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Abstract, Coherent and incoherent photon scattering by bound electrons in low, medium
and high Z atoms, over enerpies of 0-145-1-33 MeV and scattering angles below 15°
' (momentum-transfer range 0-0-4 me) and From 15° to 150° (0-1-4-0 mc), have been
investigated experimentally. The results of our relatively high precision measurements
have also been compared with the predictions of new theoretical calculations for bound-
electren incoherent and coherent scattering in the incoherent scattering factor and form-
factor approximations and for the Rayleigh and Delbriick scattering amplitudes over 2 high
momentum-transter range, to give a critical verification of the theory. It was found that for
" 0-145 MeV photons scattered with low momentum transfer, the F{g, Z) formalism is valid
for low and medium Z atoms but not for the high Z (Z = 82) atom. At all energies and in
the low momentum-transfer range studied in the present work, the §{g, Z) formalism was
found to be adequate for bound-electron incoherent scattering for all the atoms. The effect
of Delbriick scattering of 1-115 MeV photons was found to be quite obscured up to the
Iargest angle (135 reported in this paper.

1. Introduction - o i

. - . . s b
Photon-atom collisions have been studied for a long time and in recent years there have
been new theoretical calculations for several elementary scattering processes. Recent
interesting theoretical work relevant to the present paper, i.e. conderning
measurements of photon scattering in the gamma-ray region, include calculations of: (i)
incoherent scattering factors in the Waller-Hartree (WH) form for light atoms (Brown
1972, Bloch and Mendelsohn 1974}; {ii) coherent and incoherent scattering factors for
all atoms with non-relativistic Hartree-Fock (NRuF) wavefunctions (Cromer and Mann
1967, 1968); (iii) relativistic' Rayleigh (R) bound-electron scattering amplitudes for
medium and high Z atoms (Johnson and Cheng 1976, Florescu and Gavrila 1976); and
(iv) Delbriick (D) electrostatic-field scattering amplitudes for the atomic riucleus
(Papatzacos and Mork 1975a, b). We have verified some of these calculations using
new measurements of differential scattering cross sections at'very small and large-angies
in the 0°060-2 MeV photon energy range. Our previous work (Sigha et a/ 1976) has
_ now been continued and this paper presents results of further new measurements on

low, medium and high Z atoms, for the four dlﬁe:rent incident energles 0-145, 0-662,
1-115 and 1-33 MeV. :
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2. Methods . ' -,

2.1. Small-angle measurements

Details of the experimental arrangement and the method used to measure the scattering
cross section at small angles are the same as those described in our earlier work (Sinha ef
al 1976). Only aschematic representation of the experimental arrangement is shown in
figiire 1. The 1-10° range of scattering angles was obtained by varying the radius of the
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Figure 1. Schematic representation of an experimental arrangement for small-angle
i measurements. ’ )

thin annular scatterer; the maximum fractional solid angle from the scatterer to the
detector, a 10 i’ cylindrical Nal (T1) head, was 1% 107, The sources used in these
measurements On somé representative atoms over the range Z =3-90, were: "*'Ce
(0-145 MeV, 60 mCi, 20 mCi); **’Cs (0-662 MeV, 20 mCi, 2 mCi); and “*Co (1-17 and
1-:33 MeV, 50 mCi, 2 mCi). Foreachincident ene’i'gy and scattering angle the spectra of
the primary and scattered photons were recorded by an ND1100 analyser with a
spectrum storage time of 20-100 ks. For such a counting time the maximum gamma-
source-decay correction was less than 2%. The geometry in figure 1 shows a conical |
beam of prlmary photons coming from the main source and incident on a thin
(<2+2 g ¢m ™), narrow width (<1-0 ¢cm), annular scatterer The scattered beam has a
differential scattering cross section da/d (cm® atom ™’ sy and an angle 8 on reaching
the-detector. The total number of photons, N;, scattered at this angle 8 per unit time
both by elastic and inelastic processes in the $catterer, and recorded by the detector of
efficiency e, is given by ,

No .. da(8) ‘ ( ut ) |
N;=: Ny—— O e 1
- 471;.*26 dn 1€ cos ¢ : M)

.

where Ng is the number of photons emitted by the main source per unit time, r is the
mean source-to-scatterer distance, N,, is the total number of atoms in the effective
volume of the scatterer, {), is the solid angle subtended by the detector at the scatterer,
i is the attenuation coefficient of the target material, ¢ is the thickness of the annular
ring target and ¢ is the mean angle between the lines joining the source to the scatterer
and to the-detector. The detectors efficiency € was not determined experimentally for
the present small-angle measurements but was eliminated from equation (1) by a short
comparison run with a weaker reference source of the same photon energy. This
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comparison reduces equation (1) to

do(6) N, iiex ( wt )
dQ Nt 5 Na p cos ¢

(2)

where N..¢ is the mean number of photons detected per second from the weak reference
source placed at different positions corresponding to the annular scatterer and s is the
strength of the main source relative to the weak reference source. Corrections were
made in equation (2) to allow for a variation of efficiency € with the energy difference
between the elastic and inelastic peak energies and to allow for a variable scattering
cross section over the finite scattering solid angle £);. The maximum corrections for
these effects arc 0-17 and 2% respectively. The axial symmetry of the ring scatterer in
the experimental arrangement {figure 1} indicates that the photons scattered away from
the axis through the multiple scattering process are replaced by those scattered towards
the axis. For a thin scatterer complete replacement is expected so that further multiple
scattering corrections may be neglected. :

2.2. Large-angle measurements

2.2.1. Incoherent scatiering. The experimental arranpement for measuring large angles
is the same as was used in our pr_bviohs work {Sinha et al 1976). When measuring
incoherent {inelastic) scattering of a narrow beam of monoenergetic photons incident
on a cylindrical scatterer X of atomic number Z, the spectrum of scattered photons at
‘gach'scattering angle between 15 and 170° was recorded along with that from an cxactly
similar low Z comparison scatterer placed at the position of X. The scattered intensity
determined by summing the counts under the incoherent peak due to the scatterer X
was compared with that obtained from the free-electron incoherent {Compton in the
case of large momentum transfer) peak in the spectrum of the comparison scatterer,
Taking aluminium (Z = 13) as the reference scatterer, this procedure (Sinha et af 1976)
gives the incoherent scattering factor §{g, z), defined by equation (6) (§ 3.1), directly as

Gox o @ Z)_Ix(6,1) nas founiEs 1) fomi,r)
(doa(6Nine Slg; 13} Iak8.7) nx fox(E r) fx(8,7)

