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A cloud chamber was used to measure the absolute yields of the different photonuclear reac-
tions in nitrogen, oxygen, and neonand also the quantities oy, o_;, and o_,. The experimental
values of these quantities are compared with theoretical values obtained from E1 absorption
sum rules. The mean square radii of the charge distributions are obtained for N, 0% and

Ne?0,
1. INTRODUCTION

THE theoretical treatment of the effective cross
sections of the photonuclear effect on the basis of
different models is fraught with great difficulties
because the nuclear wave function of the ground
state and even more so of the excited states are
not well known. Up to now such calculations have
been performed[!~4] only for the doubly ‘‘magic”’
nuclei O, Ca®®, and Pb2%, which have only a
relatively small number of possible E1 transi-
tions. For other nuclei the calculations become
too involved because of the large number of par-
ticipating transitions.

It is known (see, e.g., [53) that these difficulties
can be frequently avoided by summing over all ex-
cited states and using sum rules that allow the de-
terminations of integrals of the type

5o =\o(EYdE,  o_y=o(E) E~dE,

62 = \o (E) E-2E 1

etc, where o(E) is the total nuclear photon absorp-
tion cross section or the cross section for transi-
tions with a given multipolarity. Here the results
depend only on the assumptions concerning the
ground-state wave function.

Since the sum rules allow the determination of
the basic characteristics of the photonuclear cross
section (the integrated E1 absorption cross sec-
tion; the position of the giant resonance peak Ep,.x
~ 0y/0-1), they can serve as an important check
on results obtained from specific models. Up to
now the experimental data on the quantities dy,

0_4, 05 etc, which can be obtained from sum
rules, are incomplete. For a number of heavy
nuclei these quantities have been measured only
up to excitation energies of ~25 MeV. For the
light nuclei the data for oy, o_4, and o_, have
been obtained only for deuterium and helium.
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FIG. 1. Diagram of the experimental apparatus: 1—collima-
tor, 2—cleaning magnet, 3—vacuum tube, 4—beam entrance,
5—cloud chamber, 6—ionization chamber, 7—magnet, 8—photo
camera, 9—concrete wall, 10—lead shield.

In connection with the theoretical importance
of the sum rules, it was thought worth while to
obtain experimental data on the quantities oy,
0_-y,and o_y for a number of light nuclei. In the
present paper we give the results* of the meas-
urement of these quantities for the nuclei of ni-
trogen, oxygen, and neon which have been obtained
in a cloud chamber with bremsstrahlung of maxi-
mum energy E,max =170 MeV.

2. EXPERIMENTAL METHOD

The experimental setup is shown schematically
in Fig. 1. The bremsstrahlung beam is collimated
in the lead collimator 1 (slit width either 3 x 8
mm or 4 X 12 mm) and enters through a thin
aluminum window into the vacuum tube 3. The elec-
trons and positrons originating in the collimator
and the window are deflected by the cleaning mag-
net 2 and are absorbed in the concrete wall 9 and
the lead absorber 10. Then the beam enters the
working region of the cloud chamber 5 through a
window 4 consisting of a triacetate cellulose film
70 u thick. The cloud chamber had a diameter of

*Preliminary results have been communicated at the Tash-
kent Conference on Peaceful Uses of Atomic Energy, 19590,
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‘Table I
Reaction Threshold, Reaction Threshold,
MeV MeV
Reaction Reaction
N (¢] Ne N o Ne

(1, n) 10.54 | 15,60 | 16.79 (7, 2a) 16,06 | — | 11.82
1, p) 7.54 | 12,11 | 12,79 (v, pan) 19.86 | 34.56 | 27,61
(1, d) 10.26 | 20,72 | 20.99 (1, 2pn) 28.44 | 30,48 | 28.81
(1, @) 11.61 7.15 | 4.67 (v, 2an) - — 30.53
(Y, pn) 12.49 | 22,94 | 23.22 (7, 4a) — 14.43
(1, an) 20.05 | 25.86 | 20,26 (1, 3apn) 19,77 —
(1, pot) 18.20 | 23,10 | 16,78 (1, 2p2n3a) — 42,1
(1, 2p) 25,08 | 22.32 | 20.76

30 cm and a height of 8 cm and was filled with the
gas under investigation.

