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ABSTRACT

From the photofission cross-section; from the (7;n) cross-section per
equivalent quantum, measured at 1000 MeV and from the electric quedrupole
moment , the total cross-section of the U238, for photon absorption in the
gisnt resonance, was obtained. The cross-sections for (7, n), (7, 2n) and
(75 W) prccesses are given. ‘

The maximum value of the o (7,n) is 400 mb at 11 MeV with a width

[ (¥,n) of 2 MeV. The meximum value of the o (7, total) first peak has a
value of 470 mb at 11 MeV and the maximum of o (7, total) second peak hasa
value of 520 mb at 14 MeV. The integrated (7, total) cross-section is 3.33
MeV-barn in good agreement with the Sum Rule of Thomas-Reiche-Kuhn. The
values of nmuclear symmetry energy K, obtained by two methods are 28.2 MeV
and 23.6 MeV, respectively. The first is in excellent agreement with the
average value of 27.4 MeV found by Bramblett et al. and the second with the
23 MeV based in Green's evaluation. The curve of o (7, 2n) is in good agree

ment with the theoretical curve of Weisskopf for a level density parameter
wl
of 20 MeV —,

The (7,N) cross-section has a maximum value of 1236 mb at 14 MeV and a
| {7,N) value of 6,0 MeV.
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1. INTRODUCTION

The total cross-section of 0238 has never been accurately
measured for phoﬁ6ﬁ'absorption in the glant resonance. From
the photofission eross-section, the (v, n) cross-section per
equivalent quantum of UZ38 measured at 1000 MeV 1’ and from
the electric quadrupole moment 3, we were able to calculate
the (3 n), the (7, Zn), the (7, total) and the (7y N) cross-

sections.

The general features of the glant resonance have been
explained with about equal success using either the assumption
of strong, long-range correlations or no correlations at all,
in the excited state %? 5, The first is usually called the
hydrodynamic model and the latter, the shell-model approach.

A connection between these different starting point has been
pointed out by Brink 6, who showed that in an independent-
particle model harmonic-oscillator potential, the state of the
nucleus after photon absorption actually corresponds to the
motion of all protons in regard to neutrons, in accordance with
the third model postulated by Goldhaber and Teller. /

Absorption of dipole radiation in the nucleus has been
treated as a hydrodynamical problem by Steinwedel and Jensen 4,
We shall restrict ourselves simply to their point of view and
furthermore we shall disregard the compressibility of nuclear

matter and the Coulomb repulsion of protons. It can be assumed

that the surface is rigid, since surface oscillations do not
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couple with the monopole and dipole modes 8

y although they
couple strongly with the quadrupole and higher modes. Errors
introduced by the above approximation are small. The Lorenz
line expression used to fit the shape of the cross-section

curve for photon absorption is given by:

o= (1)

M«

where T, denotes the peak cross-section at energy Eo’ E is
the energy of the external field, and [ 4is the full width
at half-maximum of the resonance curve.

This aydrodynamical treatment has been extended to
deformed nuclei by Danos I and OCkomoto 100 They show that
if a nuclaus is spheroidal in shape, it will exhibit two
characteristics energles of resonance;j Eb'and an Over the
range of nuclear deformations, the splitting of eigenvalues
is accurately given by'9z

B

b a -
—— = 00911 -+ 00089 (2)
Ea b

where a and b denote the length of the semimajor and semi=

minor axis of the spheroid.

For splitting E, - E, inferior to % [, the ecross=-section
consists essentially of one broadened peak. If the splitting
is greater than f-, two peaks appear.
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In a nucleus with positive quadrupole moment, a>Db and so
the higher peak occurs at a higher energy. Conversely, in a
nucleus with negative quadrupole moment, the higher peak oc-

curs at a lower energye.