(3)

where (dox(0))ine ((doai(8))ic} is the differential cross section per atom for any
scatterer X (Al), Ix (8, ) (Ja(6, 1)) is the scattered intensity (photo-peak area of the
scattered spectrum) at an angle  from any cylindrical scatterer X (Al) of radius r, nx
(na) is the number of atoms per unit volume of the scatterer X (Al), £ x(E, )
((fo.aa(E, r)) is the absorption factor for the primary photon beam of energy E in the
scatterer X (Al), f. x (8, r) (fia(B, 7)) is the attenuation factor for the incoherently
scattered photons from the scatterer X (Al) at the scattering angle 8, S{g, Z) (S(g, 13))
is the incoherent scattering factor for scatterer X (Al of atomic number Z (13), and g is
‘the momentum transferred in the photon scattering process and is taken, in the small ¢
approximation, as (in units of mc)

4 =sin(6/2)/20-61 _ ()

where A 'is the photon wavelength in angstroms. The error introduced in the calculated
values of S(gq, z), by using this ¢ expression instcad of the exact g expression (Hubbell et
al 1975} for incohcrent scattering, is within a maximum of 0-6% for Z =350 and is
negligible for Z =13 at the scattering angle of 170° for 0-145 MeV incident photons,
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The scatterer radius was 0-75 mm for 0- 145 MeV photons and the scatterer attenuation
and absorption factors were calculated using the method of Dixon (1951). There was no
difficulty in this procedure since the coherent and incoherent components in the
scattered spectrum could be easily separated out by the detection technique at
scattering angles of 30° and above. Below 30° where the incoherent component peak
- was not well resolved from the coherent component peak an experimental calibration
technique was used to.subtract the coherent scattering contribution. A weak reference
source placed in the position of the scatterer was used to calibrate the analyser channels
below the photo-peak of the primary spectrum. The calibration was performed relative
to the total photo-peak counts so that in the recorded scattered spectrum, the total
counts in the photo-peak due to coherent scattering could be taken in order to find the
correction. An alternative procedure, used when this calibration procedure could not
be applied, was to estimate the correction from the coherent component photo-peak at
30° and the theoretical coherent scattering cross section at 30° and lower angles.

2.2.2. Coherent scattering. The coherent (elastic) scattering of-1-2 MeV photons over
the 30-165° scattering angular range from several representative elements Z = 29, 50,
74, 80, 82 was included in’our programme of measurements (Sinha 1974, Roy and
Chaudhuri 1976).- In the recorded spectra -of scattered photons the incoherent
component peak was first compared with the free-electron incoherent (Compton) peak
of the scattered spectrum from a low Z comparison atom for the same incident primary
photon beam. Some results of the incoherent scattering cross section for 1-115 MeV
photons, obtained in the first part of the programme of measurements, have been
reported previously (Sinha er al 1976) and they show excellent agreement with
calculated values found using equation {6) and the results for §(g, Z) based on NRHF
wavefunctions. To obtain the atomic coherent scattering cross section from the same
scattered spectrum, the area of the coherent component peak was compared with that
of the incoherent component peak of the same spectrum. In most of the measurements
there was no difficulty in making such a comparison as there was no high-energy tail of
the incoherent'péak in the channels just below the lpow-energy side of the coherent
peak. In the process of comparing two such peaks, the shape of the incoherent peak in
the main scattered spectrum was always referred to that in the comparison scattered
spectrum from the low Z atom. The coherent scattering cross section (dox(8)). is
obtained from the relation '

(dox(8)). (Ix(8, r))e fs.x (B, r) €2

(Gox (e Ul Mo frx651) &2 )

'3

where (Ix(8, 7). ({(Ix(6, r))ime} is the scattered intensity (photo-peak area of the
coherent (incoherent) spectrum) at an angle ¢ from any cylindrical scatterer X of radius
r, f..x (0, r} is the attennation factor for the incoherently scattered phatons, £, x (8, 7) is
the absorption factor for the coherently scattered photon beam and {dox (). is the
incoherent cross section, calculated using equation (6). €, and 5 are the photo-peak
efficiencies of the detector for coherently and incoherently scattered photons, Sealed
1x 1 em % Zn sources (1-115 MeV, two sources each of 100 mCi), in the conventional
large-angle geometry mentioned earlier, were used in a compact arrangement with the
source~scatterer and the scatterer—detector distances 40 and 70 cm respectively for the
smaller angles and 15 and 30 ¢m respectively for the largest angle. The measurements
" were free from geometrical errors because a ratio of the two total peak counts was taken
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using identical geometry. Cylindrical scatterers of radii in the range 0-75-9-0 mm were
used. The multiple scattering effect for such scatterers could be compensated for as
discussed in §2.1. The spectrum storage time in the analyser for cach run varied
between 20 and 100 ks, depending onthe scattering angle, in order to obtain a minimum
statistical error level of the order of 1%. To achieve this statistical error level at large
. angles, 810 successive runs were combined for each scattering measurement,

3. Results: theoretical and experimental

3.1. Incoherent scatiering cross section at small momentum transfer

At small photon scattering angles {1-10°) incoherent scattering from low and medium 2
atoms (figure 2) either predominates over or is comparable to the cohercnt photon
scattering cross section in the energy range 0-5-2-0 MeV. Theoretically the ineoherent
scattering cross section which has to be used in the absence of an exact calculation may
be-expressed as

(da(g))mc = dUKN(g)S(Qa Z) (6)

S{g, Z}, introduced here to account for the effect of electron binding, is the probability
that the atom scattering the incident photon is either excited or ionised on the
absorption of the moméntum transferred to it; dox~{#) s the well known Klein--Nishina
.cross section for the scattering of photons by a free stationary clectron. S(g, Z},
expressed in terms of the wavefunctions of the atomic system in the Waller-Hartrec

"

30 , 40 €D &0
Atomic number Z

Figure 2. Experimental scattering cross section () of 0-662 ME:VIphotons atg-=0-107 mc
with predictions made using equation (6} for.incoherent {I) and eguation {7} for cohcrent {C)
and total {T) cross scctions, ’
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form, has been calculated in the NRHF model for all atoms (Cromer and Mann 1967,
1968) as a function of momentum transfer g. For low Z atoms the calculations of
Brown (1972} and-Bloch and Mendelsohn (1974) have becn used. Brown's treatment
includes the effect of inter-electron correlation which is important for photon inco-
herent scattering. The §{g, Z) values used here come from these calculations. We have
taken measurements of a number of selected atoms with 2 =3, 5, 6, 7, 11, 13, 16, 21,
26, 29, 30, 50, 74, 80, 82 covering & momentum-transfer range of 0-03-0-7 »ic using
nearly monoenergetic photon beams over an energy range 0-5-2-0 MeV. The
. measurements which have been completed so far and are presented hére include.the
_atoms of Z =6, 13, 16, 29, 50, 82 for photons of energy 0-662 and 1:33 MeV. The
results are presented in fisures 2 and 3 and in table 1. In the figures the coherent
‘scatteririg contribution 'has not béen subtracted from the experimental total cross
section measurements, in order to comparc more clearly the measurements and
predictions in the small momentum-transfer region where the atomic binding cffect is
important. )

100”;

doleddQb sr-i}

70 & T8 &6
Alomic number 2

Fipure 3. Same as in ﬁgurs 2 but with A: 0662 MeV photons at g=0-027 mc; B
1-33 MeV photons at g = 0-045 mc and C: 1- 33 MeV photom at g =0-09 me.

