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Disintegration of C, F, Cl, Cu, and Cu by real and virtual radiation
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YieM curves were measured for one neutron emission in C, 9F, 35C1, and 5Cu, and
for two neutron emission in Cu, with target stacks which were bombarded by electrons.
The results were analyzed to compare the yields from the direct effect of the electrons
with those resulting from bremsstrahlung from the electrons. The analysis was carried
out with the virtual photon method in the pl.ane-wave Born approximation and the distorted-
wave Born approximation (DWBA). Agreement with DWBA predictions is obtained assuming
photoabsorption through E1 transitions.

NUCLEAR REACTIONS C, OF, 3 Cl, 8 Cu; (y, n), (e, e', n) ~ 3Cu (y, 2n),
(e, e', 2n); E = 16-39 MeV; measured oy(E)/op (E); DWBA virtual photon

spectra analysis; deduced photoabsorption A, .

I. INTRODUCTION

The direct interaction of the electromagnetic
field of fast electrons with nuclear charges and
currents is closely related to the interaction of
photons with nuclei. When a photon is absorbed
by a nucleus the momentum transfer is fixed by
the photon energy, whereas when an electron
transfers energy to a nucleus the momentum
transfer has a continuous distribution. To the
approximation that nuclear size can be neglected, '
the relative effects of photons and electrons in
producing nuclear reactions can be evaluated with-
out detailed knowledge of nuclear wave functions.
The only information needed is the multipole or-
der of nuclear transitions involved. By relating
the cross section for electron-nucleus excitation
to the corresponding photoexcitation process, a
virtual radiation spectrum can be defined'.
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d&u oe (L~ Z&~ &u)

&u o~(L, &u)'
where X is the label either E or M for electric or

magnetic transitions; L is the multipole order;
o, is the cross section for electron-nucleus exci-
tation (integrated over all scattering angles); vr
is the cross section for photon-nucleus excitation, '

&u is the photon energy (real and virtual); E, is
the incident electron total energy; and N' ~' is the
virtual photon intensity spectrum.

From E&l. (1), the total inelastic electron scat-
tering cross section may be expressed in a form
similar to the yield in photoexcitation experi-
ments:

a,(Z, ) = —g v,"(L,~)N'""(E„&u) (2).
Jp

XI,

Thus, expression (2) enables one to evaluate the
electroexcitation cross section from the photoex-
citation cross section oz(L, &u}, if the virtual pho-
ton spectrum N'" ' is known.

Using plane waves (PW} for the incoming and
outgoing electrons, Thie, Mullin, and Guth' ob-
tained expressions for N'"~'(E„&u) in the case of
E1, E2, and M1 transitions:

For E1 the expression is

Np~ (E„&u) = (&r/v) ([(E,'+E,')/(E, ' —m, ')] ln[(z,z, + (E, —m, ')' (E,' -m, ')'~' —m, ')/m, &u]

—2[(Z,' —m, ')/(Z, ' —m, ')]"'),
where E, =E, —~, m, is the electron's rest energy, and n is the fine structure constant. Using a distorted
wave treatment (DW) with Dirac-Coulomb wave functions for the basis states of the electron, Gargaro and
Onley, ' obtained expressions for V' ' for all multipole orders:

N~ ~'(E„&u) = [(c&/«)(P, /P, )(Z, +m, )(Z, +m, )&u (2L+ l) ']

x g @~)(2i + l)(2i. + l) I C(i» im L~ -2, 2)@&"'(~„L,~.) (',
K ~K~

(4)
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where P,(P, ) is the initial (final) electron momen-
tum; S(A) is the projection operator which retains
only those terms satisfying the selection rules for
electric or magnetic transitions of multipole or-
der I.; j,(j,) is the initial (final) electron's total
angular momentum; a, =j, + —,'; and A'"' involves a
radial integral over electron's wave functions.
The series solution to this integral is given in
Ref. 3.

Experiments' ' comparing photodisintegration
and electrodisintegration of nuclei have been re-
ported. These experiments were carried out be-
fore the distorted wave treatment of virtual photon
spectra' was available.

