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We report an experimental study of the single-quantum annihilation of positrons in a number of ele-
ments having atomic numbers between 49 and 90, utilizing a monoenergetic positron beam. Measure-
ments were made of the differential cross sections for the forward direction for the I(, L, and M atomic
shells in targets of Th, Pb, Au, Hf, Gd, and In, having thicknesses that vary between 2.7 and 4.4 mg/cm .
A shielded HPGe detector of high relative photopeak eKciency was used for recording the photon spec-
trum. Values for the individual atomic shells were obtained in the positron kinetic-energy range
1.02—2.24 MeV. It was observed that the differential cross sections measured for the forward direction
varied with energy for each major shell almost alike so that the shell ratios appeared to remain constant
while the positron energy varied. The dependence of the cross section on the atomic number Z of the
target element was tested for each of the major shells at various energies of measurement. It was seen
that the cross sections follow a Z' relation with v= 5. 1 as the exponent for the K shell. For the higher
shells, the exponent is approximately 6.4, which is significantly larger. It was also noted that this pattern
is fairly independent of the positron energy. The results on the Z dependence are seen to be clearly at
variance with the most updated theoretical predictions.

PACS number(s): 34.90.+q, 78.70.8j

I. INTRODUCTION target element could be expressed in the form

The phenomenon of the single-quantum annihilation
(SQA) of positrons, significant as a fundamental process
of electrodynamics, was predicted by Fermi and Uhlen-
beck [1] in 1933. It was explored theoretically by others
in the following years [2—5], but was studied very little
experimentally for a long time owing to practical limita-
tions. As empirical observations of reasonable accuracy
subsequently became feasible [6-8], matching advances
were made on the theoretical front [9—13] involving
significant refinements in the calculations. Despite such
progress, several major predictions of theory remained
empirically untested. The experimental data that were
available for a long time [6—8, 14—16] had suff'ered from
a number of disadvantages and only provided rough
values of the integral cross sections. The atomic shells
were not distinctly resolved. Besides, significant parame-
ters such as the atomic shell and subshell ratios of the
cross sections and the directional distributions of emis-
sion of the annihilation radiation were not subjected to
experimental scrutiny.

II. THEORETICAL REVIEW

The pioneering theoretical works on the single-
quantum annihilation of nonrelativistic [1] and relativis-
tic [2—4] positrons were based on the Born approxima-
tion and the point-Coulomb potential. This approach
demonstrated that the dependence of the total cross sec-
tion of the SQA process on the atomic number Z of the

with v taking the value 5. Jaeger and Hulme [5] intro-
duced a major improvement in the accuracy of the
theoretical '.vi. iy and, employing a partial-wave formula-
tion, made r.iativistic computations of the K-shell cross
section for lead. Johnson, Buss, and Carroll [9] made
more comprehensive calculations that provided the
dependence of the X-shell SQA cross sections on the
atomic number of the annihilating medium and the ener-

gy of the positrons. The directional distribution of the
radiation was worked out for the K shell by Johnson [10],
employing relativistic Coulomb wave functions. The
cross-section calculations were extended by Sheth and
Swamy [11] to include the LI subshell and by Broda and
Johnson [13]to allow for screening effects. Screening was
taken into account by using bound-state wave functions
and central potentials characteristic of the relativistic
Hartree-Fock-Slater atomic model. Broda and Johnson
evaluated the di8'erential cross sections for the K shell
and the three L subshells and computed the polarization
correlations of the annihilation radiation.

In refining and extending an earlier calculation [10]
based on the simple Coulomb potential so as to include
the effects of screening, Broda and Johnson [13]observed
that the screening correction is generally not negligible
even for the X shell, especially for low positron energy
and for large atomic number of the target. In their exten-
sive computations, the interactions of the positron and
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the bound electron with the radiation field were treated in
accordance with the lowest-order perturbation theory.
The differential SQA cross section is expressed as

do n E
dQ 2M p r

where cz represents the fine-structure constant and A

Planck's constant. The incident positron has total energy
E and momentum p. The energy of the SQA photon is
E&. The matrix element Tf, is written in the form

Tf, =f d. xvz&(x)a. A'(x)u~(x), (3)

in which v~i(x) and uz(x) represent the four-component
wave functions for the positron and the bound electron,
respectively, a is the Dirac spin matrix, and A(x) the
spatial part of the wave function of the emitted photon.
The subscript A, of the positron wave function denotes the
spin projection.