In the experiments with nitrogen and oxygen
the cloud chamber was filled to 326 and 265 mm
Hg (at 15°C) respectively. In the neon runs the
chamber was filled with a 50% neon and 50% hy-
drogen mixture to ~1000 mm Hg. During the ex-
periments the relative values of the stopping power
of nitrogen, oxygen, and neon after expansion were
0.39, 0.29, and 0.50 respectively. At such stopping
powers the track length of the recoiling nuclei
from (y,p), (y,n), and (vy,pn) reactions were
of the order of a few millimeters and were not
strongly scattered.

The cloud chamber was operated in a 10.5 kOe
magnetic field. The expansion of the chamber was
timed such(™ that the photon beam pulse arrived
after the expansion. This resulted in a consider-
able decrease in the distortion of the tracks which
could occur due to the motion of the gas during the
expansion. The repetition cycle was about 30—40
seconds. Between the chamber expansions the syn-
chrotron continued to work at its normal rate of
50 pulses per second, so that the electronic cir-
cuitry could be used.

The intensity of the photon pulses which were
used to irradiate the cloud chamber were meas-
ured by means of a pulsed ionization chamber. It
had been calibrated in terms of the absolute g*
activity associated with the reaction C!?(y,n)c!
the yield of which has been carefully measured by
Barber et al.[%]

3. IDENTIFICATION OF THE PHOTONUCLEAR
REACTIONS

The photonuclear reactions observed in the ir-
radiation of nitrogen, oxygen, and neon in the cloud
chamber with bremsstrahlung of maximum energy
170 MeV are listed in Table I.

In addition, a small number of stars with 3 to 6
prongs were also observed. However, their iden-
tification was difficult.

The reaction (y,n) [or (v, 2n)] is character-
ized by a single dense track of the recoil nucleus,
15—20 mm long. In the scanning we attributed all
single tracks of this type to the reaction (vy,n),
since according to O’Connell et all®] the ratio of
the integrated cross sections of the reactions
(v,2n) and (y,n) in light elements with A =4n
is of the order of a few tenths of one per cent.

In the reactions (y,p), (v,d), and (v, @) the
final state contains only two particles, which are
thus emitted in opposite directions in the center-
of-mass system. In the laboratory system the
angle between the tracks is also close to 180° and
it opens away from the direction of the incoming
beam. Furthermore, the tracks and the photon
beam are coplanar. Since the final state in the
reactions (y,pn) and (y, an) contains three par-
ticles, the outgoing charged particles are emitted
at arbitrary angles with respect to each other and
the photon beam. This way they can be easily dis-
tinguished from the reactions (y,p) and (y, o).
The reactions (y,p) and (vy,pn) can be easily
distinguished from the reactions (v, ) and
(v, on), owing to the different track density of
the protons and «-particles.

The reactions (vy,p) and (y,d) cannot be dis-
tinguished visually. Therefore we have assumed
all reactions of the ‘‘type (v,p)’’ as due to the
reaction (vy,p), remembering that owing to iso-
spin selection rules the cross section for (v,d)
reactions must be two orders of magnitude smaller
than the (y,p) cross section. Such a yield ratio
of the reactions (y,p) and (y,d) has indeed been
observed[1] in the photodisintegration of helium.

The reactions (y,pa) and (y,pan); (v,2p)
and (vy,2pn); (v,2a) and (y,2an) were distin-
guished qualitatively by means of considerations
following from momentum conservation and track
densities.

