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Abstract

65

'__The (esa) cross . section for - "“Cu.: has:been measured in ‘the

2lectron energy range 14-34 MeV.. -The.results:have been analyzed
using the distorted-wave Born approximation E1  and ~:E2 :.wirtual
photon spectra and the. EY -and . E2. components of :the-corresponding

{v.,2) cross section.were obtained.  To assess the accuracy of the
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virtual photon. analysis, the (e,2n).cross.section for  “Cu .was
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The Electrodisintegration of 53Cu and Cu. alse measured and thg obtained:{v,2n) cross section -is ‘compared

with direct measurement of this cross:section performed: with -

annihitation gamma rays.
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1. Introduction

The {e,a} cross section has been measured for several mmleﬂ’z
and the results were analyzed using DWBA virtual photonspectrae"4
to obtain the E1 and E2 components of the correspending (y,a)
cross section.’

In. this- paper we:use the same technique described in refs. 1
and 2 to study the (e,a) cross. sectign in 65¢Cu. - This technigue
takes advantage of’the;f;ct.that the: E2 vfrtual—photon-spectrum
is enhanced relatively to the E1 spectrum, as. shown in Figi. 1,
while ‘the bremsstrahlung: spectrum contains a71*mu1tipqles-in equal
amounts. The E1 and E2 components of the*(y;a) crass section
are.obfaine¢ from combined measurements of the electrodisintegration
cross section and the corresponding yield of electro plus photo-
disintegration induced by bremsstrahiung.

The {y.a) cross section.is known for many nuclei:.and in
almost all studied cases it has a fe;onant.shhpg. However, for

5

two nuc1ei,_902r and 6$Cu6'; the:(v,aj crossisection,-obtained

from medsuhéhénté"bf tﬁé (é,a} cfésﬁ:sectioh, éhowed a non resonant
behaviour. For these'nuclei the (y,o) cross section increases
continvously with the photon. energy up.to the maximum energy
studied, which was ~ 60 Me¥. An attempt was made to explain the
strange behaviour of the (y,a) cross section in 9OZr, using a
pre-equilibeium exciton model combined with the quasi-deuteron
models.

This has motivatéd vs to study the {e.a) cross section in
GSCu, sin;e it can easily be measured by residual activity., In

ref. & the (e,a) cross section was measured by counting directly

the aipha particles emitted at 90Y to the electron beanm.

In order to assess the accuracy of the technique employed in
the analysis we have measured the ke;Zn) cross section for 63Cu.
The choice was based in several reasons. The (vy,2n) cross section
is well known for this nucleus and it is above the isoscalar E2
and bellow the isovector E2 resonances. Thus we cahn bé‘sure it
is an E1 process. Eventhough there are many experimental tests
of the E1 virtual .photon spectra and all show excellent agreement
between.calculation and experiment, it has been pointed but by
Strﬁher(7) that no qohchmive tests of the EI virtdal photon spectra
exists, since the investigated reaction data were analyzed with the
assumption of a pure EI exc{tation, in cases were EZ excitation
could give a significative contribution. Furthermaore, the {e,2n)
cross section can alSo be measured by radiocactivity and yields the
same gamma ray line used to measure the (e,a) cross section, as
discussed in the‘next section. Consequentely, the results also

test the reliability of our measurements.

I!. The Experiment

Thé experiment was performed using the electron linear
accelerator of Universidade de Sao Paulo. Table I gives
target thicknessess and enrichments, The (e,d) and (e,2n) cross
sections were measured by counting the induced residual activity.

GSCu wé measured the 67.4 keV
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For the {e,o} cross section in

gamma ray which follows the decay of 6lco » 6Thg + 8" , with a

half 1ife of (1.650 = 0.005}h8. For the {e,2n) c¢cross section we
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neasured the samé 67.4 ke¥ gamma ray, since Cu decays to
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1ni with a half 1ife of (3.41 = 0.01)h°. Fig. 2 shows a typical
gamma raj spectrum, It is important to notice that there are no
nearby lines, which could ceetributeltb uncertainties in.deriving
the-cress sections. As a check of our data, we measured both half
Iives; after irradiatdng the teruets with 30 MeV eiectrons, and
the decay censtants obte1ned are c0mpared w1th values from the
11tereture in- Tab1e II

In order to obta1n the electro plus photod1s1ntegrat1m1y1e1ds,
a D.717 g/cm copper radiator was placed in the electron beam,
ahead of the target, without any spacxng between the rad1ator and

the target..

;III.- Results and Ana]ys1s

The e]ectrod1s1ntegrat1on cross section Oy x(E‘o} may be
L 3
,obtalned-from-the photonuclear cross_sectxon a#Lx(E) through an
. L)

integral over. the virtual photon spectrum NXL(EO,E,Z):

E_-m

L () P L , 7
ag x(Eq) = ] 1 Jtenttie ey £ ()
eaxel e o

In Eq. (1), Ed"stands for the total electron energy and E
stands for the excitation energy of multtpolarity AL. In the

same spirit the yield with the radiator_in is:

-E -m

Yo x(Eq) = O 4 (EG-20E,) £ N, [ _ kE (E)K(E ~0E ,E. 2 ) & (2)

where -er.is the number of hhc1e§/ém2'in=the copper %aé%aio};"
K(E E,Z } is the bremsstrah1ung cross section in copper,'eﬁdru
ﬁEo is the e1ectren energv loss in hal* the rad1ator vhlchness
Ye have used the Dav1es Bethe Max1mon]0 bremsstranlunc cross
sect1on The stze correct1on discussed in ref 2 was Lpplted to
the virtual photon spectra.' Th15 correct1on, for 35 beV eIectrons,
amounts to 2% for the El .end ‘8% for the £2 spectra ‘ o

The.measured (e,2n) andd{eid) cress eections'(tirc1ee) and’
the'correepohdieg yields of efectro'pius hhotodtethteéeatfbh '
(squeres) are ehomn'tn Fige” 3 and 4. In fie 4 the trwang!es
show the (e o} cross section from ref 6. In order to compare
with our results, we have mu1t1p11ed thEIT 90 degrees omsssechon
by 4= , since prev1ous measurements have shown ‘that +he angu]ar
d1str1but1on is nearly 1sotrop1c11 12

The cross sections T, x(E } 'end the yields Y - (E:i have
been s1mu1taneously f1tted, using Egs. (1)'end (é)' w1th the
photonuc]ear cross sections represented by h1stogrems.