2. IHE QUADRUPOLE MOMENT

Among the experimental methods used for measurements of
nuclear electric-quadrupole moment, the ‘p-atomic hyperfine
structure method is the most accuraté. The ‘p-mesonic atom
has proved to be a useful tool for measurements of nuclear
size and shape. The reasons for its utility as a probe for
nuclear electro-magnetic effects are well summarized by
Wheeler 19 12, who emphasizes the smallness of the Bohr
orbits and the transparency of nuclear matter to M -mesons.
Wheeler pointed out that from measurements of /A-mesonic
X~rays, the shape as well as the extent of the nuclear
charge distribution could be determined for nuclel with

nuclear spin I = 1 and muon orbits with j = 3/2. Wilets 13

14

and Jacobson reconsidered this problem, giving particular

attention to highly deformed nuclel. Such nuclei have low-
lying rotational states which give riss to novel effects. In
the presence of the muon in a low-ljing atomic state, the
low rotational states mix with the ground state by quadru-
pole Interaction. A complex hyperfine structure results;

which appears even when the nuclear spin is zero or one=half,
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and is detectable by means of a high resolution lithium-drift
germanium. Such measurements of muonic X-rays serve to
determine the intrinsic quadrupole moments of even=-even nucleil

and have been used for ‘I'h.Z32 and 0238 3 15,

Coulomb excitation experiments also provide information
about quadrupole moment. The electric quadrupole reduced=
transition probability is measured by means of studies of the
inelastic scattering events from low energy protons or heavier
ion bombardment in which the nucleus is excited to one of the
rotational levels. (See the review article by Alder et al. 16

about Coulomb excitation).

In giant resonance experiments, using a highly deformed
nucleus, two closely spaced ressonances occur, corresponding
to éhe major and minor axis of the deformed nucleus. The
spacing of the two. resonancss is related to the quadrupole
moment. However, since the resonances take place at high
energies (above 10 MeV), the dymamic quadrupole associated
with highly excited nucleus states is the quantity that is

really measured.

The results of a few measurements of electric quadrupole

moments are summarized in Table 1.

TABLE 1
1238 Qo(1072% cn?)
Coulomb exeitation: half life (17) 10,52 + 0.48
Coulomb excitation: cross=-section (17) 11.25 + 0.25
Coulomb excitation: conversion 11.5 + 0.9
electrons (18) ,
Muonic x=-rays (16) 11.25 + 0.15
Muonic x-rays (3) 11.47 + 0.13
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3. NUCLEAR PARAMETERS

The intrinsic quadrupole moment QO of a spherieid nucleus

1s expressed by:

2
- 2
Qo--s-ZReqS (3)

where the nuclear radius

Req = Ro A;/B, is the radius of the equivalent uniformly

charged.%pherical nucleus and a simple calculation shows that:

1 3
R, == Ebz + ZaZ)J (4)
eq 3 ‘ :
€ 1is the nuclear excentricity given by:

-1
\72/3

where the parameter q is the ratio of the major axis g to the

minor axis b for a prolate nucleus:

The nuclear-symmetry energy for prolate deformed nuclei
is calculated from the relation:
K= 9935 x 107 (433 m2) x
2 4/3
IE, | y
X
1 - [[yer,f (1+o.001860 - 0331 4 €272

Assuming the value of (11.47 * 0.13) 'x 1072% cn® for the

X

. (6)

intrinsic quadrupole moment and for Ro = 1.2F, we obtained
the following results for the 0238:
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TABLE 2
NUCLEUS | a (1002 em) | b (0B em) | ¢ N | KMeV)
y238 8.70 6.70 1.29 | 0.58 | 28.17

4. THE UZ5(v, n) AND (¥, total) CROSS-SECTIONS

The thresholds of the (7, fission), (¥, n) and (7, 2n)
processes are respectively 5.0 MeV, 6.0 MeV and 11.5 MeV. The
first giant-resonance peak is at 11 MeV, and up to 11.5 MeV,
fission and (Y, n) are the only two competing processes. The
fission cross-sections have been measured by Katz 19 et al.,

and Duffield and Huizenga 20

have found the peak-energy of the
(Yy n) cross-section curve at 11 MeV. We assume a width [ for
the U238 (°Yy n) cross=-section curve of 2 MeV and a similar