In order to exclude the possibility of omissions
of photonuclear events or of errors in their iden-
tification the cloud chamber pictures were scanned
by means of stereo magnifying glasses twice by
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Table II
Number of observed Yield relative to the
events (7,p) yield
Reaction type —
Het Nu O Ne Het N O1e Ne
(1, p) 2835 | 1277 | 2610 | 2484 | 1 1 1 1
(1, n) 2685 | 708 | 1560 | 1112 | 0.95 | 0.55 | 0.60 | 0.51
(1, pn) 484 | 2420 | 564 428 | 0.17 | 1.90 | 0.22 | 0.20
(1, @) — 160 | 154 242 | — 10.12|0.06 | 0.11
(1, an) — 58 | 122 293 | — 10,04 0.05 | 0,13
All 3-prong stars — 522 | 601 | 1345 | — | 0.41 | 0.23 | 0.62
this includes:
(x, p) — 162 | 202 89| — |0.13]0.08 | 0.40
(Y, pan) — 82 46 87 | — 10,06 |0.02 | 0.04
(1, 2p) — 103 | 212 172 | — | 0.08 | 0,08 | 0.08
(1, 2pn) 63 82 | 102 59| 0.02 | 0,06 | 0.04 | 0,03
(¥, 2a) — 37| — 142 | — | 0.03 | 0.004| 0.06
(1, 2an) — 4| — 16 | — | 0.03 | 0.002| 0.007
All 4-prong stars — 721 | 208 162 | — | 0.56 | 0,08 | 0.07
this includes:
(1, 3apn) — 618 | — — — | 0.48 — | =
(v, 4a) - — 82 — — — 10.03 —
All 5-prong stars — 65 97 47| — [0.05]0.04 | 0,02
this includes:
(1, 2p2n3a) — — 7% | — — — |0.03 —
(7, 3p3n2a) — 38| — - — 10,03 — | =
6-prong stars — — 10 29| — — | 0.004| 0.01
7-prong stars — 1 — 2| — |0.001 — [ 0.601

different observers. Below we give results of the

scanning of 5300 pictures on nitrogen, 8500 pic-
tures on oxygen, and 8500 pictures on neon.

4, EXPERIMENTAL RESULTS

The numbers of the different photonuclear re-
actions observed in nitrogen, oxygen, and neon
are given in Table II together with their yield
relative to the (y,p) reaction for each element.
The absolute value of the yield of the reactions

170
Y = %o(E)n(E)dE

is given in Table III. For comparison, the corre-
sponding data for helium are also given in Tables

II and 111, [10]

One sees from Table II that the yield ratio of
the reactions (y,pn) and (y,p) in the ‘‘a-par-
ticle’’ nuclei O'® and Ne2 are approximately
equal and have the value ~ 20%. This agrees ap-
proximately with the yield ratio of the reaction
(y,pn) and (y,p) in free a particles, where it
is 0.17. For N the yield ratio of (y,pn) and
(y,p) turned out to be much larger, namely 1.90
+ 0.07.* Thus the reaction (y,pn) is the most
important photonuclear reaction in nitrogen in
spite of having a higher threshold than the (vy,p)
and (y,n) reactions.

*The yield ratio of the reactions (y,pn) and (y,p) in nitro-

gen was reported earlier as 1.49 at E, ., =200 Mevi*], 165+
0.35 at E o max=100 MeV(*?], and 1.25 at E,, pax=90 MeV.[**]

These experiments were also performed in a cloud chamber.

The large yield of the reaction (y,pn) and the
relatively low yield of the reactions (y,p) and
(v,n) in nitrogen can evidently be explained by
the low thresholds for emission of the valence
nucleons from the nuclei N3 and C!%. Indeed,
one can assume that the reaction (y,pn) in ni-
trogen proceeds as the result of the following

processes:

1) N (y,n) N13%,
NB* ,'Cl2 4 p (reaction threshold 1,94MeV);

2) N4 (y,p) C1**,
CB* > Cl2 4
3) N (y,pn) Ci2.
The first two reactions are single-particle tran-
sitions; the third can be due to the quasideuteron
process. The reaction (1) is already possible if
the nucleus N3* ig left in the first excited state
which has an energy (3.51 MeV) which is above
the threshold for emission of protons from N3,
The reaction (2) is possible if the nucleus cld*
is left with an excitation energy above 5 MeV.
One thus would think that the reaction N“(y, n)NB
can be observed only in ground state transitions.
All transitions going to excited states of N3
should lead to the reaction (y,pn). Similarly,
the reaction N“( 'y,p)Cia is associated with tran-
sitions in which the nucleus C!® is left in the
ground state or the first odd excited state. The
transitions in which the nucleus C is left in a
higher excited state also lead to the reaction
(v,pn). One notes also the following features
in Tables II and III:
A. The yield of four prong stars in nitrogen
[reaction (y,pn3a)] is 3.5 times larger than the