With the energy of nuclear recoil neglected, the photon
energy is obtained from the requirement of energy con-
servation as

Er =E+mc —lel,

where e represents the binding energy of the atomic elec-
tron.

The calculational procedure following Eq. (2) involves
describing the positron wave function by a partial-wave
expansion in angular momentum eigenstates. A summa-
tion is made over the magnetic substates of the atomic
electron. For the situation in which the photon polariza-
tion is not to be observed, a summation is done also over
the photon spin states. Numerical programs are hence
constructed for the solution of the radial part of the posi-
tron wave function and for the partial-wave phase shifts
and normalization factors in an arbitrary non-Coulomb
central potential, leading to the evaluation of the
difFerential and total cross sections.

adequate SQA event rates. Such target thicknesses, how-
ever, could lead to line broadening in the experimental
photon spectrum and also cause a large extent of positron
straggling within the target, especially at the lower posi-
tron energies studied. This could make a measurement of
the differential cross sections in particular not feasible be-
cause the directional distribution of the annihilation
quanta is known to be extremely sharp. Further, the
poor energy resolution of the detectors made it practical-
ly impossible to resolve clearly the annihilation photons
of the various atomic shells. The background rates were
large and the possible statistical accuracies were not high.

The first high-resolution study of the phenomenon to
our knowledge was made only recently [17]. In this ex-
periment, which was performed by the present authors
and was confined to lead, monoenergetic positrons were
derived from an accelerator, with energy varying between
1 and 2 MeV. A HPGe detector of 45% relative photo-
peak efficiency (defined conventionally for 1.33 MeV, rel-
ative to a cylindrical NaI detector of diameter 7.6 cm and
length 7.6 cm for a source-detector distance of 25 cm)
was engaged for observing the photons. This investiga-
tion led to a clear resolution of the shell effects and yield-
ed the shell ratios L:K and M:K. An analysis of the L
peak also gave the subshell ratio for the L shell, namely,
(L»+Li»):L Furthe. r, the study provided the first ex-
perimental data on the directional distributions of the an-
nihilation radiation, for the three major shells. The
present measurements were done in continuation of this
high-resolution experiment and have yielded data for the
cross-section dependence on the positron energy and the
target atomic number for the K, L, and M shells individu-
ally.

IV. DESCRIPTION OF THE EQUIPMENT

A. Positron beam

III. EXPERIMENTAL BACKGROUND

The earliest experimental investigations of the single-
quantum annihilation of positrons [6—8] resulted in the
detection of the annihilation radiation and a deterrnina-
tion of the variation of the cross section for a number of
positron kinetic energies, leading up to 1500 keV, and
elements of atomic number between 50 and 92. These ex-
periments were valuable for comparing the accuracy of
the existing theoretical calculations. Subsequent experi-
ments [14—16] yielded additional data on the variation of
the total cross section with positron energy and the atom-
ic number of the target. The results were compared with
the updated calculations [9].

All the experiments mentioned above were conducted
by employing radioactive sources of positrons. The ener-
gy of the positrons was selected spectroscopically. The
intensity could not be high. The photons were detected
by Nal(TI) scintillators coupled to photomultiplier tubes
through light pipes, which are systems that could not
have high energy resolution. The targets used had to be
thick, 30 mg/cm or over, in order to derive reasonably