21l o al., for the 0235(73 n) cross-

value was found by Bowman
section curve. The contribution of the giant-resonance region
to the (¥, n) cross-section per equivalent quantum (od),
(Measured at very high energies) is about 85% of the 0y and
for that reason yields important information about the
magnitude of the giant-resonance cross-section. The o_ 1is

q
given by: k

‘max
5,7 » 0) =J n (K, kmag) 0, (7 n) dk (7)
0
where n(k, kmax) represents the number of bremsstrahlung

photons in the interval from k to k + dk, per energy unit; the
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spectrum being normalized to one equivalent quantum. The
integral in equation (7), at very high energies, is the sum of
the contributions of three different processes: the giant-
resonance up to 25 MeV, the quasi-deuteron and  the photo-
mesonic processes. The giant region, as has been mentioned,
makes the most important contribution and therefore we can
write equation (7) in the following manner:

25

OACY’ n) =‘J; (ky k. ) o (Yyn) dk +R . (8)
0
It 1s possible to calculate the value of the remainjer R,

in two parcels.. The first is the quasi-deuteron contribution

process, with the cross-section expressed by the equation:

RZ
0, (7y n) =10 -X- A T, (1 - rp) (9)
Tn and Tp are neutron and proton nuclear transparencies and o3

the cross-section for the photo-desintegration of the free
deuteron. The contribution of the quasi-deuteron processes to
the cross-section per equivalent quantum for U238 at 1000 MeV
is 12 mb. The second part of the remainder arises from the
mesonic processes beginning at 150 MeV. The photomesonic (7n)
process cross-section can be calculated by means of a simple
optical-photomesonic model and its contribution to the cross-

section per equivalent quantum at 1000 MeV is only 8 mb, in
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agreement with our experimental measurements.

At Frascati and DESY we have measured the oth, n) as
function of energy for 238 from 300 MeV up to 6 GeV. We
found for 6&, by the least square method, a value of
158 + 8 mb at 1000 MeV (Figure 1).

By subtraction of the remainder R equal to 20 mb from
oh equal to 158 mb, the giant resonance part corresponds to
138 + 8 mb.

Now, with the following boundary conditions: a width
of 2 MeV, a threshold of 6.0 MeV and a maximum at 11 MeV,
we found a Lorenz-line which satisfy a 138 mb contribution
to cé for the integral jzsn(k, kmax) 0. (7 n) dk. This
(Yy n) cross=-section curve shows a maximum at 11 MeV of
400 # 40 mb (Figure 2). Adding the Katz 17 et al., photo-
fission cross~-sections to. the o (7y B) we obtained the total

cross-section curve as far as 11l.5, with its maximum of

470 * 44 mb at E_ = 11 MeV. (Figure 2).

The energy Eb of the second maximum was obtained straight-
forwardly by means of equation (2), where the (a/b) ratio was
taken from the experimental value of the intrinsic electric-

quadrupole moment. (See section 3). The result found for E

was 14 MeV,

b

22

Okamoto calculated the widths of the photonuclear

glant-resonance for nucleil as a function of the neutron number.

From analysis of the experimental data he concluded a constant
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width [ of 4.2 MeV for all closed-shell (spherical) nuclei
and a variable width equal to [ = r; + A[ for the deformed
nuclei. A [ , the width increase, 1s due to the deformation
and is nearly equal to AE, the dipole resonance energy split.
In figure(® are shown calculated values of f' as a function of
the neutron number obtained by Okamoto 22. For U238, the
width value is 6.2 MeV. However, in the heavy nucleus the

intrinsie width r; is 3.8 MeV 23. With this value, r' is
5.8 MeVo

w

From the Danosgrelation r; o =2 r; o, (10) and a
resonance width of 5.8 MeV we found [, ,, = 5.8 =AE - [_,, =
= 1.8 MeV. We fitted a Lorenz-line with a peak at Eb = 14 MeV,
0y, = 520 mb and a width of 3.6 MeV. (See Figure 2).