(reaction threshold 4,95MeV);
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Table III
Absolute values of the photonuclear
yields, Y, mb
Reaction type
Het Nu O Ne
r, p) 1.18 3.08 6.13 7.47
(Y, n) 1.12 1.7 3.67 3.80
(1, pn) 0.20 5.83 1.32 1.47
(v, @) 0.39 0.36 0.83
(v, an) 0.14 0.29 1.00
All 3-prong stars 1.26 1.41 4,60
this includes:
(1, pa) 0.39 0.48 2.97
(7, pan) 0,20 0.11 0,30
(1, 2p) 0.25 0.50 0.59
(1, 2pn) 0.026 0.20 0.24 0.20
(v, 2a) 0.09 0.49
(v, 2an) 0.05
All 4-prong stars 1.74 0.49 0.55
this includes:
(1, 3apn) 1.49
(v, 4a) 0.19
All 5-prong stars 0.19 0.23 0.16
this includes:
(1, 2p2n3a) 0.18
6-prong stars 0.02 0.10
7-prong stars 0.001

yield of four prong stars in oxygen and neon. A
reaction of this type obviously comes about in the
decay of a highly excited C!2 nucleus from a
(v,pn) reaction (excitation energy larger than
~17.3 MeV).

B. The yield of three prong stars in neon is
high. The main part of these is connected with
the reaction- (y,pa).* Evidently the reaction
Ne2(vy, pa)N'¥ is due to emission of an a-par-
ticle from an excited state of F!® produced in
a (y,p) reaction.

C. The small (v, a) yield in all investigated
nuclei.

5. DISCUSSION OF THE RESULTS

Using the absolute yields of the different reac-
tions in the nuclei N, 0!, and Ne given in
Table III, we have evaluated the integrated cross
sections of the reactions. To that end the yield
of the reactions is written in the form

170
Y = S 6 (E)n(E)dE

[}

I
=
—
-~

a
o

I
=
=~

3!
-
o

where o, is the integrated cross section of the
reaction and n(ﬁ) is the intensity of the bzems-
strahlung spectrum at some mean energy E. From
this we have

o, =Y /0 (E).

—
*Similar results have been obtained by Komar and Yavor.[**]

If the cross sections were 6-functions the value
E would coincide with the resonance energy. Since
in actuality the absorption cross sections differ
from zero appreciably even at excitation energies
exceeding Ereg considerably, E > Epes. We as-
sume for our evaluations E= 2¢, where € is the
threshold of the particular reaction. Tl%e basis
for this choice of E is the evaluation of E for re-
actions for which the integrated cross section has
been determined directly from the effective cross
section. For example, according to Spiridonov and
Gorbunov[1%:15] in the case of helium E = 35 MeV
for the reactions (y,p) and (y,n) while the
threshold is € ~ 20 MeV; for the reaction (vy,pn),
E = 58 MeV and € = 26 MeV; for carbon we find
from the data of Barber et al[8] E = 35 MeV and
€ = 18.7 MeV for the reaction Clz(-y,n)C“.

Adding the values of o, for the different reac-
tions we obtain the integrated photon absorption
cross section for the nucleus under investigation.
A similar procedure was used to evaluate o_; and
0_y. It should be mentioned that in such an evalua-
tion 0.y is determined much better than either o,
or o_, since the bremsstrahlung spectrum differs
only little from 1/E. The quantities oy, 0.4, and
o_, for the different reactions and also for the
photon absorption cross sections of the nuclei N4,
016, and Ne are given in Table IV. At the bottom
of Table IV are given the theoretical values of the
cross sections oy, 0_;, 0_y and also the ratio of
the experimental and theoretical values.

The theoretical value of the integrated cross
section for electric dipole absorption can be eval-
uated by means of the sum rule 5]
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" Table IV
0y, MeV-mb 0., mb 0.y, mb-MeV™?
Reaction type
Het | N# lO" Ne Het Nt | Ot | Ne Het Nu O Ne
, p) 38 | 38 [129(165 1.09 2.515.316.5 0.035 [0.14 0,22 {0,25
(1, n) 44 | 31 |105/115 1,09 1.5} 3,4 13.5 0,031 [0.06 {0.11 |0.10
(Y, pn) 12 |128 | 59| 66 0,18 5.111.3 1.4 0.003 (0,18 |0.03 (0,03
(v, @) — 81 4 6 — 0.310.310.6 — 0.01 10,02 10.07
(1, an) — 5| 15| 38 — 0,110,310 — 0,003]0,005{0,02
Sters:
3-prong — | 53 | T1{151 — 1.2 1.4 4.2 — 0.03 10,03 {0,12
4-prong — | 70 | 27| 34 — 1.6 0.5]0.5 — 0.04 [0.01 [0.01
S-prong — | 14 | 23] 15 — 0.210.310,2 — 0.002(0.003{0.003
6-prong — | — | 5/ 10 — — 1 0,03{0.1 — — 10,001{0,001
Ue,::g 95+ 7| 347 (438600{ 2.404-0,15 |12,5/12.8 (18.0{0.07+0.005(0.46 (0,43 |0.60
ath;;or 60 | 210 |240{300! 2.3 12,1|13.1 119.5| 0.023 }0.18 |0.23 |0.33
aexp/atheor 1,6 |1.65/1,812.0 1.04 [1.03] 0.98] 0.9] 3.0 2,6 (1.8 1.8

