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The Ag1°7( v, Y )Agmm yield was measured in the 30-MeV synchrotron of the Physics Insti-
tute by the induced activity method, with Eymax varying from 6 to 26 MeV. The cross section
calculated from the yield curve has one peak near the (v, n) threshold and another in the
18—24 MeV region. The peak cross section values are 1.7 and 2.9 mb, respectively, with
half-widths of approximately 4 MeV. The ratio of the cross section for inelastic y-ray scat-
tering by Ag“’7 to the photoneutron cross section op [sum of the cross sections for the reac-
tions Agm( v, n) + Agm('y, 2n) + Agm( v, pn)] in the region of the first maximum agrees sat-
isfactorily with the statistical theory. For the second maximum the ratio o(y, v')/oy exceeds

the calculation by several orders of magnitude.

THERE has been very little investigation of in-
elastic y-ray scattering on nuclei. The inelastic
photon scattering cross section has been measured
for only the four nuclei Y%, (1] Rh103, (2] pits (3]
and Au!®'[] in the range 5—25 MeV. All data were
obtained by the method of induced activity, i.e., by
measuring the number of isomers of the initial
stable isotope that were formed in the reaction

(Z, A) = (y,v") = (Z, A)™. This method re-
quires the following conditions: (1) stable iso-
topes must have metastable states whose half-
lives can be recorded; (2) there must be no neigh-
boring isotopes that can form the same isomer
through other possible reactions such as (v, n),
(v, 2n), (v, p), etc.; (3) it must be possible to
isolate the activity associated with a given isomer
against the background of total induced activity in
the sample. All these requirements are satisfied
for only a few elements, so that the method has
very limited application.

The utilization of the method can be consider-
ably expanded by using samples consisting of sep-
arated isotopes. In the present work we have used
silver samples enriched to from 94 to 98.5% Ag1°7
Induced activity was used to measure the cross
section of the reaction Ag!'(y, y")Ag!'™™ in the
range 6—26 MeV. The work was done at the 30-
MeV synchrotron of the Lebedev Physics Institute.?

MEASUREMENT TECHNIQUE

A natural mixture of silver isotopes contains
51.35% of the mass-107 isotope and 48.65% of the

l)l:’reliminary results appeared in [*].
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mass-109 isotope. When Ag'”' and Ag'™ are ir-
radiated with 26-MeV vy rays induced activity re-
sults from the reactions listed in Table I. Both
stable silver isotopes are seen to have isomeric
states with very close half-lives (44 sec for Agl™
and 40 sec for Agl®M) and approximately equal
metastable energy levels (93.5 and 87.7 keV, re-
spectively ). It is practically impossible to sepa-
rate the yields of these isomers when registering
the induced activities of samples. For example, if
a sample contains both silver isotopes, we can
measure only the sum of the cross sections for
the reactions Ag!%(y, v/ )Ag!¥™ and Agl®(y, v')
Aglosm.

Above 16 MeV, Agl®™ jg also formed in the
reaction Agl®(y, 2n)Ag!®™  The inelastic scat-
tering cross section can be measured by the in-
duced activity method at energies above the thresh-
old of this reaction in principle only if a separated
isotope is used. Since the enriched samples con-
tained only a few percent of the 109-isotope, par-
allel measurements were obtained from samples
enriched in Ag!%" and from samples of natural
silver. This enabled us to determine the activity
associated with Ag!%" alone.

Among the product-nuclei formed in the photo-
disintegration of Ag!%" almost the same half-lives
as that of Agm7 are exhibited by the isomers
Pdi®M and Rh1®M formed in (7, np) and (¥, 2p)
reactions. Because of the ~ 10-MeV Coulomb bar-
rier these reactions have an appreciable yield be-
ginning at Ey ~ 20 MeV and 24—25 MeV, respec-
tively. (8] it will be seen subsequently that as a
result of the chosen technique the activities of
these isomers remained practically unregistered.
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Table I
Ag? Agtov
T Emission energy MeV Thresh Emission energy MeV
ti Thresh- | Product . esh-
Reaction oll'z's* F ng ::s glf)e I.{fflé' . orlds, :;g;i:uc; Tg'fpe Hglf— .
MeV: decay Of particles |Of y rays| iMeV decay life Of particles |Of y rays
(1) - Aglomm IT 44 sec — 0.0935 — Agloom IT 40 sec - 0.0877
Aglos B+ (63%) B+: 1.96; 9.2 Agls | B 98.5%
EC(37%) | 24 min 1,45 EC: 1.5% | 2.3 min' 1.5 >0.4
. n) 9.4 8- ( 19) B~: 0.5 0.5
Aglos EC 8.3 days — 0.220
~ 40 0.064
(1, 2n) 17.8 Agl®s EC days —_ ~0.150 16.4 Aglom IT 44 sec — 0.0935
6
(1, np) 15,2 | Pqlsm IT ;e'? — 0.20 15.5 pdu? 8- ~7y: 10 ~0.04 —
Rh105 B- 36.5 hr {0.570 (86%)| 0.320
(1, 2p) 14.8 0.210 (4%) 16.6 Rh10? B- ~ 25 min 1.2 —_
Rh105m IT 45 sec — 0,130
) Rh10s B- 36.5 hr |0.570 (96%)| 0.320
(1, @) 2.4 Rh103m 1T 56min — 0.040 2.9 0.210 (4%)
Rh105m IT 45 sec — 0.130