For light and medium weight nuclei the results
of these experiments could be explained, in the
plane wave approach, by assuming a mixture of
E1 with up to 12/o E2 contribution. For high Z the
required E2 contribution was of the same magni-
tude or higher than the E1. A reanalysis of the
above data with a distorted wave treatment' showed
that they can be explained assuming only E1 tran-
sitions. For some of these experiments only three
or four points were measured. The measurements
near the threshold show, in general, disagree-
ment with the predictions of both plane and dis-
torted waves treatment.

With the aim of extending data to compare with
the theoretical predictions, we carried out mea-
surements of photodisintegration and electrodis-
integration in some light and medium weight nu-
clei. The reactions studied were (a) one neutron
emission from "C, "F, "Cl, and "Cu and (b) two
neutron emission from "Cu.

where

-t +t
1 gr 2 t f

t&+ t„

8'= N E 1 ——8

through a SEM (secondary emission monitor) be-
fore striking the targets placed in a vacuum cham-
ber. For each bombardment the digitized SEM
current was recorded in a multichannel analyzer
operating in the time sequenced sealer mode
(TSS)" so that accurate corrections for the de-
cay during bombardments could be made.

The activities of the targets were measured by
detecting in coincidence the energy-selected anni-
hilation radiation in two NaI scintillation counters.
The targets were often interchanged and counted
in the same system. The coincidence pulses were
stored in a multichannel analyzer operating in
TSS, so that the desired initial activities could be
obtained by analysis of the decay curves into their
components.

For "C and "F we used Teflon (C„F,„) targets
and for "Cl we used PVC (C,H, Cl) targets, which
also furnished data on C. For "Cu and "Cu we
used natural copper targets. The radiator was
'7Al with a thickness of 0.546 g/cm' [2.28 x 10 '
radiation lengths (R.L.)]. The targets were typi-
cally 5&&10 ' R.L. for PVC, 2x10 ' R.L. for Tef-
lon and 5 & 10 ' R.L. for copper.

In correcting for the finite foil thickness we
have used the method described by Barber':

B,„p
= Y~„/Y, =A (E, ——,'6, )

II. MEASUREMENTS AND ANALYSIS

We used the three-foil stack method, for com-
paring the electrodisintegration and photodisinte-
gration cross section, first described by Brown
and Wilson. ~ In this method, a beam of monoener-
getic electrons strikes, in succession a front tar-
get, a radiator for producing a known bremsstrah-
lung spectrum, and finally a back target as identi-
cal as possible to the front one. The foil thick-
nesses are chosen so that the activity N„ in the
front target, is mainly due to electrodisintegra-
tion, while that of the back, N, , is caused by elec-
trodisintegration and photodisintegration in approx-
imately equal amounts. Neglecting the corrections
due to the finite thickness of the stack the ratio of
photodisintegration to electrodisintegration yields
(Ys„/Y, ) at the incident electron energy E, could
be obtained directly by (N, —N, )/N, .

The electrori beam was provided by the linear
accelerator of the Instituto de Fisica da Universi-
dade de S5o Paulo. The electron beam passed

N, (Z, ) is the activity (or yield) per electron in-
duced in the first target foil; N, (E,) is the activity
(or yield) per electron in the target which is be-
hind the radiator; t„ t„, and tf are the thickness-
es in radiation lengths of the target, radiator, and
material upstream from the foil stack, respective-
ly; b, , and ~„are the electron energy losses by
radiation and collision in the target and radiator,
respectively; and (8') is the mean square scatter-
ing angle of the electrons in the radiator.

In order to determine the correction term D
=s(N, +N2)/sE, a polynomial of degree n, P„(E,)
was adjusted to the experimental (N, +N, ) data.
Then, D =P„'(E,) =dP„(E,)/dE, . The uncertainty
in D was evaluated as

epr Bpr 1/2

(gD) — g P n n (H -I)
1 g 1
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where J'„=Q,"",a,x' ' and H, &
is the error matrix

for the coefficients of P„'.
The n chosen was the one which gave the best

y' with a nonoscillatory solution for the fit. In all
cases 2& n&4.