3.2. Coherent scattering cross section at small momentum transfer

For small-anglc {(# < Il(f") photon scattering over an energy range of 0-1-1-83 MeV, the _
frequency of coherent scattering from bound atomic electrons is predominant over that
of inccherent scattering for medium and high Z target atoms. The simplc expression
for the differential cross section which is valid for small momcntum transfer {g) in the
scattermg process is expressed u&;mé, the form factor as :
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Table 1.. Measured bound-electron incoherent crass section (b atom ' "srt)L

 Photon o ' Experimental Binding
energy _ ' —theoretical effect
(McV) . Tarpet (Z) & q{mc) . Experimental® incoherent* (%)
0-662 C(6) . 1° 46 004 . 040 {0-04]b —0-01 {(+0-05) 135
Al(13) 0:80 (0-08) +(-01 21-2
AI(13) 2°38' - 006 0-91 (0-04) +0-01 12:8
Al(13) 3° 38 0-09 (-96 (0-03) +0-02 LR
Cu (29) 1.92 (0-09) +0-02 . 172
Al (13) B 5I2' 011 098 {0-04) +0-02 61
Cu (29) 2.05(0-07) . . +0-05 12:4
Pb.(82) I15° 58" 0-36 536 (0-23) —0-39 11-3
Al(13) 16%26' 0-37 1-01 {0-03) +0-02 22
Cu (29) 2:12 (0-06) ~0-07 42
Sn (50)_ 344 (0-11) -0-27 9.8
1.33 S5 (16) 1° 58" 0-09 © 127 {0-07) ’ +0-12 o 0-8

 Experimental tota cross section—theoretical coherent cross section from equation {7), theoretical coherent
ctoss sections being 9-20% of the total cross sections for ten cases and less than 45% for the remaining two
CﬂSBS H . N

Figurcs within parenthcbcs indicate errors in the experimental cross sections.

* Theoretical jncoherent cross section was obtained from equation (6) using §(g, Z) values for Z =6, gwen by
Brown (1972) and by Bloch and Mendelschn (1974), and NRHF ${g, ) values for other clements by Cromer
(1967) The difference between the experimental value for Z = 6, and the value from the caleulation of Blach
and Mendelsohn is +0-05 as indicated in the parenthcses in the d:ffcrence column.

4 Binding effect is expressed in the form .
r( *Experlmcmal CTOSS sect‘mn) % 100.
free electron cross section

L I

_ where do1(9) is the Thomson cross section for scattering by an electron. The form
" ‘factor, Fig, Z), takes into account the elastic scattering of photons from all the atomic
‘electrons and is represented in terms of the ground-state atomic wavefunctions. This
factor has been calculated (Cromer and Mann 1967, 1968) very accurately for all atoms
up to Z =100 in the NRHF atomic model and over a wide range (0-0-5 mc) of g values.
obtained from equation (4}, which gives an exact expression forcoherent scattering, We
have measured coherent scattering from-a number of low, medium and high Z
representative elements which cover a momentum-transfer range of 0-1-0-15 mc for
monoenergetlc photons over an energy range of 0-1-1-33 MeV. The results of
measurements presented here are for photons of energy 0-145 MeV (figure 4),
0-662 MeV and 1-33 MeV (figure 3) and for sixteen representative elemerits (table 2).
The differential coherent scattering cross sections have been computed with the help of
equation (7) using F(q, Z) values (Cromer and Mann 1967, 1968) based on HF
wavefunctions. .

3.3. Incoherent scattering at larger angles (8 = 15°)

The mc,oherent scatterlng factor $(g, Z) has been measured in the momenturn- transfer
range 0-1-0-7 mc relative ‘to that of aluminium, using equation (3). Reaults fur .
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Figure 4, Experimental scattering cross sections for Al with 0-145 MeV photons at A:
q=0-0095 me,B:q=0-01d me¢; C: g =0-G19 mc; D ¢ =004 mc; and E: g = 0-015 mc are
compared with the predictions of equation (7). -

0-145 MeV photons are shown in figure 5 along with the theoretical values found using
. the BrF model. {(4r values of ${g, Z) for aluminium are 12-7-13-0 in the momentum-
transfer range 0-1-0-7 me.}

34. Coherent scaitering af larger angles {6 = 30°)

As the primary photon energy and the scattering angle increase, the elastic scattering
- contribution from atomic electrons gradually decreases. With an increasing scattering
angle the Delbriick scattering amplitude begins to contribute to the total atomic
coheretit scattering from high Z atoms and this contribution should be detected
experimentally even for photon energies around 1 MeV. For such photon energies
these two scattering effects as well as the effect of the nuclear Thomson scattering
process combine coherently to give the whole-atom coherent’ scattermg cross section
which can be written in the form :

(dox(8)).=|R+T+Df d0 ' (8)

where R, D and T are the Rayleigh, Delbriick and the nuclear Thomson scattering '
amplitudes,’ all expressed in units of the classical electron radius ro (2-817938x
107*% ¢m). The exactly computed D amplitudes and the sheliwise R amplitudes for a
few atoms at some specific photon energies have been reported in recent years. For the
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Table 2. Mecasured bound-eiectron coherent cross section (b atom ! st b,
Photon - : Experimental
ENErgy : ’ ‘—theoretical
{MeV) Target (Z) & 4 (mc) Experimental” coherent
0-145 B (5)® 202 0-01 0-55 (0-23)° +0-01

C (6} - 1-00{0-12) +0-005

N (7 1-55 {0-50) +0:01
0-662 Cu (29) 1° 46' 0-04 476 (0-16) —6-05

N Sn {30) 24:25 (0-59) —(-05

T.a{57) ' 30-13 (0-90) —0-07

Nd (60) 33-64 (0-85) —0-03

Dy (66) " 41-93 (0-94) +0:19

Hg (80) 76-17 (1-66) —0-14

Ph (82) B5-10{1-96) —0-08

Th (90} 104-21 (2-60) +0-15

Cu {29) 2° 38 0-06 2-68 (0-11) ~ ot

Sn (30) 12-26 (0-34) —0-06

Sn (50} 3° 58 0-09 6-17.(0-22) +0-06

Pb (82) 25-37 (0-69) +(1-20

Ph (82) 4° 52 011 12-66 (0-44) tO-100

* From boron carbide and boron nitride seatterer samples.

b Experimental total-theoretical incoherent. cross section, theoretical incoherent “cross
sections being in the range 3-20% of the total cross sections for twelve cases and less than
40% for the remaining four cases.