*The (y,n) reaction thresholds were taken from [6]; the others were taken from Cameron’s table in [7]; IT — isomeric transition; EC —

electron capture.

The number of isomeric nuclei Agl®™ and

Agl®M formed during the irradiation was meas-
ured by registering with scintillation counters the
v quanta emitted in transitions from the metastable
to the ground state. Despite the large internal con-
version coefficients (20.3 for Agl®™ D3] ang 22.4
for Agl®m [10]) this procedure was more efficient
than the registration of soft conversion electrons,
because considerably thicker samples could be
used. In addition, the introduction of corrections
for absorption and scattering of the investigated
radiation is simplified. The geometric dimensions,
weight, and isotopic composition of the enriched
samples are given in Table II. Similar samples of
natural silver were prepared.

The measurements were performed with two
different counting setups for the ranges 6—13 MeV
and 11—26 MeV. The yield curves were matched
at 11—13 MeV.

Table II

Sam-| ¢, of £ .| Thick-

ple of;geo’ Zagc:o’ wgt r’xl:esl:, n A';?na,
1 194.6 | 5.4 |5.60] 530 50 x 21
2 | 97.14| 2,86 |6.38] 604 50 x 21
3 | 97.14| 2.86 |6.31] 597 50 x 21
4 1985 | 1.5 |1.84] 174 50 x 21
51985 | 1.5 |1.63] 154 50 x 21
6 |98.5 | 1.5 |[L.88 178 50 x 21

At energies below and somewhat above the (y,n)
reaction threshold practically all activity of the
samples was associated with the formation of
Agld™M ang Agl®M  Therefore the principal re-
quirement with regard to the counting apparatus
was maximum registration efficiency with a rela-
tively small counter background.

Figure 1 is a block diagram of the apparatus
used for measurements in the 6—13-MeV range.
The silver samples were irradiated for 2 minutes
in a photon beam from the synchrotron. When the
beam was cut off the samples were lowered (in a
vertical ¢‘lift’’) to a scintillation counter located
below at a distance ~1m. Registration of the in- .
duced activity began 5 sec after the termination of
the irradiation. In order to minimize the photo-
multiplier noise background, each crystal was
placed in optical contact with two FEU-1S photo-
multipliers connected in coincidence.

In order to reduce the cosmic ray background
as well as the background from activity induced by
photoneutrons and y rays scattered in the counter
during the irradiation period, the crystals and
photomultipliers were shielded by 10—15 cm of
lead and 30—50 cm of paraffin. The crystals were
also surrounded by a 3—4 cm boron carbide layer.
The counter background was also reduced by a
factor of 4.5—5 by pulse-height analysis.
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FIG. 1. Block diagram of apparatus for measurements in
the range Eypax = 6 — 13 MeV. 1—samples; 2—22x32x2.5 mm
crystals; 3—light pipes; 4—photomultipliers FEU-1S; 5—pre-
amplifiers; 6—coincidence circuit; 7—summator; 8 —amplifier;
9—single-channel pulse-height analyzer; 10—20-channel time
delay selector; 11—mechanical register; 12—relay trigger
circuit.

The decay curves of induced activity were
measured automatically with a 20-channel time
delay selector having an 8-second channel width,
connected to follow the amplitude analyzer. The
electronic circuit controlled the length of the ir-
radiation period, the lowering of the sample to the
counter, and the triggering of the time delay ana-
lyzer.