HI. RESULTS AND COMPARISON VOTH THEORY

Figures 1 to 5 show the ratios of photodisinte-
gration to electrodisintegration presented in units
of (Z„'r,'N„), Z„being the atomic number of the
radiator, r, the classical electron radius, and N„
is the number of atoms/cm' in the effective radia-
tor. " In these units the ratios are called E and
become independent of Pf„.

The ratios predicted by theory are evaluated
from

&, f,
' 'Qv~ (I., (u)y(E„(o, Z„)(d(u/(o)

f,
'

Qv~ (t„u))N'"i'(E„&o)(d(o/(o)

(8)

where P is the thin target bremsstrahlung spec-
trum produced in the effective radiator. In the
present experiments, we have used the Schiff
bremsstrahlung intensity spectrum for intermedi-
ate screening. '

In order to evaluate B~ we have to use measured
values for oz(I., ~). However, o&~(L, u&) is not an
available experimental quantity. The available
measurements give the total photo cross section
o&(&u) =Q„o&(L,~) without distinguishing the dif-
ferent multipolarities. If it is possible to assert
that one multipole is dominant (usually El), then
the sum in Eqs. (2) and (8) reduces to a single
term. In such cases, the electrodisintegration
cross section should be exactly predictable from
the photodisintegration cross section. If this is
not the case then electrodisintegration can con-
ceivably be used to detect the contribution of quad-
rupole or other multipolarities in the photo cross

section. As shown in Refs. 3 and 13 the quadru-
pole component of the virtual photon spectra, in
the distorted wave calculation, is one order of
magnitude bigger than the dipole. In contrast,
real radiation is a plane wave and the plane wave
contains all multipole components in equal amounts.

In the previously reported experiments on the
ratio of photodisintegration to electrodisintegra-
tion' ' the measured o

&
were assumed to be

o~((u) = nels(1, (u) + Posy(2, (u)

with o. and p constants, determined by fitting ex-
pression (8) to the experimental data, and using
N ~ evaluated in the plane wave approximation.

It is our purpose to show that, if Coulomb dis-
tortion is taken into account, there is no need to
invoke large amounts of E'2 contribution to explain
experimental data. %e then assume for the pres-
ent, that the measured photo cross sections were
entirely due to electric dipole absorption.

The curves labeled Ep~ and Eo„ in Figs. 1 to 5
were evaluated from the expressions:

f ' 'g~((u)y(E„(u, Z„)(d~/~)
X

f 0'y(CO)ND~(Eg, (d, Zg)(d~/~)

where Ng is given in expression (3), v& is the
measured photodisintegration cross section, and
N~~„' is given by an analytical expression" which
fits the calculations of Qargaro and Onley' for

A, =E and L, =l:

Ng(E„a), Z, ) =N~p~(E„(g) + (@[1.29x 10 ' exp(1.245Z, '~' —0 052E,)] (E., +m, )/(E, +m, ), (12)

where Z, is the target atomic number. In evat. uat-
ing expressions (10) and (11) we have used, for
oy r data available in the literature. 14 17

The errors of experimental points shown in Figs.
1 to 5 include (a) the uncertainty in the initial ac-
tivities obtained by standard statistical methods;
(b) the uncertainty in the correction term D, eval-
uated as described in Sec. II; and (c) an estima-
tive of the fluctuations of the SEM. The largest

contribution to the total error comes from the un-
certainty in D. For a few points near threshold
the uncertainty in D was as high as 100%%up, decreas-
ing typically to about 10% in the steep part of the
yield curve.

In all figures the X' values are per degree of
freedom. The dashed curves are the result of a
polynomial fit to experimental data. The small
values of y' for this fit are indicative that the cri-
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FIG. 1. Measured + for C(y, n). The full circles and triangles refer to our measurements with Teflon and PVC
targets respectively. Full squares are data from Ref. 7. Dashed curve is a polynomial fit to the points. FuB curves
are Epw and FDw predictions.

teria adopted to evaluate the derivative of the yield
curve (N, +N2) leads to an overestimate of the total
error. However, we found no other systematic
way of evaluating this derivative with its uncer-
tainty.

