm 

phoamJ m th~ 1-llrtJ:C-t. {.3) badtv-o-. .md~ {dum« and false 
<:>.nOCldenor.~) n::~uiting from inttriiC!JOO~ other than p11.ir 
produclion in the u.rget and b.11clcg.round materiAls. and 
(<C) tfi.to t:ffec1 of ~hMHCrJT> V::lrlltJOn Of th<::: detection 

eJf•CJrncy of f.lf'lnilu!ation photo~. 
Tht corr«:tH>n~ an~mg from the dfects (I) :and {2) 

hav.:- t-een elJJr.!n:tted hv mc~~osuring the coincidence rate 
of 1wo-phot<•n annihilation r~diation · from varyins; 
thkkne~~e~ of rh!:" ~ample targets. Targets of copper, tin 
and ]?0ld werr ::.ken in the form or circular foils 2 em in 
dJUmetl!:'f lln<l wt"rc placed ns shown in fig. l. They have 
tdentic:o.l g.:omctry with re~pect to source and detectou. 
T;~r~ct !-hickne~~~s fr,•m about 0.067 g cm- 2 to a rnax.i~ 
mum of 0.62 gem-~ were used in the measurements. To 
mimrni~e the effects (:\) and (4) the data were tnlcen 
altcrnauvcl~· on e.'lch ~el of s.tandard and sarnpJe t.argets 
in the following se<-!ucnce: standard target (coincidence 
rate at ll:l0° and at 90° between the axe$ of the two 
detector~). sample targets (coinci'dence rate at ISO" and 
90e po:.itions of the two detectors), background coinci
dences at the two positions with and witlrom tar&et, 

Fig. I. E.llperimcntal arranscmcm sh~:.wing I>OUrce-t;trl!et-dc· 
lectOr iWffieUy alon~ With. block diag.ram of tl;.: lO'>•<><:illte.d 
electroniC~;. 

s.~.wd.ud ~Yg<th. llnrl !loO oti The count1n3 tim!'; ior the 
f-<f.q~a!'JY.': ~ .... ,.~ M.tu~t~ to oht:un & U!.idt~tory atati.nxd 
error !eve! . 1"he shap« of tit¢ b~d<gr01md itf>OCtnun 
1Jilth.out s.arsei at 180~ ~md 904 ~ilton~ ~te found to be 
«act!~ iden1ic.al. Th>! !l.afl'l1'!oe and ·,r,.ndard" eorncicknce 
rilte ~~ rl'le 9()< P,<'~t!H>n h;~ve be~n t.a.keo:1 111 the c~ 
coincidence rate m the determm:.uion of tlu: pair annihi· 

IAuoq coioddtn(;(:. rate 11.1 !80" ro~•tion amd ha! b«n 
u5et1 to correct th.e observed C01f'ld-d~n~ !pectrum. A 

tteleo:tion of bnckgmund and observed annihilation spec· 
trli at 180° is shown in fig. 2. The true coinciden~ rate-s 
for various thtcknesse~ of each element of the pair thus 
determined were found 10 fit an expre!;sion 

N = Ct e-"', {2} 

where r is the target ttUclmess in g em- 2, nod C is the 
true two-photon coincidence count tate for II target O( 

thickness J g em -l and a i~ a comtant for 11 given 
element.'The constants C llnd a were determined through 

a proper filling procedure. The obtained fits to the data 
for three elements are ~hown in fig. 3. 