* o, —experimental value of the integrated absorption cross sections g,, 0., and 0_,.
** The theoretical values Otheor have been calculated by means of the expressions:
0,=60(NZ/A)MeV-mb; 0., = 0,36 A*? mb; 0, = 2,25 A*2 pb-MeV-?,
(] -1 2

5o = \adb = — 5 {17,421 .},

where H is the nuclear Hamiltonian and d,

= Zejzi is the electric dipole operator (the z axis
has been chosen in the direction of the photon po-
larization).

The result of the evaluation of ¢, depends
strongly on the form of the potential. In particu-
lar, a calculation with a velocity-independent
shell-model potential leads to
2n2e?

R NZ 0,060 Y2 MeV. b

(the Thomas-Reiche-Kuhn sum rule, see e.g., RUIDY
If one introduces two-body exchange forces or ve-
locity-dependent shell-model potentials, the inte-
grated cross section is increased considerably.
Levinger and Bethe (5] have shown that in this case
the integrated cross section can be satisfactorily
approximated by the expression

(c0)TrK =

o0 =10.060 Y2 (1 4 A) MeV b

where A is the contribution of the exchange forces.
They have found that for different assumptions on
the form and the parameters of the potential A

~ 0.4 if the share of the exchange forces X = 0.5.
Rand [ has obtained a value A = 0.9 for a shell
model with a velocity dependent potential. (18]

In Table IV we have used (oy)TRK for the theo-
retical values. It coincides with the value obtained
by Goldhaber and Teller(!®] for the classical col-
lective model. One sees from Table IV that the
experimental values of the integrated cross sec-
tion for the nuclei N4, 06, and Ne are 1.6 to 2

times larger than (og)TRrk. Thus the experimen-
tally determined contribution of the exchange
forces to the integrated cross section (A = 0.6

to 1.0) lies within the range of the theoretical
values of Levinger and Bethe[%] and of Rand.[1"]
The experimental value obtained for helium di-
rectly from the effective cross section[19] i 1.6
times (oy)TRK (A =0.6). It agrees well with the
results of calculations ("] in which a mixture of
exchange forces of the Rosenfeld or Inglis type

is used.

As noted above, a certain arbitrariness is as-
sociated with the choice of E. In any case it can
be affirmed that 1.5¢ < E < 2¢ (indeed, for O16
and Ne® the energy 1.5¢ for the reaction (y,n)
corresponds to the peak of the giant resonance,
while for the (y,p) reaction it is below Epeg).
Any value of E within this interval used for the
evaluation of the integrated cross sections will
yield an experimental value not lower than
1.4 (Uo)TRK.

A direct measurement of the integrated photon
absorption cross sections in light nuclei exists
only for deuterium [21] and helium.[?2) For me-
dium and heavy nuclei the integrated absorption
cross sections are obtained from measurements
of total neutron yields.[#-25] In the majority of
cases the results apply only up to an excitation
energy of 30 MeV. For example, Nathans and
Halpern[2?5] determined the integrated cross sec-
tions for a number of medium and heavy nuclei
at Eymax = 24 MeV. The results lie between
(09)TRK and 1.9 (og)TRK (A= 0to 0.9).
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An increase of the upper limit of the integra-
tion can lead to a large increase in ;. For ex-
ample, Jones and Terwilliger [26] obtained for
tantalum oy (=150 MeV) = 6 MeV-b and g,

(=25 MeV) =4 MeV-b while for tantalum
(0g)TRK = 2.6 MeV-b.