The experiment was conducted at the Brookhaven Na-
tional Laboratory Dynamitron facility [18]. Positrons
derived from a Na source of strength —100 mCi are in-
cident on a W(100) transmission moderator of thickness
-6000 A and the thermalized positrons emitted by the
moderator are accelerated by a high-voltage source of the
standard Cockcroft-Walton design. A collimated
monoenergetic positron beam of diameter —1 mm and
angular divergence less than 1' at the focal point and en-
ergy spread below 0.2% is available at the facility in the
energy range 0.5 —3.0 MeV. The intensity of the beam
depended somewhat on the energy setting and for the
present measurements, it ranged from 2.5 X 10 to
3.5X10 e+/s. The beam was focused onto the target
foil, which was positioned on the axis of the beam tube.
The emergent beam was terminated in an adequately
thick stopper of polythene (a low-Z material) that was
mounted 6 mm beyond the target (Fig. 1). The inside of
the beam tube was provided with a 10-mm-thick cylindri-
cal lining of the plastic in the region of proximity to the
target in order to eliminate possible SQA emissions from
the steel walls of the tube on account of stray positrons.
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tillation detector, which could yield the integral positron
rate. In the normal course, the beam passed through 5-
mm holes in two plastic scintillators functioning as active
collimators that served to monitor the beam stability,
which was found quite satisfactory. The beam-intensity
calibration could be checked by a calculation of the ex-
pected photopeak rate for the 511-keV photons, taking
into account the absolute photopeak efficiency of the
detector in the experimental geometry.

FIG. 1. Illustrative sketch of the experimental geometry (not
to scale).

B. Photon detector and experimental geometry

A HPGe detector with a relative photopeak efficiency
of approximately 75% (at 1.33 MeV) was engaged in
recording the photon spectrum in the current series of
our investigations. The measurements were all done at
an angle of 0' (the forward direction). Accordingly, the
detector was mounted coaxially with the beam, with its
front face at a distance 16.55 cm downstream from the
target (the semiangle of acceptance was 12.2'). The
HPGe detector was surrounded by a 5.1-cm-thick cylin-
drical lead-shield assembly, lined inside with a 0.3-mm-
thick roll of tungsten sheet. In order to reduce the in-
tegral count rates, a 6.35-mm-thick lead shield lined on
the detector side with a copper sheet of thickness 0.635
mm was placed between the target and the photon detec-
tor. The amplifier output signal rates (above the discrim-
inator setting) were hence limited to always be below
1500 Hz.

C. Targets

The targets of the six elements employed in the experi-
ment were procured from Goodfellow Corporation and
were of minimum chemical purity 99.9%. The thickness
of each, represented in mg/cm in parentheses, U(2.74),
Pb(3.59), Au(3. 79), Hf(4.40), Gd(3.77), and In(3.47) was
small enough to ensure that the positron energy spread
caused by the target was only a few keV and the mean
scattering angle I19] introduced before the annihilation
would not be large and could be taken into account accu-
rately. The geometry factor giving the average diver-
gence of the detected SQA photons relative to the direc-
tions of the annihilated positrons, represented by a term
(cos8),„,had values around 0.98 for the different data and
were determined with a precision of 0.003.

V. PROCEDURE

A. Measurement of the beam intensity

Since the positron rate could vary somewhat during an
experimental run lasting several hours, an integral of the
intensity for each run period had to be determined. The
511-keV annihilation photon peak that showed up very
prominently in every spectrum could be used as a mea-
sure of the integral intensity. The peak area had to be
properly calibrated however, and this was accomplished
by having the beam wholly deflected onto a plastic scin-

B. Photopeak calibration

The absolute photopeak efficiencies of the detector for
the difFerent photon energies involved were determined
by employing radioactive sources Ra and Na of
predetermined strengths. A graphic plot was made for
the efficiency as a function of the energy of the photons
emitted by the calibration sources and a polynomial fit
was applied, which could be used to evaluate the
efficiency corresponding to any SQA photon energy in-
volved in the experiment (Fig. 2). Whereas the Ra
source covered photon energies in the range 600—2450
keV, the Na source enabled the measurements to be ex-
tended to 2754 and 3867 keV. With the uncertainties in
the calibration of the sources and the relative yields of
the photons taken into account, a net accuracy of 2.5% is
prescribed for the efficiency determinations up to 2754
keV. The probable accuracy of the efficiency curve
beyond 3000 keV could be considerably less.