Measurements in the 11—26 MeV region re-
quired primarily the reliable discrimination of
Agld™M and Agl®Mm aetivities against an appre-
ciable activity background of other radioactive
isotopes, especially Ag!%® and Ag!®, formed
during the irradiation period. In this case the
counting efficiency played a smaller part, since
the yield from Agl®(y, v )Ag!®™ in the given
energy region is considerably higher. -

For measurements in the 11—26 MeV range we
used alternately the enriched samples Nos. 4, 5,
and 6, in which the Ag109 content was only one-half
of that in Nos. 1, 2, and 3. The irradiation time
was reduced to 45 sec, in order to decrease the
relative yield of activities having longer half-
lives.

O. V. BOGDANKEVICH,
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FIG. 2. Arrangement of samples and detectors for
registering activity induced in samples by photons with
Emax > 13 MeV. 1—Ag sample; 2—plastic scintillators;
3—Nal(T!) crystals; 4—magnet shielding.

The detector is represented schematically in
Fig. 2. Gamma rays representing isomeric tran-
sitions of Agl'™ and Ag!®™M were registered with
two counters consisting of NaI(Tl) crystals (30
mm in diameter and 15 mm thick) and FEU-29
photomultipliers. Between the samples and the
NaI(Tl) crystals there were positioned thin
55x40x 7 mm plastic scintillators of a third
counter connected in anticoincidence with the main
counters. This third counter absorbed less than
109% of the 90-keV photons passing through it, and
excluded from registration the charged particles
proceeding from the sample toward the NaI(TI)
crystals. The use of the scintillators of the third
counter simply as absorbers resulted in a con-
siderably smaller effect, since the predominant
portion of B~ tranmsitions of the radioactive back-
ground was accompanied by y radiation, and the
B* transitions were accompanied by annihilation
radiation; both types of radiation were registered
by the main counters.

The pulses from the main counters were fed to
a common amplifier imput, passed through the
single-channel amplitude analyzer and the anti-
coincidence circuit, and were then fed to the 20-
channel time delay selector. The first 160-second
portion of the decay curve was measured with an
8-sec channel width; the selector was then trig-
gered with a 32-sec channel width. A semiloga-
rithmic curve was plotted, and the yields of ac-
tivities having different half-lives were discrimi-
nated by the conventional graphical method.

The accuracy of the amplitude analyzer energy
window was monitored regularly with a Tul"
source (hy = 84 keV). The window was 25 keV,
corresponding approximately to the half-width of
the distribution. This narrow window was re-
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quired to exclude the registration of 200- and 130-
keV y rays accompanying the decays of Pdl%m
and Rh!%™M formed in the reactions Ag!%’(y, pn)
and Ag'(y, 2p) at energies Eymax that were
larger than ~ 20 and 24—25 MeV, respectively
(Table I). At the given amplitude resolution and
chosen energy window, pulses of 200-keV photons
(from Pd!%®M) were completely cut off. Not more
than 3—5% of pulses due to 130-keV photons were
transmitted by the analyzer; thus practically no
Rh1%M activity was registered.

The sensitivity of the apparatus was checked
regularly with a standard Tu'"™ source. The ab-
solute efficiency for 90-keV 7y rays was deter-
mined using a special Tul!™ source in the form of
a sample calibrated with +5% accuracy.

The photon flux impinging on the sample was
measured with a thick-walled (7.5 cm ) aluminum
ionization chamber, (1] which was positioned 25
cm beyond the sample during irradiation. The in-
terior cross section of the chamber corresponded
both in shape and in area to the ‘‘shadow’’ of the
sample in the photon beam reaching this location
from the synchrotron target. The energy of ac-
celerated electrons was stabilized within +30 keV
by the electronic circuitry.

During the irradiation of the silver sample, in
addition to the (v, y’) reaction metastable states
of Agl% and Ag!® could be excited through in-
elastic scattering of fast neutrons included in the
accelerator background radiation, or of photoneu-
trons produced in the samples. In order to esti-
mate the relative contributions of this process at
Eymax = 25.5 MeV, when this effect should reach
its maximum, special control irradiations of the
samples were performed. The usual irradiation
conditions were changed; a 10-cm thick lead block
was positioned in the beam path ahead of the sam-
ple; the fast neutron flux impinging on the sample
was thus considerably enhanced. The results of
these irradiations showed that the (n, n’) reaction
makes no appreciable contribution.

Both silver isotopes have a large cross section
for slow-neutron capture. Since the slow-neutron
background is approximately isotropic around the
accelerator, we evaluated this effect by comparing
the activities of samples placed at identical dis-
tances from the synchrotron both in and outside of
the photon beam. Measurements at Eymax = 25
MeV showed that with our registration technique
the background of activity resulting from the re-
actions Agm( n, y) and Agm(n, v) was practic-
ally excluded.