Considering the rather large uncertainties as-
sociated both with the theoretical and the experi-
mental evaluations of the integrated cross section,
we conclude that there exists satisfactory agree-
ment between the experimental values of the inte-
grated photon absorption cross sections of N4,
016, and Ne and the values calculated for the elec-
tric dipole absorption with account of the exchange
forces. This indicates that the electric dipole
transitions play the predominant role in the pho-
ton absorption by light nuclei.

One sees further from Table IV that the reac-
tions leading to the emission of a single nucleon
make a relatively small contribution to the inte-
grated absorption cross section (20% in N4, 50%
in O, and 45% in Ne). Evidently this result will
be difficult to reconcile with a theory of the nu-
clear photoeffect based on a shell model in which
nucleon correlations are not taken into account.

Finally, Table IV shows that the integrated
cross sections for the reactions (y,p) and (y,n)
differ but little in all investigated nuclei and that
the cross sections for the reaction (v, a) are
very small. As has been shown by Gell-Mann
and Telegdi, (2] these results are connected with
the charge independence of the nuclear forces.

The quantities o_; and o_, are easier to com-
pare with theory than oj. This is due to their in-
dependence of the character of the nuclear forces.
In contrast to g, they depend only on the proper-
ties of the nuclear ground state. Furthermore,
as has already been pointed out the precision with
which o_; can be experimentally determined is
much higher than that of the determination of oy,
The theoretical evaluation of o_; has been per-
formed in a number of papers (5,28-30] on the basis
of the independent particle model. Thus it was
shown by Levinger and Bethe (5] that for electric
dipole absorption o_; depends only on the mean
square radius of the nuclear charge distribution
if one neglects all effects of nucleon-nucleon cor-
relations.

The effect of the nonuniformity of the particle
distribution due to the Pauli principle and also the
influence of the Coulomb forces was investigated
by Khokhlov. [28] He used the independent particle
model with a finite square well and found for o_,
the expression
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FIG. 2. Dependence of o_, on A. Crosses and dashed line:
results of the calculation of Khokhlov[?®] and Levinger and
Kent[*°] using a finite square well with r, = 1.2 x 10™° cm;
circles: results of the analysis of experimental data by
Khokhlov[?*] and Levinger [*?]; triangles: our data for N*¢,
0'¢ and Ne as well as the value of o_, for He,['*] Full line:
calculation using a harmonic oscillator shell model. [>]

o= 5 (f) A7 (1 — MR
where Ré is the mean square radius of the nuclear
charge distribution and the quantity A = 0.84 X
(1 + 22/A)-1 describes the Pauli-correlations of
the particles.

Foldy [30] has shown that one has to correct
this formula for the finite charge distribution of
the proton if the proton is not polarized to any
great extent when placed in close vicinity of other
nucleons. This correction leads to the following
expression:

4n? je2\ NZ 52 p2
ot =2 (2) 25 (1 — ) (R? —RD.

Levinger [32] and Khokhlov[28] have analyzed
the available experimental material concerning
the measurements of o_;. In Fig. 2 we have re-
produced Levinger’s graph, which contains the
data evaluated by Khokhlov and Levinger. In the
same graph we have plotted our experimenta re-
sults of o_; for N4, O, and Ne as well as the
value of o_; for He! from [1%]. One sees that our
experimental points agree well with the theoret-
ical curve o_; = 0.36 A%3 mb which has been ob-
tained (3%] from a harmonic oscillator model.

Thus the experimental results agree well with
the theoretical evaluations based on the independ-
ent particle model not only for medium and heavy
nuclei but also for light ones. As has been shown
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Table V. Parameters of the charge distribu-
tion in the nuclei He!, N, O, Ne?

Nucleus Het N1 Ot Net
RCXIO“ em | 1,57+0.06 2.40 2.33 2,56
RX10" cm* | 2.0340,08 3.10 3.00 3,30
roX 10" cm 1.28+0,05 1.29 1.19 1.22
I from[“] 1.61+0.03 — 2,64 —

*R is the radius of the nucleus assuming uniform charge
distribution,

by Okamoto, [33] the dynamical correlations be-
tween nucleons have a small influence on the value
of o_;.