C. Acquisition of the spectral data

The experiment was conducted at positron energies
close to 1.02, 1.30, 1.52, 1.78, 1.98, and 2.24 MeV. The
exact beam energy to be set for each run was predeter-
mined so that no natural background line could overlap
significantly with any of the SQA peaks. Despite provid-
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FIG-. 2. Plot for the measured photopeak efficiency of the
HPGe detector for a source-detector distance of 25 cm. Since
the photon yield of the 3867-keV line of Na is not known ac-
curately, the plot and the polynomial 6t are made with this en-
ergy excluded. The dotted region of the graph represents an ex-
trapolation of the 6t.
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ing a 5.1-cm-thick lead shield for the HPGe detector,
several natural radiation lines appeared very clearly in
the spectra (Figs. 3 and 4). Long ( —100-h) data runs
were therefore made without the positron beam that en-
abled the determination of the room-background peak
rates to be used in making corrections for any partial
overlap with the SQA lines.
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VI. SPECTRAL FEATURES

The major contributors to the recorded photon spec-
trum might be listed as follows: (i) the natural radioac-
tivity, (ii) the 511-keV photons from the positron annihi-
lation at rest, (iii) the bremsstrahlung, (iv) the two-quanta
annihilation of positrons in flight (TQAF), and (v) the
single-quantum annihilation. The level of y radiation
produced by the operation of the Dynamitron was negli-
gible. The natural radioactivity was the sole contributor
to the background in the SQA photon energy region, oth-
er than pulse pileup. All the other photons were of lower
energy, including the photons emitted in the TQAF pro-
cess. In the latter case, only one of the two photons emit-
ted in a single event had a chance of being detected.
Both could not be detected because the acceptance angle
of the detector was 24. 4' and the minimum angle between
the directions of emission of the two TQAF photons [4]
was considerably larger for any of the SQA data runs.

The energy resolution of the HPGe detector at the sig-
nal rates related to the experiment and a 3-ps
integration-time setting of the signal amplifier (ORTEC
572) was found to be 1.9 keV at 1.33 MeV. The SQA
peaks had widths (full width at half maximum) larger
than the widths of the natural background peaks (Fig. 4)
because of the spread in positron energy introduced
within the target and the finite width of the incident
beam energy ( =0.2%). The target thickness introduced
an energy spread [19] typically about 1 keV per mg/cm .
It is obvious that, despite the noticeable peak broadening,
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the finite-energy resolution of the detector was quite ade-
quate for resolving the K, I., and M peaks of the spectra.

VII. ANALYSIS OF DATA

Photon Energy (keV)

FIG. 4. Regions of the spectra for position kinetic energy
1.02 MeV, displaying the K, L, and M peaks of different ele-
ments. The fixed-energy peak seen at 2103 keV belongs to the
single-escape events of the 2614-keV natural background radia-
tion. Another natural background line, which is less prominent,
is also visible in a11 the spectra at 2118 keV. The K-, L-, and
M-peak positions shift toward higher energies for the lower-Z
elements.
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The width of the region chosen to represent a peak
varied often, depending on the possible presence of other
peaks in the vicinity. Due corrections were made to al-
low for the finite widths, and for any contribution from a
natural line. The background was subtracted by assuID-
ing a linear background under each peak. A check on the
statistical quality of the data was made at the end of the
experiment by applying the y test on the values obtained
for the ratio of the SQA count per incident positron at
each energy setting for each target. It was concluded
from the statistical test that the targets had no nonunifor-
mity that could produce a noticeable effect on the data.

10
1000 2000 3000 4000

VIII. CORRECTIONS AND ERRORS

Photon Energy (geV)

FIG. 3. Illustrative spectrum obtained with the lead target at
1989-keV positron kinetic energy. The spectrum calibration
peaks corresponding to the 511-keV annihilation radiation and
the 1461- and 2614-keV emissions of K and Bi, respectively
(natural background lines), are visible in the spectrum. The
1022-keV pileup is also seen.