“Figures within parentheses indicate errors in the experimental cross sections.

)
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Figure 5, Incoherent scattering factor S(g, 50) for 0-145 MeV photons relative to S (g, 13)
in the g range 0-1-0-7 mc ((:)) comparcd with predictions from eguation ().

present purpose, the R amplitudes of 1-115 MeV photens scattered from Pb at various
scattering angles were obtained through interpolation from the calculated amplitudes at,
photon energics of 0-279, 0-412, (662, 0-889 MeV (Johnsen and Cheng 1976},
1:31 MeV (Brown and Mayers 1956, 1957) and 2-62 MeV (Cornille and Chapdelaine
1959); the D ampiitudes are taken from the calculations of Papatzacos and Mork
(1975a, b and private communication}; and the T amplitudes are taken in the usnal
form (e.g. Johnson and Cheng 1976). For Sn, in the absence of better calculations at
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1-115MeV, the R amplitudes are based on the Bethe K-sheil form-factor approxima-
tion (Levinger 1952). The programme of measurements in the angular range 30-150°
was undertaken'with photons in the energy range 1-2 MeV. Measurements up to 135°
with 1-115 MeV photons on Sn and Pb hd\'e been completed and are presented in this

.paper (figure 6),

10 10
@ 1 10 ‘
. it 1
2
g
: k<
= .
3
°
D 103 :
Pb
Sn i
!
o

Figure 6. Experimental coherent scattering cross sections for 1-115 MeV photans on Sn
and Pb are compared. For Snwith: (1) [R + T+ 2| and (2) |R + T|*, R amplitudes based on
Bethe-Levinper (Levinger 1952). For Pb with: (a)and (b} as in (1) and (2] but R amplitudes
interpolated from exact calculations, {c} and () as in (1) and (2) but R amplitudes from

Florescu—Gavrila (1976). The broken curves give the interpolation errar limits.
. ! Y

4. Errors

Appropriate corrections were applied to the data for the detector background, attenu-
ation of the photons in the scatterer samples, gamma-source decay and geometrical
-effects (in those measurements where these could not be automatically avoided).
Multiple scattering effects were avoided effectively as already discussed by using
circularly symmetric thin scatterer samples. In'addition, some other possible systematic
errors include uncertainties (i) from the presence of the incoherent component in the
measurement of the coherent sc'attering and vice versa, (ii) in the determination of the
_photo-peak area.of the scattered spf._:ctruin, and (i) due to a variation in the detector

background in the presence and absence of scatterer samples. These errors have cither |

been effectively removed or taken inte consideration as discussed in the previous paper -

(Sinha e7 al 1976). Random errors arise both from the counting statistics and from the

uncertainty in the measurements due to variations in sample thickness and size. The
* . / . B ,

counting errors for most of the measurements were of the order of 1% and the errors in

-

-



' Coherent and fﬁcohereﬁr photon scafterfng . 1221

the experimental cross section resulting from this and other effects mentioned above are
shown in the tables and'in the experimental points in the graphs. The process of
interpolation of R amplitudes cansed a maximum error of £5% in the cross section. No
error in the calculated values of 8(g, Z) and F(g, Z} has been included in obtaining the
final errors to the cross section shown in tables 1 and 2.

5. Discussion and conclusion

The point to be made here regarding previous theory and experiments on photon
scattering concerns both coherent and incoherent processes at small and large momen-
tum transfer. For small momentum transfer (forward-scattering) Fermi-Thomas and
Hartree model approximations have been used in the previous very limited calculations
(e.g. Nelms and Oppenheim 1955, Grodstein 1957) of F(q, Z) and S(g, 2) through
Whlch the dependence of the scattering cross section on the electronic structure of the
- atom or the ground-state atomic wavefunction appears. The new calculations (Cromer
“and Mann 1967, 1968) of F(q, Z) and S(g, Z) are based on much more accurate
numerical HF wavefunctions which were not available to earlicr workers some fifteen
years apo. For hipher momentum transfer (larger scattering angle) the results from the
- previous calculatious of R and D amplitudes were very scanty and the calculated D
amplitudes were subjected to some uncertainty. As already mentioned (§ 1), these
amplitudes have been newly calculated for a large number of photon energies and thus
offer a far better theoretical basis for comparison with experiments. The very few
forward-photen-scattering experiments for 4 < 30° performed before, using photons
below 1 MeV, were subjected to some inherent difficulties and uncertainties due to the
* older versions of detection technique used in those experiments.. Renewed analysis of
these data using new theoretical results and earlier theoretical cross section results
based on wavefunctions available at that period reveals some inadequacies and
discrepancies (e.g. Veigele et al 1971). The experiments at larger scattering angles with
1-1-33 McV photon energics were not consistent with the existing theory mentioned
above for high Z atoms (e.g. Papatzacos and Mork 19754, b). _

Infigures 2 and 3 and in table 1 our measured incoherent scattering cross section for
low and medium Z atoms over the momentum-transfer range 0-03-0-11 mc are seen io
be in reasonable agreement with the incoherent scattering factor approximation
calculations based on the new HF model wavefunctions. The present data on S(g, 50}

" relative to that for S§(g, 13) (figure 5) in the momentum-transfer range 0-1-0-7 mc
- provide another form of evidence supporting the incoherent scattering function
approximation in the incoherent scattering calculation,

The new results of the coherent scattering cross section for representative low,
medium and high Z atoms are considered in figures 3 and 4 and in table 2 with a basic
interpretation of the form-factor approximation based on HF model wavefunctions. For
0-145 MeV photons scattered at small angles from low and medium 2 atoms (ﬁgure 43,
the form-factor approximation adequately interprets the forward coherent scattering
phenomena. The forward coherent scattering of 0-145 MeV photons from the high Z
atoms (Z = 82) is inconsistent with predictions from the form-factor calculations, but,
for 0-662 MeV photons scattered from Sn and Pb atoms (figure 3), is in agreement with
the form-factor approximation at 6 <5° and ¢ = 0:027 mec. For 1-115 MeV photons
scattered from Snand Pb at angles of 30--135°, the measured cross sections are shown in
fisure 6 together with theoretically pred:cted cross sections computed according to
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equation (8). The experimental cross section points for. Pb are within or touch the
interpolation error band of the predicted cross section curve (|R + T[*). This result
disagrees with an earlier experiment at the same energy (e.g. Schumacher 1973) in
~which a considerable discrepancy was found between the theory based on R and T
'amplitudes and the experiment on Pb at large scattering angles. In the case of Sn there
is good agreement with the theory using the Bethe-Levinger calculation (Levinger
1952} to obtain R amplitudes, up to the scattering angle 8 = 95°.