In Table V we list the mean square radii R, of
the charge distributions and the values r( = R/A1/3
obtained from the experimental values of o_; for
N, 0%, and Ne using Khokhlov’s formula with
Foldy’s correction. For comparison we have also
listed the values for He®[!%] and the results from
high-energy electron scattering experiments. [34]
One sees from Table V that the results obtained
for the radius of the charge distribution from the
nuclear photoeffect agree well with the results ob-
tained from high energy electron scattering experi
ments.

Finally, we compare our experimental values
o_, for N“, 016, and Ne with the theoretical val-
ues computed by Migdal.[35] From a semiclassi-
cal treatment of the nuclear polarizability, which
considers the protons and neutrons as interpene-
trating liquids, he evaluated the dipole moment
induced in the nucleus by a static electric field.

He showed that the polarizability equals.
__eR'A ke Sc B 4

a = 0K =5

where K is the symmetry energy constant is the
Weizséicker semi-empirical formula. From this
follows

s ne (e’ ) R2A

—2=20\he/ K

With R =1.2 A¥¥x 10™® ¢cm and K = 23 MeV this
gives [32]

6_p=2.254"° ub -MeV~
Levinger analyzed the available experimental data
and evaluated the quantity o_, for a number of
nuclei. 321 m Fig. 3 we have reproduced his re-
sults, with o_, plotted as a function of A. The
open circles in the same drawing are our results
on N, 0!8 and Ne as well as on He.[?2] One
sees from Table IV and Fig. 3 that the experimen-
tal values of o_, exceed for these nuclei consid-
erably the theoretical value o_, = 2.25A%3 ;b
MeV-! (dotted line in Fig. 3). They fit, however,
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FIG. 3. Dependence of o_, on A, Full circles: results ob-
tained by Levinger [*?] from the analysis of experimental data;
open circles: our data for N**, 0!, and Ne as well as the value

of o_, for He.[*?]

satisfactorily the expression o_, = 3.5A%3 ub
Mev-1 (full line in Fig. 3), which according to
Levinger describes well the experimental results
on medium and heavy nuclei. The experimental
value of o_, differs much more from the theoret-
ical value for nitrogen than for oxygen and neon.
This possibly indicates that the polarizability of
non-closed shell nuclei is larger than that of nu-
clei with closed shells.

6. CONCLUSIONS

In the present work the absolute yields of dif-
ferent photonuclear reactions have been measured
for nitrogen, oxygen, and neon. Experimental val-
ues for o0y, 0_4, and 0., have been determined
which can be compared with theoretical sum rule
calculations.

The experimental integrated cross sections
agree well with the theoretical values for the
electric dipole absorption cross section calculated
with inclusion of exchange forces. However, it
should be pointed out that the experimental results
give a somewhat larger contribution of the exchange
forces (A = 0.6 to 1.0) than a theory based on the
independent particle model (for example, according
to Levinger and Bethe[®] A = 0.4). Possibly this
points to the existence of strong nucleon-nucleon
correlations in the nucleus and to the necessity
of inclusion of the influence of tensor forces.[%]

The integrated cross sections for the reactions
(v,p) and (y, n) differ little in all investigated
nuclei and the cross sections for the reaction
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(v, @) are very small. This agrees with the ex-
pectations based on the charge independence of
the nuclear forces.

The reactions leading to the emission of one
particle give a relatively small contribution
(~50% for O and Ne; ~20% for N') to the
integrated absorption cross section.

The moments of the absorption cross section
0_; turned out to be in good agreement with the
theoretical values calculated on the basis of the
independent particle model. The mean square
radii of the charge distributions were calculated
from the experimental values of o_; for N, O,
and Ne.

The quantities o_, exceed considerably Mig-
dal’s sum-rule values. They agree well with the
dependence of o_, on A determined from experi-
mental values in medium and heavy nuclei. [32]

In contrast to the ‘‘a-particle’’ nuclei O!® and
Ne® and also the free a-particle, N!* shows an
anomalously high (y,pn) yield. The existence of
this anomaly confirms the predictions of the shell
model concerning the strong dependence of the nu-
clear photoeffect on the structure of the nucleus.

In conclusion the authors express their grati-
tude to A. G. Gerasimov who participated in the
construction of the apparatus, and also to A. 1.
Orlova, N. Pluzhnikova, V. A. Sakovich, Yu. A.
Fomin, and V. E. Yakushkin for their help in the
taking and developing of the cloud chamber pic-
tures.
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