Appreciable corrections had to be made for the absorp-
tion of the photons in the media intervening between the
target and the detector and for the spurious losses of pos-
itrons. Positrons could be lost at the beam-defining scin-
tillator slits, in transmission, and by backscattering from
the surface layer of the plastic scintillator. The electronic
losses in counting also had to be taken into account. The
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TABLE I. Experimental K-shell differential cross sections for the forward direction (detector angle
0 ) (in mb/sr). The errors quoted allow for a net systematic component of 4%.

Target 1.02 1.30
Positron kinetic energy (MeV)

1.52 1.78 1.98 2.24

Th
Pb
Au
Hf
Gd
In

1010(49)
636(30)
522(25)
335(16)
173(15)
49(09)

1170(56)
696(44)
540(32)
333(23)
183(17)
65(15)

1216(63)
772(39)
s88(2s)
344(18)
209(14)
65(08)

1178(66)
737(42)

375{33)
198(20)
49{12)

1096(55)
714(36)
588(30)
362(19)
181(14)
62(07)

1049(71)

612(54)

1.02 MeV 1.30 MeV 1.52 MeV 1.78 MeV 1.98 MeV 2.24 MeV
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FIG. 5. Z dependence of the
differential cross section for the
forward direction (0' detector
angle) at different positron kinet-
ic energies for the K shell.
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FIG. 6. Z dependence of the
differential cross section for the
L shell.
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TABLE II. Experimental shell ratios of SQA cross sections. The L and M peaks do not show np dis-
tinctly in the In spectra because of an inadequate event rate and hence the individual L:K- and M:K-
shell ratios are not presented for the element. The limits of accuracy displayed do not provide for any
systematic error.

Target

Th
Pb
Au
Hf
Gd
In

L:K

0.269+0.025
0.219+0.017
0.204+0.019
0.156+0.018
0.119+0.046

M:K

1.02 MeV
0.089+0.016
0.067+0.012
0.070+0.013
0.067+0.013
0.000+0.032

(L+M):K

0.357+0.030
0.286+0.021
0.274+0.023
0.223+0.022
0.120+0.056
0.288+0.219

M:L

0.332+0.069
0.306+0.062
0.342+0.076
0.428+0. 110
0.004+0.240

Th
Pb
Au
Hf
Gd
In

0.245+0.024
0.213+0.036
0.250+0.036
0.186+0.043
0.189+0.061

1.30 MeU
0.073+0.018
0.108+0.028
0.053+0.021
0.020+0.018
0.031+0.027

0.318+0.030
0.321+0.046
0.303+0.042
0.206+0.047
0.220+0.067
0.187+0.259

0.297+0.Q86
0.505+0. 166
0.210+0.094
0.107+0.111
0.164+0.222

Th
Pb
Au
Hf
Gd
In

Th
Pb
Au
Hf
Gd
In

Th
Pb
Au
Hf
Gd
In

Th
Au

0.236+0.021
0.203+0.021
0.206+0.016
0.189+0.024
0.068+0.030

0.269+0.033
0.200+0.030

0.221+0.059
0.188+0.078

0.228+0.024
0.210+0.024
0.216+0.026
0.175+0.026
0.149+0.046

0.312+0.049
0.199+0.057

1.52 MeV
0.083+0.013
0.084+0.014
0.076+0.011
0.063+0.014
0.099+0.033

1.78 MeU
0.081+0.018
0.084+0.020

0.063+0.031
0.006+0.055

1.98 MeV
0.101+0.017
0.079+0.015
0.095+0.017
0.055+0.015
0.170+0.049

2.24 MeV
0.118+0.031
0.082+0.040

0.319+0.024
0.287+0.025
0.282+0.019
0.252+0.028
0.167+0.045
0.314+0.147

0.350+0.038
0.284+0.036

0.284+0.067
0.194+0.095
0.098+0.248

0.329+0.029
0.289+0.028
0.311+0.031
0.230+0.030
0.319+0.067
0.285+0. 132

0.430+0.058
0.281+0.070

0.351+0.060
0.413+0.080
0.369+0.066
0.331+0.094
1.447+0.947

0.300+0.080
0.420+0. 129

0.285+0. 168
0.032+0.375

Q AHA +0 Q9Q

0.379+0.090
0.440+0. 100
0.314+0.106
1.137+0.512

0.378+0.119
0.413+0.253

Target 1.02

L:K versus Z, E
Positron kinetic energy (MeV)