2.3. The coincidencl! circuit 

· The electronics shown as a. block diagram in fi:;-. 
includes a coincidence system having a resolving tim.;: of 
about 40 ns. The output resulting from th~ coincidcn~ 
between the two detectors was used to gate a multichan
nel analyser (MCA) which recorded the 0.51 MeV an
nihilation radiation spectrum from one of. the d~tectons. 
The gamma ray source used was a 300 mCi 60 Co 
(l.l732 and 1.3325 MeV) cylindrical pallet placed in a 
30 em deep and 1.8 ctn diameter bored le11d block. The 
minimum thickness of lead shielding at the sides and at 
the back of the source was 35 em. The gain and biases 

' of the two PADs of the MCA and the high voltage 

supply to each photomultiplier tube of the two dc:tectors 
(Det l and Det 2) were Fet so that energy calibration of 
the channel!: .was the same for b01h detc:ctors. A pulse 
detecled by either detectors after being amplified by rhc 

respective PADs was fed into two separate pulse shap
ing circuits A and B. The amplified pulse from a PAd 
wa~ applied to the shoned terminals of. a dual input 
AND gate l. The output_ from this gate was applied 
simultaneously to one input terminal of ano~her dual 

. input AND gate 2 and to a shorted input 1enninal of a 
dual input AND gate 3. The output from gate 3 is 
inverted by an inverter gate 4 and applied 10 _the Olhcr 

input terminal of AND gate 2. lbe input logic levels of 
the input terminals of gate 2 were aJjusteJ so that tho 

· 'gat_e gave output until a pulse from the inverter gate 4 is 
approximately 40 m. Therefore. whatever be the pulse 
width of the output of the PAD, there was alwayi AA 

output pulse at the output of gate 2 with 'a width of 40 
ns. A pulse of similar width W<tS also obw.in~ (rom the 
identical circuit for the {Jther detector. These two puls~ 
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lhicknes' (g cm- 2 ). Full une, fiued curve according to eq. (2). 
(a), (b) and (c) for coj,per, tin and gold. respectively. 

of width 4Q .~s were applied to the inp~·1 terminals -of a 
dual input AND gate 5. This gate would giv~ .an output 
only when ·•'> inputs arrive Y.ithin 40 ns. This output 
was inverted and applied to the monostable muhi\ibra- · 
tor. with Schmitt-trigger input. The external timing 
capacitor and resistor were adjusted to obtain a pulse of 

. ·proper height ancl widtli which was applied to the 
coincidence input of the ADC of MCA. l)Je output 
pulse of Det 2 was ·fed through PAD to the ADC input 
for analysis enabling it to give a pulse spectr)J.lll from 
Del 2 which is in coincidence with Det I; with a·givcn a 
time resolution. 

3. Errors 

The present measurements are free from some of the 
possible .!certainties because the ratio.of the two anni
hilation rldiation peak counts in identical geometry has 
been taken. These uncertainties include systematic er· 
r()rs arjsing from (I) the limited energy· resolution of 
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_·:r.ble1 
. ,~ca1;and·uperimenul pair production eros.' section rati~ 

Ratio Throrelical 

Born 
approx. 

liS!tf"c. 2.97 

•A.fl1c. 7.40 

a.,.;e~<:..• 7.99 
•1J/111c,. 10.07 

-------------------------~· 

0verb6f2} 0vcrb6(2J Tseng(JJ 
(Pj> <s.j> Pratt 

<Sf> 
3.83 3.95 3.93 

12.74 . 14.00 13.68 
13.86 J5.s6 IS.Il 

21.52 20.79 

Experimental 

Gir:ud{4J 
et al. 

3.85 

15.33±0.92 
21.4 ± 1.32· 

Dayton (5) Scandil(t>l 

3.66 3.48 
,-

14.70 13.93 
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Table2 
Theoretical and experimenll21 pair productioo ~:ross sections in mb. atom -I at enc~ies 1.1732 and 1.332.') MeV. 

Bement Theon: tical 

Born 
. approx. 