YIELD CURVE AND CROSS SECTION FOR
Agm(y, v )Agmm

Figure 3 shows the yields Y of the isomers
Aglf™ ang Agl®m from samples enriched in Ag
and from isotope mixtures, for maximum photon
energies ranging from 6 to 26 MeV. The abscissa
is Eymax, and the ordinate is the number of iso-
meric Agl'™ and Agl®M pyuclei formed per sec-
ond when one mole of silver was irradiated with
the photon flux generating 1A in the thick-walled
aluminum chamber. Each experimental point is
the average of from 20 to 100 irradiations. The
rms errors are indicated.
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FIG. 3. Yields of Ag'®”™ and Ag'°™ from enriched (0) and
unenriched (@) silver samples. The dashed curve represents
the yield from the reaction Ag'’ (y,y") Ag'’™.

At low energies up to about 15 MeV the yields
from enriched and unenriched samples were iden-
tical within error limits. This means that in the
range 6—15 MeV the cross sections for Ag!'(vy,y’)
Aglf™ and Agl®(y,y’)Ag!®™ are about equal. At
larger energies, however, the results differ ex-
tremely. The sharp rise of the yield observed for
the ordinary silver isotope mixture above Eymax
~ 17 MeV should be associated primarily with the
anticipated increase of the Ag!'™™ yield from the
Ag!®(y, 2n) reaction with ~ 16.5-MeV threshold.

A comparison of the data for the enriched and
natural silver samples enables us to distinguish
the effect associates with Ag!?? alone for each
given maximum photon energy.
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The dashed curve represents the yield from
Agl%(y, v )Ag!"™M  The cross section for this re-
action calculated from the curve by the method
given in [12] is shown in Fig. 4. Two cross sec-
tion maxima are found at ~ 10 and ~ 21 MeV (1.7
and 2.9b, respectively). The half-widths of the
maxima are ~ 4 MeV.
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FIG. 4. Cross section for Ag'”’ (y,y")Ag'®’™ compared
with the (dashed) curve for the photoneutron cross section
on = o (y,n) + o(y,2n) + o(y,np) given in [°].

The figure also shows a curve of oy, represent-
ing the cross section sum o(vy, n) +o(y, 2n)
+ o(y, pn) measured for Ag!” in (8], For me-
dium and heavy nuclei in this energy region the
sum of the cross sections for these reactions
equals within a few percent the total cross section
Oy for nuclear absorption of y quanta. Figure 4
shows that the dipole resonance maximum at ~ 16
MeV coincides with the cross section minimum
for Agl%(y, v’ )Ag!®™™, Thus the second peak for
this reaction lies above giant resonance.

DISCUSSION OF RESULTS

The measured cross section for Ag1°7( Y, ¥')
Agmm comprises a fraction of the cross section
for inelastic y-ray scattering on Agm. To obtain
the total inelastic cross section we must know the
relative probability x of isomeric state formation.
It is impossible to perform any fairly accurate
calculation of this quantity because the probability
ratio of transitions from an excited state to the
ground and metastable levels depends on the prop-
erties of all low-lying levels of the nucleus.

The available experimental data regarding the
cross sections for the (y, n) and (y, n)™ reac-
tions leading to the ground and metastable states
of the product nucleus [14] show that for each given
nucleus the cross section ratio o(y,n)/o(y,n)®
remains approximately constant from the (vy,n)
threshold to ~ 25 MeV excitation energy. It can
therefore be assumed that the measured cross
section o(y,y )™ and the total inelastic scatter-
ing cross section o(vy,7y’) in the 6—26-MeV range

O. V. BOGDANKEVICH,
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exhibit more or less similar energy dependence.

According to the foregoing data the relative
probability k of transitions from an excited level
of the initial nucleus to the metastable level of the
final nucleus fluctuates in the range 0.2—0.8 in dif-
ferent cases. Similar values of « are obtained by
using the statistical weights of the spin states. [15]
This means that the total inelastic scattering cross
section may be several times larger than the meas-
ured cross section for Agm( v, Vv )Agmm.

As already mentioned, o(7y,y’' )™ has a sharp
maximum near the (y,n) threshold, a relatively
low value in the giant resonance region, and a
second maximum in the region 18—24 MeV.