1.30 1.52 1.78 1.98 2.24

Th
Pb
Au
Hf
Gd

Th
Pb
Au
Hf
Gd

0.269(25)
0.219(17)
0.204(19)
0.156(18)
0.119(46)

0.089(16)
0.067(12)
0.070(13)
0.067(13)
0.000(32)

0.245(24)
0.213(36)
0.250(36)
0.186(43)
0.189(61)

0.073(18}
0.108(28)
0.053(21)
0.020(18)
0.031(27)

0.236(21)
0.203(21)
0.206(16)
0.189(24)
0.068(30)

M:K versus Z, E
0.083(13)
0.084(14)
0.076(11)
0.063(14)
0.099(33)

0.269(33)
0.200(30)

0.221(59)
0.188(78)

0.081(18)
0.084(20)

0.063(31)
0.006(55)

0.228(24)
0.210(24)
0.216(26)
0.175(26)
0.149(46)

0.101(17}
0.079(15)
0.095(17)
0.055(15)
0.170(49)

0.312(49)

0.199(57)

0.118(31)

0.082(40)
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photopeak counts were to be corrected for dead-time loss
in the spectroscopy amplifier and pileup. The scattering
of the positrons within the target material before the oc-
currence of the SQA process introduced two corrections
to be considered: a small effective increase in the thick-
ness of the target and a net increase in the directional
divergence of the detected radiation over that presented
by the active detector volume.

With all the significant sources of error considered, in-
cluding the errors associated with the corrections, it was
estimated that the positron counts were determined with
a nonstatistical uncertainty of 1.9%. Taking into ac-
count the inaccuracies in the determination of photopeak
efficiencies and the other smaller errors, an overall sys-
tematic uncertainty of 4% was ascribed to the absolute
cross-section values. The errors in the shell ratios were
accounted for almost solely by the statistical inaccura-
cies.
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IX. RESULTS

X. DISCUSSION

The experiment represented accurate and extensive
measurements of the single-quantum annihilation of posi-
trons and has yielded a collection of data on the shell ra-
tios for various targets. The differential cross section for
the forward direction has been measured and the depen-
dence of the cross section on the target atomic number
and on the positron energy has been investigated in detail

TABLE III. Experimental values of the exponent v of Eq. {1)
governing the Z dependence of the E- and L-shell cross sections
at different positron kinetic energies. Indium is included in the
fit for the L shell, based on the assumption that 74% of the
L +M yield is due to the L shell.

Energy
(MeV)

1.02
1.30
1.52
1.78
1.98
2.24

K shell

5.03+0.15
5.42+0. 18
5.19+0.14
5.23+0.23
4.97+0.14
4.13+0.75

v value

7.28+0.42
6.30+0.51
6.19+0.31
6.46+0.66
5.85+0.41
7.66+1.81

Average 5.13+0.07 6.39+0.19

The E-shell differential cross sections measured for the
forward direction (0' detector angle) for different targets
at various energies are displayed in Table I. For the I
and M shells, the cross sections are given in terms of the
l. :K and M:K ratios (Table II}. Graphic plots are made
that correlate the E- and I.-shell cross sections obtained
at particular energies for the difFerent targets (Figs. 5 and
6}. These plots demonstrate the Z dependence of the
cross sections for the different energies. Table III
displays the coefficients derived from these plots for the
K and I. shells separately. They are compared with the
theoretical predictions through a graphic illustration
(Fig. 7}.

