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The total yield curves for the (vy,p) reactions on Pb?" and Pb2%® and the (v,pn) and (vy,d)
reactions on Pbh%® were determined from measurements of the induced activity. The energy
dependence of the total cross section, which has a maximum at 26.5 MeV (6.2 mb), was de-
termined from the yield curve. The contribution of the (vy,pn) and (y,d) reactions to the
total cross section is discussed and the curve for the (y,p) cross section, which has a max-
imum at 26.0 MeV (5.7 mb), is separated. The integral cross sections for all reactions and
for the (y,p) reactions, 60 and 55 MeV-mb, respectively, are consistent with the estimates
made by the summation rule for quadrupole transitions. [10]

IN studies of the angular and energy distributions
and yield of photoprotons from heavy nuclei [1,2]
it was observed that the maximum of the photopro-
ton cross section for W, Pt, and Pb nuclei occurs
at y-ray energies Ey >22.5 MeV, and that the
cross section in this region is due primarily to
the quadrupole absorption of y rays. The detailed
study of the shape of the cross-section curve for
such a ‘‘quadrupole giant resonance’’ is of great
interest. For this reason, we determined the yield
curve for the (vy,p) reaction in lead from meas-
urements of the induced activity at energies up to
33.5 MeV. When the lead is irradiated by vy
bremsstrahlung, induced activity can arise as a
result of the reactions Pb2(y, p)TI2% (half-life
Ty, = 4.19 min), Pb?(y, p)T12" (T, ), = 4.79 min),
Pb208(,y, pn )T1206’ Pbm(y, d )TIZOG’ Pb206(.),, 2n )Pb204*
(Typp=1.13h) and Pb2%(y,pn)TI2* (T, = 1.13h)

In this experiment, we measured the total activ-
ity, from which we subtracted the contribution of
the longer-lived isotopes Pb2'** and T1204* deter-
mined from the measured decay curves. The ac-
tivity of T1%%® and T1%07 was not separated and the
measured curve represents the sum of the yields
for the (y,p) reactions in Pb2*7 and Pb2"® and the
(y,pn) reaction in Pb?%, Similar measurements
at energies up to 27 MeV were carried out earlier
by Cameron et al, (3] put the authors were able to
observe only the rising part of the cross-section
curve. In the present experiment, the measure-
ments were made with aid of the 35-MeV betatron
of the Nuclear Physics Research Institute of the
Moscow State University.

The lead samples consisted of 14- and 30-mm
dia. disks mounted on a special support at a dis-

tance of ~ 50 cm from the betatron target and ir-
radiated in a y-bremsstrahlung beam of maximum
energy variable in steps of 0.5 MeV from 15 to
33.5 MeV. The maximum energy was stabilized
within limits of +30 keV. The irradiated sample
was placed between two end-window S counters,
which recorded the induced B activity of T12%6

and T127, Such an arrangement improved the
accuracy with which the geometry could be repro-
duced for repeated measurements. The stability
of operation of the recording apparatus was checked
with the aid of a standard source and proved to be
within +1%. To obtain the absolute values of the
induced activity, we introduced corrections for the
geometry, the resolving time of the recording sys-
tem, absorption and scattering in air and in the
counter window, and self-absorption and self-
scattering in the sample. [4]  All corrections were
determined by calculation. The overall error of
the absolute B-activity measurements was < +20%.
The vy intensity was measured with a thin-walled
ionization chamber calibrated for absolute intensi-
ties by means of a thick-walled aluminum cham-
ber. ) The error in the determination of the
relative intensity did not exceed 2—3% and the
error in the absolute measurements was no
greater than 8—10%.

The measurements at each point of the yield
curve were made 7—8 times and the results were
averaged. The resulting yield curve is shown in
Fig. 1, where the rms measurement errors are
shown. Owing to the smallness of the yield, the
error at the beginning of the curve is 7—10%, but
then decreases to 5—7% in the 20-MeV region,
3—5% in the 25-MeV region, and does not exceed
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FIG. 1. Total yield of the (y, p) reactions on Pb*” and
Pb*® nuclei and the (y, pn) and (y, d) reactions on Pb**®,

2—3% at 30 MeV and above. It should be noted
that, although the reaction thresholds for the (v, p)
reaction in Pb%7? and Pbh?® are 7.46 and 8.04 MeV,
respectively, appreciable induced activity was re-
corded only for Eymax >14—15 MeV. This is
consistent with the absence of protons with ener-
gies less than 6—17 MeV 6] in the energy spectra,
which can be explained by the large influence of
the Coulomb barrier.