5. TIHE (¥ CROSS=-SECTION

The ratio of (7, 2n) to the total cross~-section was derived
by Welskopff from the Ferml gas model and is expressed by:

il 1142 (E°> (11)
= - i em— exp ——
o (v, total) 8 e ’
where 3
. (Ec" En)
= : and F'..c = E - EZn

E, and E, are the thresholds for the (7, n) and (7, 2n)

processesy and g is the level density parameter in units of MeV'l.
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Equation (11) was applied to 0238, assuming a level density
parameter a equal to 20 MeV'l._

For comparison, figure (4) shows the (y, 2n) curves
(=e=cmomomom=omem) fOr a = 20 MeV™l and the solid line
obtained by the subtraction of o (¥, f) and o (¥, n) from the
total cross-section. The small disagreement between the
calculated curves and the curve fpund by us,y is probably due
to the effect of fission competition with the (y 2n) process.

6. THE (%, N2 CROSS~SECTION
The (7, N) cross-section was obtained by the following

relation:
o7y N) =0 (y,n) +20 (7, 2n) +¥ (E) o (7, £) (12)

where the y(E) is the average number of prompt neutrons emitted

as a function of the photon energy. The J(E) dependence chosen

was that of Condé and Holmberg 24 i.e.

v(E) = 2.00 + 0.15 E (13)
where E is the photon energy and 2.00 the average number of
prompt neutrons from spontaneous fission. Figure (6) shows the
total neutrone-emission cross-sections o (7, N) for U238s
obtained in the present work. The o (7, N) curve has a peak
value of 1236 mb at 14 MeV and a | value of 6.0 MeV. The
integrated cross-section up to 25 MeV is 7.5 MeV barn.
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7. DISCUSSION

The o (7, total) has been analysed by Eqes(1) with the
restriction imposed by Eq. (10).‘ The lower-resonance width r;
was equal to T?VY, n) and E, equal to the energy peak of the
{7y n) process, owing to the fact that the photofission cross-
section increases very slowly and‘has its maximum at 14 MeV.
The f; found was 2.00 MeV and the peak energy Ea = 11.00 MeV.
The maximum value of o (7, n) satisfying restrictions imposed
by % (at 1.000 MeV) which are equal to 158 mb and an integral
value equal to 400 mb, in excellent agreement with the value
found by Gindler et al. 25. In a first approximation we assume
that the compound nuclei throughout the glant resonance has
the same shape as the cold nucleus, l.e., we used the electric

quadrupole moment, measured by lg-mesonic X-rays of 11.5><1Ct"'24

e’ as the average quadrupole in the giant resonance. If the
actual width of the resonance were 6.2 MeV, the average quadru
pole would be 13.2 MeV. We chose a width of 5.8, because of
the fact that all nuclei in the neighbourhood of Pb=-208 have a
width of 3.8 MeV, l.e., a f; = 3f8 MeV. This restriction leads
to a [ = 3.6 MeV and E, = 14 MeV for the higher-energy
resonance. The maximum of the o (7, total) second peak has a

value of 520 mb. The total cross-section is shown in Fig. (2).

The Sum Rule of Thomas-Reiche-Kuhn is in good agreement

with our resulte For comparison, we have fitted the available

data Z1? 239 Zgé 27, 28, 29, by the least square method (Fig.

(5)), and the j o dE = 3.33 MeV barn is in excellent agreement
0
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with the straight line found in the fitting.

The nuclear symetry energy K was obtained by two methods.
From Eq. (6) we found 28.2 MeV in excellent agreement with the
average value of 27.4 found by Bramblett et al. 27.