FIG. 7. Presentation of the theoretically expected values of
the coefficient v [10,14] and the experimental results. A value
v=5. 3 was derived for the K-shell cross sections at 300 keV by
Mukoyama, Mazaki, and Shimuzu [16] from a reanalysis of the
results of Mazaki, Nishi, and Shimuzu [14]. The latter group
reported v=4. 93+0.31 for the total cross section (including all
shells). The two values imply that, for their work, the L-shell
coefficient shall be less than 4.93 at 300 keV.

for the K, I., and I shells separately. The data are com-
pared with the most comprehensive calculations that are
currently available [9,10,13]. Since the forward emission
accounts for much of the SQA process, a study of the
difFerential cross section for the forward direction makes
it possible to infer the general characteristics of the total
cross section. It may be noted in this context that be-
cause of the acuteness of the directional distribution of
the radiation at the experimental positron energies, the
differential cross section observed is -20 times larger
than the average for all directions and the detector that
covers only 1.16% of the total solid angle in the experi-
mental setup receives nearly one-fourth of the emitted ra-
diation.

In making comparisons between the experimental
values of the differential cross sections and the predic-
tions, the major handicap remaining is that the range of
positron energy that has now been studied experimentally
is found to be covered inadequately by theory. The larg-
est positron kinetic energy considered theoretically has
been 1.28 MeV [9]. These calculations are, however, for
the total cross section only. The differential cross sec-
tions have been calculated only for kinetic energy up to
383 keV [10].

A comparison with the early experimental data is
found somewhat handicapped because these data pertain
only to measurements of the total cross section made
with thick targets using scintillation detectors of near-2~
geometry. To our knowledge, the only data available on
differential cross section have been obtained by us in our
exploratory work on lead [17]. The results of this earlier
work are presented in Table IV along with the parallel
data from the present study. It is seen that the current
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TABLE IV. Comparison of the present experimental data on
the differential cross sections and the shell ratios with the paral-
lel results of our earlier work [17].

Reference

[17]
This work

[17]
This work

[17]
This work

Energy
(keV)

1007
1020
1482
1520
2014
1980

(cosO),„
0.960(5)
0.974(3)
0.967(5)
0.981(3)
0.970(5)
0.984(3)

K
(mb/sr)

442(36)
636(30)
495(54)
772(39)
545(61)
714(36)

LL
0.23(1)
0.22(2)
0.22(3)
0.20(2)
0.25(3)
0.21(2)

ML
0.06(1)
0.07(1)
0.07(2)
0.08(1)
0.03(2)
0.08(2)

measurement values of the differential cross sections for
0' are noticeably larger. This variation, however, can be
understood in terms of the difference between the experi-
mental geometries. As stated above, the differential
cross-section plot against the angle of detection [10,17] is
so steep at 0' that a variation of -2% in (cos8),„could
account for the observed divergence. Calculations made
on the experimental setup, with the effects of straggling
of the positrons inside the target taken into considera-
tion, have yielded the difference in the geometry factor as
1.45+0.58% (Table IV). It may be noted in this context
that in our previous measurements, although the detector
was only 60% as large as the present one, the acceptance
window was roughly 10%%uo wider and the radiation was in-
cident on the cylindrical side of the detector through a
rectangular aperture. (The Pb targets employed in the
two cases were of very nearly the same thickness. ) It is of
special interest here that, although the differential cross
sections could be drastically altered by geometry varia-
tions, the shell ratios are not expected to be affected in
this manner since it is known that the L- and M-shell ra-
diations follow similarly sharp directional distributions
[13,17]. The L:K and M:K ratios of the current measure-
ments are hence compared with the corresponding values

obtained by us earlier and excellent mutual agreement is
found (Table IV).

The Z-dependence data may be viewed in the context
of the predictions of theory and the experimental results
published earlier. In accordance with the Born approxi-
mation, the exponent v of Eq. (1) governing the depen-
dence of the E-shell cross section with the atomic num-
ber Z of the target element shall have the value 5. On the
other hand, the refined calculations of Johnson, Buss, and
Carroll [9] predict v to be a variant, taking the maximum
value 5 at around 400 keV and decreasing nearly linearly
beyond, as demonstrated graphically by Mazaki, Nishi,
and Shimuzu [14] for the kinetic-energy range 200—1200
keV. Our v values for the K differential cross section, in
the range 1.02—2.24 MeV (Table III), carrying a typical
statistical accuracy of a few percent, lie about a nearly
constant value with an average =5.13, clearly above
what may be expected from theory (Fig. 7). It is also seen
from Table III that the exponent is significantly larger for
the L shell. The values for the L shells indicate that they
also do not vary distinguishably with energy and have an
average around 6.39 for the range studied. A close look
at the L:X and M:K ratios reveals that, whereas these
tend to come down in value with the atomic number of
the target, they remain relatively invariant with positron
energy. This effect can be seen best from Table V, in
which the average values of the ratios for all the energies
studied are presented for each element and for each par-
ticular energy for all the elements. Table V also demon-
strates that the M:L ratio is fairly invariant with energy
as well as the atomic number, remaining statistically con-
sistent with the average value 0.34+0.02. One may
hence assume that the M-shell cross sections follow a Z
dependence roughly the same as the L shell. Thus the v
value for the M shell could also be high.