Our measurements thus lead us to the following conclusions.

(i) The efiect of electron binding on the incoherent scattering process, which is
effectively revealed at low momentum transfer {g < 0-1 mc), is satisfactorily accounted
for theoretically using an incoherent scattering factor based on configuration inter-
action (c1} and BF wavefunctions, at all scattering angles and photon energies.

{ii} Theory based on the form-factor calculations using NRHF wavefunctions
adequately interprets coherent scattering of photons by bound electrons in low and
medium Z atoms in the momentum-transfer range 0-0-13 mc. For 0:145MeV pho-
tons scattered from heavy atoms in this momentum-transfer range, considerable -
disagreement arises between the form-factor predictions and measurements.

(iif) The relativistic form-factor prediction of Bethe (Levmgcr 1952)is adequate for
coherent scattering of photons from medium Z atoms up to scattering angle § =95°,
The coherent. scattering of 1:115 MeV photons from heavy atoms (Z =82) up to
scattering angle # = 135° is accounted for in terms of R and T amplitudes only. The
effect of Delbriick scattering appears too small relative to the other two processes at this
photon energy in disagreement with the theoretical results obtained by Papatzacos and
Mork (1975a, b).
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Atomic Rayleigh scattering of photons in the momentum-transfer range 0-10mc
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The new results of measurements of coherent scattering of photons by bound atomic electrons over a
momentum transfer g range O—hme together with those from other recent measurements with 2 coverage in
the momentum transfer up to 10mc 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 g/aZm.

I. INTRODUCTION

We have made a series of precision measure-
ments of the coherent scaitering 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'™ 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'™ ! between the sets of experimental cross
section data of early y-ray measurements using
the same photon energies and scattering targets,
and (iii} the inadequacy!®!! 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 theoretical scatter-
ing investigations. v

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 g =2&
sin($6), where % is the incident photen energy in
units of electron rest mass energy and @ is the
scattering angle. The experimental apparatus
and the method of measurements have been des-
eribed in detail elsewhere (Sinha et af.'?). Con-
sequently only the essentials relvant to the pre-
sent measurements are mentioned. y-ray sources
ineluded radicactive isotopes *°Pb (47 keV),
Miam (59.54 keV), “lCe (145 keV), 23Hg (279.2
keV), ¥'Cs (662 keV), ¥Zn (1.115 MeV), *'Co

(1.17 and 1.33 MeV), and '*sb (2.09 MeV}, the
source strength being in the range of 3mci for
“'Am to T50mci for '*'Sb., Thedifferential cross..
section measurements were done for 15 elements
representing low-, medium-, and high-Z atoms.
The pulse-height spectra were accumulated in a
ND1100 multichannel analyzer using a storage
time of 20—100 ks. In the annular scatterer geo-
metry {Fig. 1(a}], in additicn to the scatterer
thickness, radii, and socurce-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 ef al.'%).

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 he found. This
rafio, 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 amall’
scatterer in the shape of a right-circular cylinder
the maximum solid angle between the scatterer
and the detector was §x10°2 sr. Corrections due
to such a spread of scattering solid angle are

948 @ 1979 The Armerican Physical Seciety
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¥I1G, 1. Schematic diagram of the experimental
arrangement (a) for small and (b) for large-ungle
seattering measurements. S, source;, T, target;
and B, detector,

generally small, and were taken into aceount 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-
melrical -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 he-
glccfed since very thin {<3 mm) scatterers were
used.

iIf. EXPERIMENTAL DATA AND ERRORS

For the purpose of the present paper we have
presented the cross scctions (26 data points in
the graph ot Fig. 2) of our measurements on
Ph (Z-=82) for six photon cnergies: 0.145, 0.280,
0.662, 1.115, 1.17, and 1.33 MeV and we included ad-
ditional data points for Pb from the following re-
cent high~precision measurements: (i) Schuma-
cher et gl.,'* photon energies 59.54 keV (seven
data points), 412 keV (eight data points), 662 keV
{seven data points), 889 keV (nine data points),
1.12 MeV (nine data points), and 2.75 MeV (eight
data points); {1i) Hardic ef a.,'s photon energy
1.33 MeV (ten data points); (iii) Kahane et gl.,'
photon energy §.84 MeV {one data paintj.

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 counling statistics, some
sources of systematic errors were considered in
the prescnt measurcments. Those include un-
certainties (i) from the prescnce of incoherent
component in the measurement of ¢coherent com-
ponent, (ii} in the determination of photopeak area
of the eoherent component, (iii) variation in the
detector background in the presence and absence of
of the secatterer, and (iv) in the measurements of
source—scatterer distances, scattering angles,
thickness of the scattercr, and the photon attenua-
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tion coefficient for the scatterer. Zome of those
errors have been either effectively excluded or
minimized and others accounted for with appro-
priate corrections, '

IV. RAYLEIGH SCATTERING CALCULATIONS

For the interpretation of the data and examining
their present status in terms of the theory we '
have computed theoretical differential eross see-
tions {in units of Thomson cross seetion per elec-
tron) from the following calculations: {i) nonrela-
tivistic Hartree-Fock calculations of the atomic
faorm factor by Cromer and Mann' (compiled by
Hubbell et gf.'%); (ii) relativistic Hartree-Fock
(REF) calculations of the atomic form factor by
Doyle and Turner,? Cromer and Wober,? and
Pverbd! (obtained from the compilation of Hubbel
et al.ﬁ); {(iii} atomic shellwise caleulations of the
Hayleigh scattering amplitudes by Johngon and
Cheng,® Cornille and Chapdelaine,’ and Kissel and
Pratt“; and {iv) atomic X-~shell Rayleigh-scatter-
ing amplitude by Florescu and Gavrila,?