After the usual curve-smoothing procedure for
the yield curve, we calculated the energy depend-
ence of the total cross sections for the (y,p) re-
actions in Pb2"? and Pb%%® and the (v,pn) and
(v,d) reactions in Pb28. The calculations were
performed by the matrix method of Penfold and
Leiss. (") The results are shown in Fig. 2. The
total cross section reaches a maximum of 6.2 mb
at 26.5 MeV. This is in good agreement with the
value obtained by Cameron et al. (3]

For these results, we made certain assumptions
on the contribution of the (y,pn) reaction on Pb208
to the total cross section. For the estimates, we
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FIG. 2. Cross section of photonuclear reactions in lead:
1 —cross. section calculated from the total yield curve, 2—
cross section for the (y, p) reaction.
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assumed that the (7y,pn) reaction takes place
mainly through the emission of neutrons by the
excited residual nuclei arising after the ‘‘evapo-
ration’’ of protons from the compound nucleus. At
the present time, it is known that photoprotons are
emitted primarily as a result of the direct reso-
nance absorption of y quanta and that the energy
spectra of photoprotons from heavy nuclei (1,2,6]
differ greatly from the ‘‘evaporation’’ protons.
Therefore the contribution from the reaction
(v,pn) can be considered to be greatly overesti-
mated in [3]. It is seen from our results 2] that
the contribution from the (vy,pn) reaction at Ey
< 22—23 MeV is rather negligible, since protons
with Ep < 6—7 MeV are almost completely absent
in the photoproton spectrum from lead for Eymax
= 22.5 MeV. Comparing the spectra obtained for
Eymax equal to 22.5 and 33.5 MeV, we note that
the number of high-energy protons increases with
E,. This means that the number of strongly ex-
cited residual nuclei, and, along with this, also
the contribution from (v, pn), increase rather
slowly. The contribution from the (7y,d) reaction
can be neglected for all Ey. If it is assumed that
the contribution from (v,pn) for Ey =33 MeV is
~ 40%, we can obtain the corrected (vy,p) cross-
section curve represented by the dashed curve in
Fig. 2. At the maximum, the (vy,p) cross section
is ~5.7 mb. It is seen that the maximum of the
(v,p) curve is displaced only by ~ 0.5 MeV rela-
tive to the maximum of the total cross-section
curve, while in the experiment of Cameron et al (3]
the maximum of the (y,p) cross section was dis-
placed by more than 4 MeV.

It is interesting to note that the maximum of
the obtained cross-section curves [Ep ~ 26.5
MeV for the total cross-section curve and ~ 26
MeV in the case of (y,p)] turned out to be 12—13
MeV greater than the maximum of the dipole giant
resonance. -8:%]

Our earlier estimates[!] of the energy of the
basic quadrupole transitions in heavy nuclei from
the single-particle model yielded the values
~ 17—21 MeV for lead, i.e., 5—9 MeV lower than
the experimental value of Ep,. This apparently
indicates that in the case of quadrupole transi-
tions, as well as in the case of dipole transitions,
the final interactions play an important role.

From the obtained cross-section curves, we
calculated the values of the integral cross sections.
In the case of all processes under consideration
we have

33
Gint = S odE = 60 & 20 MeV-mb,
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while in the case of the specific reaction (vy,p)
Gint = D55 + 20 MeV-mb.

From these values, we find that the fraction of
quadrupole absorption 2] is 50—60%, i.e., ~ 30—40
MeV-mb.

These values can be compared with the approx-
imate value obtained from the expression

6, (E,) dE, et 1
3—5—3 =5 (%) () 2R*

derived by Khokhlov.[1] If we take E, to be con-
stant and equal to 26 MeV, the expression yields

0o

Oint = SdfszYzO,S MeV - b.
0

The experimental estimate is consistent with such
a value, since a considerable part of the cases of
quadrupole excitation of protons as a result of the
displacement of the configurations should lead to
the emission of neutrons.

In conclusion, we express our gratitude to the
betatron crew for aid in the experiment.
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