The possibility of the forward differential cross section
having a Z dependence much different from that of the
total cross section can be discounted. The differential

TABLE V. Average shell ratios demonstrating the variation (a) with the atomic number of the target
and (b) with the positron energy.

90
82
79
72
64
49

L:I(

0.249(11)
0.211(10)
0.210(10)
0.173(12)
0.114(20)

(a)
M:E

0.087(07)
0.079(07)
0.075(07)
0.056(07)
0.051(16)

(I. +M)X

0.337(13)
0.289(13)
0.286(12)
0.233(14)
0.192(27)
0.265(80)

M:L

0.345(32)
0.369(40)
0.345(40)
0.298(50)
0.193(142)

Energy
(MeV)

1.02
1.30
1.52
1.78
1.98
2.24

L:E
0.201(09)
0.228(16)
0.195(09)
0.227(20)
0.204(12)
0.264(37)

(b)

M:E

0.072(07)
0.053(09)
0.077(06)
0.076(12)
0.083(08)
0.104(25)

(L +M):K

0.269(11)
0.289(19)
0.279(11)
0.302(23)
0.291(14)
0.369(45)

M:I
0.328(37)
0.244(51)
0.367(36)
0.318(62)
0.405(48)
0.384(108)
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TABLE VI. Theoretical results of Johnson [10] illustrating
that the differential cross section for the forward direction fol-
lows essentially the same Z dependence as the total cross sec-
tion.

Energy

(keV)

128
256
383

(integral)

4.4
4.7
5.0

0'

3.6
4.6
4.9

u (differential)

20'

3.7
4.7
5.0

29'

3.8
4.7
4.9

cross-section calculations of Johnson [10] reveal this as-
pect quite clearly. Calculations show that, at the energies
involved, the differential cross section in the forward
directions has essentially the same dependence on Z as
the total cross section (Table VI). Thus our results on the
Z dependence of the 0 differential cross section are con-
sidered to be applicable to the total cross sections as well
and hence stand out as a clear deviation from the theoret-
ical expectations. Aside form the unexpectedly high
values of v observed for the K shell, the stronger depen-
dence of the L and M cross sections on Z needs to be ac-
counted for theoretically. It may be remembered here
that the L- and M-shell contributions make up to about
one-fourth of the total SQA radiation. The dependence
of the shell ratios on positron energy is also a significant
feature to be understood in physical terms. Although the
underlying aspects have not been explored adequately by

theory, these observed effects may presumably be ac-
counted for solely in terms of the electron densities.

In common with our earlier observation [17], the mea-
sured differential cross section for the forward direction
is seen to increase with positron energy for a limited re-
gion of the range of energy studied, despite the expected
fall in the integral cross section. This may be understood
as the result of two effects. The reduced straggling of the
positrons in the target and the consequent increase in
(cos8),„ for higher positron energies (Table IV) mean that
the radiation yield observed along the forward directions
will be larger than what may be available for a lower pos-
itron energy. An increased forward momentum of the
positron also contributes significantly to an enhanced for-
ward peaking of the emitted radiation, as demonstrated
theoretically by Johnson. '

In view of the significance of the SQA phenomenon in
heavy-ion colliders, wherein an inverse process leads to
electron-positron pair formation, a close understanding
of the phenomenon investigated between theory and ex-
periment appears to be timely and significant.
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