For C Fig 1 Ep~ and ED„are almost the
same, and experimental data are compatible with

both. For the other nuclei studied, Figs. 2 to 5,
experimental data are in good agreement with the
distorted wave predictions for electric dipole tran-
sitions. This can be seen by the X' values of the
DW curves, which reflect how well the theoretical
predictions fit the measured points (no free pa-
rameters adjusted).
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FIG. 2. Measured P for F(y, n). Dashed curve is a
polynomial. fit to the points. Ful. l curves are F'pw and
E~ predictions.

FIG. 3. Measured J. for Cl(y, n). Dashed curve is
a polynomial fit to the points. Full curves are +pw and
+Dw predictions.
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FIG. 4. Measured I' for ~Cu(y, n). Dashed curve is
a polynomial fit to the points. Full curves are &p~
and I D~ predictions.

FIG. 5. Measured I for 83Cu(y, 2n). Dashed curve
is a polynomial fit to the points. Full curves are Ep~
and I"D~ predictions.

IV. CONCLUSIONS

Previously published data' ' on the ratio of
photodisintegration to electrodisintegration ana-
lyzed in the virtual photon method, using plane
wave approximation suggested the need to assume
large amounts of E2 contribution in order to ex-
plain experimental data. Recently a reanalysis
of these data, taking into account Coulomb dis-
tortion' and assuming only E1 transitions, showed
agreement between theory and experiment, within
experimental errors, apart from data near thresh-
old. The disagreement near threshold was sug-
gested to be due to unreliable corrections for en-
ergy degradation of the electrons, which become
important in this region.

From the present measurements and its analysis
we can conclude that the distorted wave calcula-
tion, based on the formalism of Qargaro and On-

ley, ' explains the experimental data assuming only
E1 transitions, even near threshold.

An estimate of the strength of E2 transitions,
compatible with our results depends on the loca-
tion of the E2 resonance. If we assume a quadru-
pole resonance located around 58A '" MeV, as
suggested by Bohr and Mottelson, " then our data
are compatible with an E2 resonance in the photo
cross section, having an integrated cross section
of up to 2% of the E1 resonance integrated cross
section.

We would like to comment on the existence of
an E2 giant resonance. Several measurements" "
have been reported on the detection of an E2 or

EO resonance. In these measurements the E2 or
EO resonance was detected by looking to the (e, e')
or (P,P') cross sections at a particular scatter-
ing angle and choosing a suitable momentum trans-
fer, in order to enhance quadrupole compared to
dipole. In our experiment we measured the cross
section integrated over all scattering angles and
in this case the quadrupole contribution becomes
negligible, when compared with the dipole one.

From the theoretical point of view we can evat. u-
ate, as an example, the predicted ratio between
the E2 and Z1 integrated photoabsorption cross
sections, for "C, using sum rules. We have used
the isoscalar energy weighted sum rule" for the
E2 transitions and expression (47) of Ref. 26 for
the El. The value obtained for the E2 integrated
photoabsorption cross section is 1.3% of the El

Recent measurement" of the total cross section
for the electrofission of "'U, suggests a quadru-
pole resonance in the photofission, located at 9
MeV, in agreement with the expected 58A '" MeV
dependence for the resonance peak. The integrat-
ed photo cross section of this E2 resonance is
1.3% of the El

To summarize, even though our results allow
only a small quadrupole strength in the transitions
of the photonuclear giant resonance, this is in
agreement with what is expected from sum rules
arguments and other experimental. evidence.

We acknowledge Professor J. Goldemberg, Pro-
fessor D. S. Onley, and Professor W. C. Barber
for useful discussions.
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'Nuclear size can be neglected when OR&& 1, where R
is the nuclear radius and k' is the wave number of tbe
momentum transfer. When one l.ooks to the total cross
section {see Ref. 3), in the giant resonance region,
this condition is valid.
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