V. DISCUSSION OF RESULTS AND CONCLUSIONS

The scattering of photons depends on the inci-
dent photon energy %, photon scattering angle 8,
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and the atomic number Z of the scattcrer atom.
In order to study the behavior of the coherent
scattering cross section as a function of photon
momentum transfer g over the enerpgy region
where the Rayleigh scattering is predominant, we
have computed the differential scattering cross
section of atomic Rayleigh and nuclear Thomson
scattering for the specific case of the most com-
monly used scatterer Pb (Z=82) according to
various calculations referred to above. In Fig, 2
we have shown the dependence of do{8),,/do(6} 5
on g over the range (0_.001—1_0.0)?7:5. The results
of Florescu-Gavrila® are based on their high-en-
ergy approximation [Eq. {131) of Florescu-Gav-
rila’] for the scattering of lower-energy photons
at finite scattering angles. The results of mea-
surements referred to in Sec¢. IV are displayed in
Fig. 2. It is seen that form-factor theory is suf-
ficient even for high-Z atoms over the g 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 encrgies
less than the X-shell bir';ding energy, NRHF form-
factor predictions, congistent with new theoreti-
cal predictions by Kis'scl and Pratt arc found to
show agreement at 5% level below g =0.2mc and
within 15% above ¢ = 0.2me.

In the g range above D._Smc, the ¥Florescu-Gav-
rila® high-encrgy approximation is sufficient near
the low-4 end of the observed g distribution for
each photon energy over the range 0.400--2.75

SEN GUFTA, N. C. PAUL, TI. BASU, AND N. CHAUDHUR! 20

MeV, whereas the form-factor theory is suffi-
cient near the high-¢ cnd. In the intermediate-g
rangc the distribution of do(8),,,/do(8), is in ex-
cellent agreement with the prediction of the energy
dependence of the Johnson and Cheng® exaet cal-
culution which agrees with the Florescu-Gavrila®
and NRHF-RHF results at lower- and higher-g
ends, respectively,

This comparison leads to the eonclusion that
the Florescu~Gavrila® high-energy approximation
is valid for {g/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 en-
ergy) 0.412, 0,662, 0.889, 1.33, and 2.75 MeV,
respectively (here @ is the fine-structure con-
stant and s is the electron-rest-mass energy).
The corresponding ¢/aZ m values above which the
NRHF-RHF form-factar approximation is ade-
quate are 1.8, 3.5, 5.0, 8.2, and 7.0, For inter-
mediate values of g/ Zm at each of these ener-
Eies J(;:hnson-Chongn calculations give excellent
agreement with the measurements.
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Atomic Rayleiph scatiering of photons in the vicinity of
K-ahsorption edpes

Swapeat K Sen Gopte, Niranjan C Poaud Jahoahi Bose, Gapad C Goswann,
Sarvenden € Das amd Nirmatendy Chavdhuari

Bepattaient of Physics, North Heopu! Uniersite, Darjeeting, 73430 {adin
Heveivud & Bocember P90 i final form 26 Auggest 2951

Abitraet. New areasncentents of coherent Hurpleieh) seatteriog af ghotans of energivs in
the sttty of Rashsorpion edpes of ol and lead aloms togethee with such other reven
Weasarenteais with 1 coverige i e momentus Bansler np s Lk me are preseaied Tor s
eritival evaluating al 1) the lresy velanivistiv coleulatiot oof celerend seatrering fucres, i)
the anvntatons dispersian carrectinn to the scatteting Bacturs and i ibe exavt somericel
Ruyletgh scattering amplitades al inner electran shells. This evaluntion reveals the ranges
b uppheabibty of these ealvatations and indicates fhie trend of hebuviour due r the
proximity of K-absorplion edpes of scutteter almns.:

. fatroduction

The coliziem clasiic seaticring of x-say and low-cnergy gammia rays by bound clectrons
{Rayleiph stattering) in the vicinity of photoelectric absorption edges of various
scatterer elements is the subject of current interest. The region betow photon energies
of abour 100 keV bad beens of considesable theoretical uncertainty in the past dug to the
prosiinity of sbsorpiion edges. MNew theoretical developments {e.g. Kissel und Prat
19780, 1) for exact calcubation of Rayleigh scattering amplitudes down to phioton
enctpics of 10 eV, po beyond the refined relutivistic catenlotions of the form factor { f.)
by Cromer (1965), and the enomatons dispersion corrections, Af° {real) and Af
timaginary), 1o f,, by Cromer and Liberman (1970), for coherent Rayleigh scaltering in
the aearly larvard direction. Below photon energies of 180 keV, the contributions of
other elastic seattering provesses of the whole atom coherent scaticring are negligible
compated with that from Rayleigh scattering,

We have mensurcd the anpotar distribution of the Rayleigh scottering by gold and
lesd atoms, of photons in the energy region up to 145 keV. Io this paper we attempt a
presentation of our resufis along with' the resulis of other more recent measuremenls
and the butest clenlations in such & way as to exhibit the degree to which the calculations
show umity in their predictions with the relatively high-precision experimental dota.

2. Mceusurementy

Abnulute meastremnests ol the (hm,n.'nu.d coherent atomic seuttering ¢ross seolions
were made sy o function of the photon momentiun transfer 10 thie bound atomic
electrons defined by g = 2 & sin g in e unins, 'wheree & s the incident photon energy m
units o the eleciron test mass energy mnd # s the seattering angle. ‘The experimental
set-up aptl the method of measarcinents have been described in ot previous paper
tsen Gupta et ad 19745 Only the esseatinhs relevant to our present series of meusure-
ments are meniivned. Gamma ray seurces fndude rudiosctive isotapes '"'Ce
(1500 heV), "Mm (8330 keV), TV A (89 54 keVi and VPl (3700 ke V), the
rsupe atrenyth befny in the range M- HHEmCL The differentinl cross seerion
neastrentents have se G been performed for 17 elements. ‘The pulse fiight spectra
were acctmlated in g Nockear Duin 1100 muRiclinie] analyser using a storage time of
20- 100 ks, b the amulor sosgerer geomieiry for searly forward scattering {tigure
oy e ackditeosn 1o the svatieree thickness, radirs and source-scatleser distance, thiee
yuantities were needoed 10 abtiin the total ditferentil erons section: ti) the totsl sumber
af seaytered photans pos secamt, (i) 1he total numibies of photons per second from o
sintfar weak felerence e uf the yiitie cncr;__,y uml p!.uc:l it lhc pmlllun t:f lht‘
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Fhe totat nmber of sesttered photons was determinest by sumining over the ]HIIIHU.‘-'
wisded the plto peak of the seatieted speetrum, The cross section for the voherently
seattered phatons wis obtuned by subtencting the incoherently scattered photons
detenmmred Iy the valenbations based on the non-relativistic Hartree-Fock (nr1y)
scatlering functions (obimned from the compilation of Hubbel o1 af (1975}