Born 

Sn 24.03 
A• 59.112 
Pb 64.66 
u 11.36 

Present eJtpcrimcntal, taking the cross section value 1>f rop~r "'" 

0v.frbd(2J 
(P~ 

33.20 
126.33 
137.9 

~rbd[2J 

39.90. 
141.40 
157.2 
217.3 

Tseng, (JJ 
Pratt 

<sj> ' ' 
39.50 

136.83 
151.2 

~ 

10.10 rrom 
rd. 2 

40.17± 1.!14 
142. 7t :':: 3.22 

10.00 from 
rd. 3 

39. 71) ::!: !.54 
141.30± 3.22 
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'Na1(n) dtteeton. (:'.! me•~urernent ,-; the erru:u:nc'\ C'! 

detecti<rn or annihii<Hitm r;adla11fm. ( ~) ftiC.l,uren>~nl (If 
·DC"thil!' o! pri17'lllf':'' T'hC>tf"l'l ~u-rc.e. (11) 1he ~har!' l"f the 
targ~t~ ~tnd wurC'e-tJtrget- detector ~rometry.. Smce the 
daUl were record(".d altemati•t'l~· <:"n the ~tnndMd and 

~r;amrle tar gel ('(ideo !real ~hnre <'f cyhndncal •:-·mmetf!· 
the en':'r~ inv<'lved due IC' { ll-(.4) remamec;l con~tant 
and did ne>t affect 1he ratiorf of two. :mmhila!i(•n peah .. 
A~ already mentioned in ~!.".CI. 2.2. the C(lrrection~ \!.·ere 
t~rpJ,eo to the l RO" coincidence rate for b.ack~wund 
comcidence. chance coincidences and attenuaaon· .of 
incident and. annihilation photon~ in the standard and 
sample target.s. 

4. R~!iults and di~u!<Sion 

The results obtained from measurements ·~sing a 
tnmma-ray' s'Ourcc of mixed photo!} energies on. pure 

~·r---------------~----~------~ 
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Fii- 4. Graphi 1howing o7./acv vs. z. according co the Dom 
approximation (full line), according to 1he 5Cr(Jening ~frcetion 
o{ Gverbtf (2) (dashed line). 'Experimental Jl')intJL~ /),. Girard et 
a!. (4}. V Dayton (SJ. e Standi! el al. (6). 1; Schmidt et &1. (71. 
() Henry et al.:(8}. 0 our experiment •. '• 

'. 

~~r ,,_·,-;dard~. tin :~~n~ ~..,[d u~ets .arJt ~~ in
ta"'le 1 ·•-i!~the1 ~ttl) cro'~ '·""ll<'n rau<X :t'\ obtamed 
ft<'m ~<"""K' rece-nt chrect mea•urcment~ and lateSo1 th~ 

ret:cai pred1c'l••'O.\ tn !i8 .S TtK ·.are2 rall<• of tu.o annrhr· 
btiNl pea'.< :0111:id<- tht ll.h~!utl! ':tlue cf the p;ur pro
OUC!I<'n '~'"' •cctH'n f<"r the 'taqzet :u,.,m ~cau!oe the 
pair pro<Ju.;:twn CfC'!-' ~I!Cll('n <.'f ._tan•hTd CO}'pef atom 

i~ ,!!i•·en t<' a htgh de~ree of accuaracy. Tht5 -.tandard 
cr<>5~ ~ecue>rr at the nu>;ed "';Co t:arnm;l·T.l~·s i~ 10.10. mb 
3CC<'fd1Tlg_ ll' (': ver"C:J [::J and l().(.l(t mh IIC,Q(:>rdtng to 
T~cng :md Pratt (:.\J. Taking. these ,·:Llu·;~ in our e:-:peri· 
mental value~ of <:r<i!'-5 ~e~ti<•n r.atH>~ of table I. the 
extracted exp~rimental cro~s ~ection value~ or tin and 
gold are giv~n in .table:::. together with some. other 
cxperimentn1 results {4-f:j. The pre~ent result~ ate fn:e 
from any sy~tematic error~ which rna~· occur in the 
measurements because here n ratio ot tw_o peak areas is 
determined. 