On the basis of the statistical model the inelas-
tic scattering cross section is o(y,y’) = oyI'y /T,
where oy is the total absorption cross section,
and I'y and I' are the radiation and total widths
for a given excitation energy of the compound nu-
cleus. As soon as the excitation energy exceeds
the neutron binding energy, the neutron width I'y
begins to increase very rapidly and the ratio I'y /T
diminishes sharply. If this decrease of the ratio is
not compensated by a corresponding increase of
Oy» then, beginning with the (y,n) threshold, the
inelastic scattering cross section must diminish
drastically. Therefore the existence of the first
maximum can be accounted for primarily by com-
petition between radiative and neutron emission
processes. Although the competition undoubtedly
exists, the observed behavior of o(vy,vy’) in the
threshold region can also be associated with the
existence of a maximum for the absorption cross
section o+, as follows from [16]. Analyzing the
cross section maxima observed near the thresh-
olds of the partial reactions (y,n) and (vy,p) for
elastic y scattering on different nuclei, [1"] Badal-
yan and Baz’ have shown that both the absolute
maximum of o(7y,vy’) and the sharply varying pa-
rameters of this maximum that are observed in
a comparison of different nuclei disagree with the
statistical model. It is shown in both [16] ang [18]
that a qualitative explanation of the experimental
findings is possible if it is hypothesized that pho-
tonuclear processes in the given energy range in-
volve mainly a relatively small number of one-
particle levels.

It is at present impossible in the given spe-
cific case to determine whether the first peak of
the measured cross section o(vy,y’) results only
from competition with the (y,n) reaction or that
the cross section for y-ray absorption by Agll
also possesses a maximum in this energy region.
It is extremely interesting to investigate carefully,
using a technique with high energy resolution, the
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shape of the total cross section for y-ray absorp-
tion at the thresholds of the partial reactions.
Figure 5 gives, for different excitation ener-
gies, the experimental ratios of o(vy,y’)™ and
op = o(y,n) +o(vy,2n) + o(y,pn) obtained in the
present work and in [3 (Fig. 4). The continuous
curve represents the values of o(vy,y’)/on calcu-
lated by one of the present authors, [19] using the
statistical theory, from the ratio I'y /Ty of the
radiation and neutron widths.

6.7 )/6,
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$ FIG. 5. Experimental
?\ ratios of o(y,y”)™ and
n? o, for different excita-
tion energies. The curve
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At excitation energies a few MeV above the
(v,n) threshold photon emission is accompanied
with high probability by neutron emission in the
reaction (v, y'n); therefore the ratio o(vy,vy’)/on
should be smaller than I‘y /Tpn. This was taken
into account in the calculation in order to compute,
in addition to the radiation width I'y, the width I'p,
corresponding to the successive emission of two vy
quanta. The semi-empirical formula proposed by
Newton[2%] was used for the level density. The
calculated curve gives the ratio of the total cross
section for nuclear scattering proceeding via a
compound nucleus to the photoneutron cross sec-
tion op [more precisely, the sum of o(y,n) and
o(v,2n) and the part of (y,np) representing the
prior emission of a neutron]. Since the measured
value of o(y v )™ is a part of this cross section,
the calculated values can be several times larger.

Figure 5 shows that below 12 MeV theory and
experiment are in qualitative agreement. This is
entirely satisfactory considering the uncertain
value of xo(y,y’ )™ /a(y,y’) and the low accuracy
of the calculation. Above 16 MeV the experimental
results and the statistical theory calculation di-
verge sharply. At 20—22 MeV the experimental
values are more than four orders larger than the
theoretical results, indicating a very serious dis-
agreement with the statistical theory.

The foregoing conclusion does not apply only to
Ag'%". We also obtained anomalously large inelastic
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scattering cross sections at 20 MeV for Rh103[2]
and In!’® 3] A large relative probability (~ 0.05)
of radiative emission in the photodisintegration of
carbon by 20—30 MeV photons is indicated in 1],
All these results suggest that inelastic scattering
in this energy region is associated with some
mechanism of interaction between vy rays and
nuclei in which scattering plays an important part.

It is interesting to note that a similar picture
is observed in the radiative capture of 14-MeV
neutrons (the nuclear excitation energy being
~ 22 MeV). (22] The (n,y) cross sections meas-
ured for a large number of nuclei exceed by a
factor of 10° to 10% the cross sections calculated
on the statistical theory. Satisfactory agreement
between the experimental results reported in [22]
and the theory was obtained in [23J, where the
mechanism of direct radiative capture was con-
sidered.

The foregoing discussion shows that further
investigation of inelastic y-ray scattering on
nuclei is needed in the range E, = 20—30 MeV.
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nov.
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