For the detwemination of the cross section at farper scittering nngles (Bpure HbY we
separited the coherent peak trom the incohereat peak in the scattered spectrum so that
the eatio of the rumber of vobetently seattered photons to Hut of the incoherently
seattered phiotons condy ber fonad, This fatio, when combined wih the caleubed
mevhere it vross section based on sk incoberent scattering function, yielded the
colickent acatfe g vross section, In the kirge-shigle mreasurement peometry both the
wewdent and the seattered bewms were coltimated so thatfor s very smali scattererin the
shape of anght cireular eylinde o the maximum solid angle between the scatterer ind the
detecror was 5 1 s Corrections due o such o spread of the scatlering solid angle
are generatly smaland were tiken into sccount when pecessary. The effect of photons
suftennge multiple seattering in the 1arget and reaching the detector was also taken into
vonsiderabion. by dhe symmetric-seattering arrungement (figure 1y the photons
muitiply scottered owards and away from the detector should he musually compen-
sated Lo o preat extent. therclore, the eflect may be neglected since very thin
(~ 200 mg em %Y scatlerers were used. '

Experinentaf doty and errors

For the presentation intended in this paper we have included the cross sections (able 1)
from the set of our complesed measurements on Au and Ph for two photont encrpies
(8430 and 145.00 keV} and have included additionat data points for Au and Ph from
the {following recent high-precision measurements: Schumacher and Stoffregen (1977),
photon energy 59,54 keV; Tirsell er ol (19735), photon energies 25.19, 35,84, 46.00,
5537 and 7496 keV; Nash er 6l (1975), photon energy 145 keV; Hauser .md Muss-
gung { 19661, photon energy 145 keV,

The towal experimental error arising from statistical uncertainties in the background
counts, the number of scatterea counts nnd the measurements of relative gamma-ray
soufce strengths was Kept in the range from 1% at forward angles to about 10% at
intermediute angles. In addition to counting statistics same sources of systermatic errors
were constdered in the present measurements, ‘Those include uncertainties (i} from the
presence of the incoherent companent in the measurement of the coberent component,
iiirin the determination of the photopeak arca of the coherent component, (sii) from the
sartittiun of the detector background in the presence and absence of the scarterer and
i 3 i the memurenient of source-scatterer distances, scittering angles, thickness of the
scatterer sind the photon anienuation coefliciens for the scatterer. Some of these errors

have been either effectively exchrded or minimised and others accounted for with

appropriale corrections,  The correction for ihe effect (i) was applied with an
unvertainty not exceeding 5%. The uncertainty in the cross section due (o (if) was
mintused by using two methods for the evaluation of photopeak area, the resulis of
which spree within 2% . The correction [ar (i) was at the [% level and the error in this
evaltalion was within 10%. The errars in virious measurements under {iv) were small
and the comshined uncertuinty in cross section due 1o these is less than 1%,

4. Rayleigh scaltering calculafions

The expenmentat duta andec consideration represent a significant improvement in
precstion over catlier coherent scintering measurements and hence deserve careful
exnamhation m rerms of 1he tutest catculations mentioned in § 1. For this purpoese we
huve canpisted theoretical differemtind Rayleigh scatiering eross seetion in wiits of the
Thonmson clors secnon per electron Trom the fotfowing cateutations: the retanivistic
Hartrer Fock Gorr ) vateelidion of the atomie fon factor (f,) by Doyle aad Turner
(E9H), Crennet and Weber (1974), nnd @verbo (89770, 1), obtuined from the
cotngilation of flubbell nad @verbe (1979); the atomic shell-wise catetdngion of
Ruryletgh scutreting smplitudes by Kinsel and Pratt (xe) (1978a, b); und the atamic
eodperent scadering Tactoes corrected by forward .Ililbh. disperstan terns by Cromer und
Libe i e ) (1T

Thene torwaid angle dispeision corrections we nsuuﬂy apphicd (ames l‘)h‘i] ut
other angles through the use of the fotlowing cxprcw‘.mn

s fu“il I "h“‘
i
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Tiscussion of resulis
The dependence of the ratio of the eohercat (R avleight scattering Cooss srotion w0 the
Thomson scattering cross section ver eleciyen 'on Fe omenTuin traasfer o B shiom
Agures -4 for cach of several enerries,” The fesiio of the messarements refermed to in
§ 3 spe displayed 1 the same RApurtes, AL ;‘huim" energr of 82 kel thone waos gy
1g measurements deporind s0 far. &t IS RV, W
ve 307 have been re;-on by Sohumashery T9e). Al
Blrssgeng {196d) are
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previous coherent svatiod
measurements a1 larger E"\l"j:
smaller angles for this energ

E
rios ab

¥ 'rv.’- messul emenis of i vsst and

-fiot consisient with present resuis and the resuits of Math e of {1975 and the.

sheoaretical prediciions based on zh disparsion torrected form favicr of Ph (figure 3%
When we cxamine the data polnte with reference ta the uspccme TaNS By F Gin
the range 0.55-3.20 for Au and 0.6-3.49 for Pb at aninterval of 0.1 near E 8 =Dl
the K-edge energy 1o the inodent photon encryy £ in differeng regons of E‘bn. 8
disiributions, we nogice in figure 2 thas 2i photon energies with £, /8 >t and in 1
range 0.05 < g < 0.1, the datz points show better agreement with values *rL,::f“eeu..a @
hetween the predictions according o the rur form factor calamations and the dis.
perdon corrected cL caicui;.;mns. We also find some indications of ex plicit dependence
Bl ihc'p!m?cn energy buyand g = .1 higure 4. The data poinis with PN N Rl T
siow such ene ’g;f dependence (figurs 2} as expected from the lundumentdl condition of
form fector approxiination. The points with Fu /8 < 1 agres with the dspoesion

Maw !nc""‘“cai predictions secording lo the new J-matsix *'Aain.uia.u‘m uf we and the

4

L3
results of ¢ calenialions are shown in figure 5 together with she data poluls with
Ex/E>1end with E./F < 1. Weo note a clase agreement betwarn these two predic-
tions which ::g&'cc ﬁﬁ.mr’&d 1o for several pholon snesgies, Atamiil ¢ baiow G, i!Se* :"

for By/E = 1, the anr form faciof sredictions ia olose agreement with these of the
caleniations, appear 1o he the best apnrosimation o the. s prodiviiog.

to order 1o oxkibiv the imponance of the contributions of highes ainmic shells
eyond M shells of heavy sioms we plof in figures 3 and 4 sh H-wise wp predichions and
the data 21 35.84, 7436 eV oo Ao and o 8930 and 128 LV oan ’-"{5
s Dec‘tWI/ Wi see that below g = (.06 higher-chelt contribuiions are significant snd

o+

A

have (o be included in an exect-mennerio chisin agreement with data for BB » 1
tioms up 16 the M thell by the J-marrh, uiethod i3

D Prate 19785, b, FOBG, Tirsel er al 19785,
TEen 1‘}??} ghe cvr'*rum;:si-&-i dista have not been considered {e

; r:d hence Rave not been campared with varicus theerssica
predictions gs di r:;assf:;i above. This presentation reveals the ranpes of sgieenent and
disagreemeant of variocus calcuiations and with the data ard is ak improvement oves

-
uZ

previous work.