The effect of screening on the eros~ section of pair 
production ncar threshold· is important fe>r atoms of 
larger atomic number. The screening effect for highe• Z 
target atoms can be checked relative to that for a 
standard intermediate Z atom lcopper> for which the 

·screening correction is smalL theoretically well known 
and the cross section is not neglig:,bly small. A5 demon· 
strated in fig. 4. it- is ~a~ier to check experimentally the 
screening correction in the. presently adopted method 
that avoids various sources of errors which were found 
to be very difficult to remove in earlier direct experi
ments (L4]. Most of the recent experiments used Ge(Li) 
detectors which give a lCiwer counting efficjency result
ing in poor statistics. 

The results presented in this paper thus demonstrate 
the suitability of the present method in making a d1rett 
experimental check on the screening correction for pair 
production in high z' target atoms at energies very 'near 
t<1 threshold. 

· The authors are grateful to the University ·or 1'-0orth 
Bengal for providing U.G.C. Teacher Fellow$hips to J. 
Basu, N.C. ., ;1ul, S:K. Sen Gupta and G. C.· Goswami 
and a Juruqr Research Fellowship (UGC) to .~.C. Das. 
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A Mrn-tOD OF STIJDYING ATOMIC SCREE!'I'ING EFFECTS IN PA.tR PRODUcnON 

J~thnabi BOSE.. Nrmak BHATIACHARJEE.. Swapan Kumar SENGUPTA • and N. CHAUDHUJU 
~,,,.,_,,of Ph.vJia, Nanh "'"if<ll U19iorrniJ~ ltltja-lt-.~, Dt»ju,.,.g,. lruli~ 7J4~JO 

A timple 10~11>00 to Jludy i.tOft\lc &cree!'lin!, effects in MouUc·pait t!Toduction ba' .,_ lU.d in rMa.'IUfti!IMU uilils l.IIS t.&V' 
ph..,toru em I"M<I•um and hi'-h 7. turets.ln tht r~~nse or atomic number 29-!'2. Som~ of the ~aulu are pnr11E11t~ ~U>d ~td. 

r - ·---

In 11 previoo~ paper (I J the development of a simple 1 

JMthod 'tor studying atomic IICfeening effects in pair ' 
production·wll$ reported. This method has been apt>lied 
in a continuin~ serieK of measurements using photnns or 
energy near threshold lor studying screening effects in 
atomic pair production. The method has the followin& . 
advantafles: · ' . 
J) Separate meas~rementa ol the annihilation ·pair pro

duction detection efficiency is not . needed in the ~ 
evaluation of a cross section relctivr. Co ·a SUlndard . · · 
eto55 section. 

2) The total gamma-ray absorption coefficleuts of the 
target material do not enter into the computation of : 
the crosi section. · i 

3) A large number of corrections to th~ data ·is ~v~ided. ! 
4) A resolution time of 40 ns has been llchiovcd ,bY: .. 

improved electronics. · . . ., .. , 
5) The conti®um background d~ not affect tho ~ult! 

IUld there is no P"-'b,em in the analysi& of the Very : 

~U defined &imple pair annihilation puk obtaintd · 
· by a Nal(TI) detector. . . . 

6) The method is suitable for testing new theoretical ' 
5etcerung corrections to the pair producliop crosa , · -· 
J«tion. . 
The pment paper rcportli new results Qf meuure- : 

menta by this method uiing . photons of ener&Y 1.115 
MeV from a 100 mCi ·radioactive 10u.rc:c "Zn. 

The e:cperimcntal lliTange'ment is &hown in fig. 1. 
Dctaila of &he method have already been described (1).' 

Only essential paints releVII.nt to the pr~t papet ate 
given here. The. mellSuring system includM a coinck. 
"dence 1:tage having n resolving time oC About ..0 n;. '1'bt 
output resulting from coincidence bet.,..~n the two ~ 
lectors was used to g.::.te 11 multichannel AnalyS<:r (M) 
which recorded the 0.511 MeV snnihilation spectra from 
one of the detectors. The gamma-ray_ source was m tho 
rorm or a cylindrical pellet placed in • 30 em deep and 

. .1.8 em diameter . bored le.~~d- block. The . radiators or 
copper. tiri, gold, thorium and uranium were in the (onn 
or circular tllTgets of diameter 2 em and thickness ill Uw 
range 0.012-0.62 g/cml. The targets were thin for th• 
incident l!amma-rays but· thick enough to stop thci 
positrons of th~ produced pair. 