The K value calculated by means of the Migdal 30 o5
integral was 23.6, which is also in agreement with a K = 23
MeV based on Green{s 31 evaluation of the Welzsaker formula.
The small difference between 2B8.2 and 27.4 MeV indicates a
value of 10.8 MeV for E,. The o (7ry 2n) cross-section was
obtained by the relation o (¥, 2n) = €7, total) ={o(v;n) +
+ o (7, f)} . For comparison, we utilized the Weisskopf 3z
equation (11) with a parameter 3 equal to 20 MeV™t. This
value was determined by the relation 33:

"2 A

a =~ — (14)
4

where Ep (Fermi energy) was taken as 29.3 MeV 34 for heavy

nuclel like U238. Such a value, calculated for the even-even

nucleus 0238 is not small, since for the odd-even nucleus

U?35, Cameron 2% found a value of 28.9 MeV~l. The o (7, N)

cross-section has a peak value of 1236 mbarn at 14 MeV and
a [ value of 6.0 MevV.

For comparison with results from other measurements,
the data is shown in table (3). The integral L»U (7, N)4E,
obtained'by Fultz et al. &1, for U°35, is 194 larger than
the one found by us for UZBB. The U235 has a relatively
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large fast-neutron fission factor, therefore the yield of
bremsstrahlung photon neutrons from 0235, used as pulsed

neutron sources, is at least 194 larger than from 0238.

TABLE
U238 characteristic of the giant resonance related to the total

neutron emission cross=-section (7, N)

(Z§?§s> E(;Z%%X) Ha%;egid#h dge;'iEbarns) Ret
- 15.8 7.1 - (36)
1.8 13 5 11.4 (0-27.5) (37)
0.96 14 6.4 7.1 (0-25) (38)
1.18+0.15| 14.9 6.8 12.941.0(0-28) (29)
1.29 15.2 6.4 | 9.74 (40)
1.236 | 14.0 6.0 7.5 (0-25)| Fresent

* % %
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FIGURE CAPTIONS:

Figo l-

Figo 2 -

Figc 3 -

Figo 4 -

Figo 5 -

Cross=-sections per equivalent quantum for U238('Y,n)
UZ37 c'q plotted against natural logarithm of the
bremsstrahlung peak energy. The value of O'q at 1000
MeV is 158 + 8 mb. :

The compound nucleus formation cross~section
o(Ystotal) and the disexcitation processes o (7,n),
o (7, 2n) and U('Y,f)o

The dashed 1line = = = = - represents the Lo-
renz-line of o (7yn) with a maximum at 11 MeV and
Opox(7s0) of 400 + 40 mb; dotted line «c.eevvcvenne
represents the photofission cross-section o (7,f)
measured by Katz %7 et al,; solid line
is the o (”y2n) cross~section obtained by subtrac-
tion of o (7yf) and o (Yyn) from the total cross-
section; dash-dotted line -¢~e~i=.~.~.~ represents
de o (7, total).

The figure showé the calculated values of photon=-
nuclear resonance width r as function of the neutron
number [Okamoto 4].

The dash-dotted line represebts the curve o (y, 2n
as function of photon energy, obtained by Weiskopf
equation (11), with a level density parameter a
equal to 20 MeV™1; the solid line is the
o (v, 2n) obtained by subtraction of o (7, £) and
o (7y n) from the total cross-section.

The dash-dotted line represents the Thomas-Reiche-

Kuhn sum rule

© NZ
f o (7, total) dE = 0,06 — .
0 A
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The solid line was obtained by the least square fit-

ting of the available data 21? 237 263 27, 28, 29
for the integrated cross-sections, plotted against
%%. The point marked with A represents an integrated
cross~-section value of 3.3 MeV.b, for the Uranium_238,

used in the present work.

Flg. 6 - Total neutron emission cross-section o (¥, N) for
U238 as function of photon energy. Thls curve was
obtained from the relation

o (7yN) = oo (Yyn) + 20 (7,2n) ¥ Y(E) o (7,f) . (12)
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