&, Cendesion

itis now clear that for incident energies below the K edges of heavy atoms the main part
o the form factor, f,,-is inadequate above a momentum transfer of 0.2 mc and the
dispersion terms 4§ and Af” calculated for nearly forward scattering begin to fail for
25.6 ke¥ photons atscattering angles of 172°and at 35° when the incident snergy is just
below the R edge. The theoretical predictions of Kissel and Prair {1978a, b) for
mdm.ﬁudl inner clectron shells provide the most accurate sét now available for a
1par:ser with experimental daia above 2 momentum wansfer of 0,66 me. Forlower
es of momentum transfer such exact predictions for outer electron shells are not

LE:

avai ple and hence thc;e is no other theoretical basis except thatof the nuie form factor
prediction,

Ackmewlodament : _ T

The authors wish to express their gra mude to Ehc Umwxswy of Neorth Rengal for

providing UGC Teacher Fellowships 10 § K Szn Gupta, N € Pauf, J Basu and G §
Caswami‘ a':d Fumor Retearch 30%10!3:5{1:;: 108 C Das. 'i"hey are: a&m g‘.ratemi toDr 1.

+,

J

5
v
I

o

'})‘_,'a‘"’:.'\
. P K 1
Y \
& r". ‘:3‘ W
ra L)
o ‘ 5 S
Y
‘\ L
e

fad s

e

A ¥

B



b L

HiR

e

il
aty PHYSICAL B — Paper 4224

2iLe *

m? ,

References

s .
e Cromer Y 1965 Act Cryseatloge 19223

ny Cromer 3 T and Liberman 1 1970 /. Chems. Phvs 83 1891

19 Cromer D T and Weber J T 1974 Jateraancnal Tubles for X-ray and Cristallogrerhy (Humingham: Kynoghi
2188 Dayle P A and Turaer P 5 1%48 Acns Crvstalioge A 24 330

2t Hauser U snd Musspung B 19606 2. Phys, 198 252

2178 HubbeH J H, Veigele W I Hripgs - Hrown R T and (,mmc-t DT 1973 L Ihys Chemt Ref Paia § 371
2200 Hubbell 5 Hnd (hetbo § 1979 2 Phys, Chem. Ref. Data 3 04

1215 James 8 W 1965 The Opucal Prnciples of the Daffractions of N-rays ilthacs, 8Y  Curacl] Univenaty l‘w“l
2232 Kissel L und Pratt R H 190 Phys. Reo, Lewr 48 3187 :

1205 —— 1978b Lawrence Livermore Laboratory Repon

2280 ——— 1980 Lawrence Livermore Laboratsry Report

1736 Nath A, Roy S C and Ciliose A %1 1975 Nucl Pnsim, Mﬁ!& 133 1563

2n Bverbo | 19770 Phys. "L et B 73 512

2y e JY77h Nuove Chm. 1 48 330

186 Schumacher M 1969 Phys. Reo. 182 7

2293 Schumucher M and Sioffregen A 1977 2. Phiys, A 283 15

21 Sen Gupta § K, Paul N C, Roy 8 C and Chaudhiori N 197K 5. Phys. B- At Mol Phys $12 1211

e Tiesell K G, Slivatisky V Woand Ebert P S I‘)TS Phys. Rev. i 2420

ML

282 Fgure 1, Schematic dmgram of the r:xper:menwl arrangenent, (o) lor smalloanghe and i)

2335 for large-angle scattering measurements. §, sousce; T, targer; D, derector. ,
2384

366 Figuce 2. Plot of {du{6),,/dQIEer (1) /A0 "' epainat momentum transler, 4, in mc wnsts

nw  for Z = 79. Taeoretical predictions: A, form focior —-—: 8, ditk form facror carrected dof m
092 shispersion ~<-. Experimental points; €, 25 19kcV; A, 3153 keV; (], doltibkeV; ]!1 @
M3 55.37keV:iO, 74.96 keV (ulHrom Tirselt exal 1975); g5, 145 LoV present mensutomonts),

e

241 Flgero X Pl ol'.{drrlB}_..,,,p’dﬂ!'.dtr{B}-,,-’dnl" ageinst momentum traasfer, g, in m- unit !
2420 for Z =82, Theoretival predictions: B. Dispersion correctest {oem favior -+~ E, ke

2341 coleulstion with 59.54 keVIor K + L + M + Nshells —-—; F, &P calewlabrons usang 59.54 keV

253 for K+L+ Mshells —. Experimental points: ¥, 59.54 ke V {Schumacher god Stofleegen : -
16 19770 A, 150D keV (Nath er o 19751 O, 145.00 ke V (Hauser and Mussgung 1966); ¢, @
™ 145 keV (present measorments),

246 .

2453 Flgure 4. Piol of (o ()., /00)tdert8) /a1 | apninst mamentum tromfer, 4. i me unily

2aes  Tor Z =79, Theotetical prediction: C, k» calculation with 3584 keV for K + L + A shells

2507 ey D, KP with 7396 keV for K+ L+ M shells ——; G krwith 84.30 keVior K+ L+ M

2512 shelis ~—-, Experimental points: 4, 35.84 keV; O, 74.96 keV {TiracH o al 19151;?, Q
2335 B30 keV (present measurements).

2538

2539 Table 1. Measered cross sections for coheremt scansring off bound elecirons.

2549

2550 Phoon : Experimental

557 energy Targeat CTOM SECTION

365 {keV) (Z) 8 g (me) (b utom st ')

57 .
3 84.30 Au(79) 2°39 0.u06 382.5(24.2y

23t o T 50 0.5 263.9(25.4)

288 tn°3s’- 0.03) 130.5 (£ 2.6}

b 10 131y 0,038 01E (2N

202 Pl o b 0069 233 {1 )

el 145040 P18 156" 0.009 418.2 (£ 12.51

Feie 22 0.0 . 267.7{x8.1)

2813 346 0.015 - 279.7(28.4)

03 808’ 04340 | | 82.3(24.6)

2087 13°58° 0.669 . 34621

1A 15°48' 0.078 T 33.1(x2.4)

2651 19°5y 0.008 a . 232 (x1.3)

2638 24°5¢0' 0.i22 o 12.3 (5.2}

2065 : - hy

es  “Figures within parentheses indicats errors in the expetimental cn 58 scctians,

W .
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