The intensity of the annihilation qusnta determined 
from the area of the photopeak of the sample lariCI 
"X" of atomic number Z was oompare<l with thlll of a 
similar lower Z comparhon radiator (taken aa S11Uldard) _ 
b.oth taken in exactly the same geometry. The ~;-."lndard 
radintor element t.:hosert was copper ( z - 29) ~"" 
this giv~s· count•;' :Mtnihilation qululta of better JtAtia
tics and lh~ effttl of trident production and inooherCI1\ 
pltir p~oduction is negligibly small at such an inlet• 
mediate atomic number. Thia procedure give$ lot tht 
erose &ection ratio 

o. c .. A .. 
;;;: - Cc.,Ac., ' 

(I} 

....tleni C.lllld A ate, respectively, the in\en&ity of annihi.· 
latioo quanta per gcm- 2 and the atomic weight. Sui
fixes X and Cu reler to tali'" element X and sumdard 
rlldiator copper. 

An"improvement in the measurements of two-photon
annihllstion events, 180° apart, has been uchievcd by 
clil"rlir&Wting effects due 10 (l) ab110rption of annihilation 
quanta in the target, (2).absorption olincide'll ph·otona 
in the ·tatget, (3) background (chance and faliC coi.Jlci· 

• Uoivcni1y Service and .Jn~t.rumenuation Clntre (USiq, ·dences) resulting from in_r~ractions '!lher than pair pro-
Nonb Beopl Univeni1y, Daljoe~~~734430_._1_n_d_ia_ .. _____ duation in the l!U)&et ~md background m~tterials, and (4) 



;;4~· 

t.. - - - - - - .J 

the effect of lhort t~ variation of tho deteCtion Clf. 
ficiency of annihilation photon. 

The corrections arising from the effects (1) and {i) 
have been eliminated by mensuring the coincidence .rate . 
from varying thiclc.nC$4ell of the targell!. To minimize the 
effecll (3) and (-4), the dill..!! were taken nltemRtely ()1l 

each set ot standard and sample targets in the followin; 
~uen~: sumdurd target (coinciden~ rllte nt 180° and 
st 90" between the ·v.es of the two detecto.rn), sample" 
tari•m (coincidence rate ai 180" and 90° positions or 
the two detector•). background coincidences st lhe two 
poaitio1 with and without tar~&et, atand111d target, and. 
10 on. e coooting time for the aoquence was adju1tod 
to obt ·n a aalisfllctory 1tatictic.al error level. The lihapea 
of the baCk[ttotmd 1pectra. without target At 180° and • 
9()• po•itioni are found to be exactly identical. ~ 
iamples 1111d "5tandll1d'" coiqcidence rates at 90~. po;i· 
tion have been wen u the chance coincidence rate in_ 
tho determination of the pair annihilation coincid~ 

- .J 

... 

rate at 180° Po-ition and lwl ~ uM4 .0 ~~ the 
observed coincidence speetnun. A ulectioo of b&clt
sround !Uld obg,erved anruhilatlon r;peetra at 180~ i.; 

1hown in fig. 2. The true coincidence ratac (N). for 
various thlcknesu!l of each elem~t. or lhe positron 
electron pair tbus d.elennined wen fourad to fit ·.~ 

. _ _e.~P!.~on ... ___ _:_ __ -·----·--· --· ---··----·-·-·-
. N- C1 e-••, 

..... -- -- - -~r--. --.- ·---·.- . 0 ·--· 

(l) 

Where I is the lafiCl thie!mess in scm -l and C is the 
true two-photon coincidlmce oount rate fen a tarz,et d 
thicknut I gcm~ 2 and a i• a constant for a siv-o.'l 
element. The C01UI.arll& C and a Wert determined throujib 
the. proper fitaing procedure. The obtained fit to tho 
datil f<>r five e.!Mrellts i. ahown ia fia. 3. 

· ?Fb:e present mCMur~nllmts are free {rom •om. of 'lli6 
. ponible syllematic: errors Mclluae the ratio of two u
lilhilation radiation peak eotmtl in identiesl g~try 
.i\aJ.beefl taken. 
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Tb.Oft!Uall and. ~tal pair produc:tiol!l_, MCtkle ratio~. 
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...... I tic. 
"'n.IG~c;. 
•vlf4c • . 

, 

lbeonn:ical., 

Bom 
approalmaU,oil 

1.9'10 
'7.-'0 
~.610 

J0,06l 

0Y.w(2) 
PC 

. ),335 
6.3110 
UIO 
6.130. 

~ 
sc 

).587 
.IO.S80 
·~410 
1$.660 

T-al'mtfl) 
sc 

U40 . 
1.990 

11.00'7 
IUBO 

3.710±0.2 
IO.SlO:tO.') 
ll.o$00 :i: O,f 

ll.ll0±9·9 
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. Fis. 3. Otnerved total counts (dots) ploued against lal'get lbiclcness (gem -l ): full line: Citted curve accordina to eq. (l); (a), (b), (c). 
(d), and (e) for copper, tin. gold, thorium and uranium respectively. 

The results for cross lleCtion ratios from our meaBure
menlS together with those obtained from some te«nt 

theoretical predictions are given in tAble I. The theoreU.. 
cal c:rois section lor- the standard element (copr~) for 

,1.1 15 MeV gamms-rays is 9.64 X 10-4 b/atOm accord, 
ing to 0verb0 (2} "'d 9.63 X 10-4 b/atom aocording 10 

Table 2 
Thoon:tical and experimental pair prodw::tion croSi section (b elom-_ 1) at 1.115 MeV. 

Ele- Born approxi· 0verb8 a) (2) 0verbo a) (2] T&eng •> (3l Present experimental, lakin& tho ci'0&5 aection 
mont llUltion PC sc Pratt value or copper as: · 

sc 
9.64X 10-4 9.63 x w-4 

from n:r. l . frOm ref. J. . 
Sn 1.89S X 10- > 3.017 >< 10'"~ 3.~xl0_, 3.S20x1o-J. (3.634 ±0.019)10-, (3.630±0.019)10_, 
A \I 4.733X JO-l 

. 
5.774 >< 10_, 1.02x 10- 2 8.660x w- 1 0.0101 ±0.006 0.0101:1:0.006 

Th 6.142 x ao- 3 6.1.60>< 10_, 1.390x w-a 1.060x lo-2 0.0119±0.008 0.0119:t0.00S 
u 6.418 )( 10" 3 6.184>< 10" 3 I.SIO ll 10- 2 1.096 X ·J() -l . 0.()127±0.008 O.Oil6±0.008 

• 1 PC - point Coulomb appro~mation crou ~VI . ';C - ~~Cn>enin& ~oct.cd crou ~tion. 
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experinwnt, trisns}cs Girard .. Ill. (4). ' · 

_T;ens «~nd Pratt !3). Taldng th~ values with our 
experimental results of cross &eetion ratios or table I, 
the extracted experimental V11lues for tin, gold, thorium 

· and uranium llJ'C given in table 2. As shown in fig. 4, it 
is cru~ier to check experimentally the screening correc
tion in the pr~dy 11dopted method which is indepen
dent o( v~uious wurces of etrors and which were found 
to be very difficult to avoid in eatlier dirr..ct experiments 

141. 
The effect of s=ning on the cross section of pair 

production neu 1.hreshold is important for atonu; of 
iarger atomic number. The resulll pre..ented in this 
paper demonstrate the suitability of the pr~t method , 
in maJriog a ditec1 check on the ecreening correction on 

P-ir produetioo in high Z 11toma at ~~~~ very Mar 

du-et bold. 
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