As d1scussed prevxousiy, for ‘the (y,Zn) cross sect1on we
used on]y El mu1t1polar1ty ' The h1stogram in F]g 5 shows the
(Y 2n) cross sectwon obta1ned fram our measurements The
exper1menta1 points show the (y 2n) cross sectIQn measured by

13 There is good agreement between the (y,Zn) cress

Fultz et al.
sect1on derlved.from our e1ectrod1s1ntegrat1on measurement end

the ¢ross sect1on measured w1th ann1h11atlon gamma rays. "bur7"
1ntegrated (y,Zn) cross sect1on, up to 27 8 MeV (maximum energy
measured by ref 13) 1s 79 3+ 2 2 Mev mb , wh1]e Fu]tz obtains

76 MeV.mb, The d1fference of 4. 5% in the 1ntegrated strength 15



well within the uncertainties of the absolute values of both
experiments. | 7

Fig. 6 shows the ratio of measured to calculated (e,2n) cross
section (circles) and measured to calculated electro plus photo—
disintegration yield (triangles). This is thé ratio,ﬁetween.the
measured.points and thé calculated full curves df Fig. 3. This
figure shous the compatibility between e1ectro and photodas1ntegrat1on,
that is, between the ET vxrtuai photon spectrum,and the bremss-
trahlung spectrum. These results give confiﬁence.tﬁ our measurement
and the analysis employed to derive the photonuclear cross section.

Fig. 7 shows the h1stograms obta1ned for the E1 and E2
components pf~the_(y,m}-cross sectyun. The EIl comﬁonent exhausts
0.97. + 0,14 ﬁef;ent of the-dipofe sum and the _E2  component
3.2 £ 1.2 percent of the energy-weighted sum rule for isdscaTar
E2.. The po1nts show the (v,a) cross sect1on from ref 6, multiplied
by 4¢ . It was obta1ned by unfold1ng of the (e,a) cross section
assuming a pure El _process, but this wnu1d 1ntroduce only a
sma]l error. in- the der1ved (y,a) cross sent1on. The strong d1sagreement
between our (Y.t} cross section and that from ref. 6 does not come
from.the ana1ys1s, but from d1sagreement in the experxmental data.
In F1g 8 we show the ratio between the (e,a) cross sect1on of
ref. 6 and, the present measurement. The1r cross section is on]y
0.13. of our va]ue at 15 MeV and reachgs 0.79 ofﬁour-vung at
34 Mev. | o : R i ; _.,:-‘ L

o In Tab}e III we compare the EJ _anﬂ _EZ_'strengths 1n the

(Y,a) cross sectuon of 65Cu w1th nther nucIe! in this mass

5¢u

reg;gn,‘ The {(v;a} cross section in u 1§usma1ler than_fqr:

other nuciei, but like the other nuclei studied, the E2
component exhausts a larger fraction of the E2 sum, relatively

to the E1. The strength of the (y,a) cross section shows large
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variations in these nuclei, being 78 MeV.mb for In and only

10 MeV.mb for 65Cu. However, these large differences result
mostly from differences in binding energies, {oulomb barrier

heigﬁts and competition with other channels, as already pointed

65

ot by Dodge et a].z. The (y.,a} cross section in Cu is similar

62 5950.

in shape and magnitude to Ni or The dmﬁnantstéﬁstical

nature of the (y.,e) cross section in the nuclei listed in Table
III is evident from the spectrum of the emitted alpha particles,

which is of evaporation type, peaking at the energy of the Coulomb

1.2

barrier In the present work we did not observe the emitted

alpha particles, but their spéctrum is known from previous werk11J2.
It has to be pointed out that in this respect the alpha parttcle

9[}21"

spectrum from is also of the evapuratuon type, peaking at

the energy of the Cou1omb barrier height. Since, now, the only

nucleys with a non resonant {y,a) crass section is °U

GSCu ?0

Zr , the

results obtained for _suggest that the Zr (e,a} cross
section should be measured again before deve1opﬁn§ calculations
for reaction mechanisms'invquing cascade processes that could

account for a non resonant (y,a) cross.section®,

IV, Conclusions
The measurement of the {e,2n) and (e+y,2n} cross sections for
63Cu- tests the El . virtual photon spectrum in a situation where
E2 contributions can be ruled.out.. The agreement between photo

6.




and electrodisintegration is very good.' The (y,2n) cross section
obtained from this measurement agrees well with the shape and
absolute magnitude of -available {vs2n) data.

The (e,x) cross section in 550u

is in disagreement with
previous measurements in magnitude and shape. The (y,a) cross
section derived from our measurements has the expected resonant
shape and fits well in the systematics of nuclei in this mass
region. The EY and E2 components of the (ysa} cross section

are both small but the EZ component is relatively more important.
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Figure 1

Figure 2

Figyre 3

Figure 4

Figure Captions

E1 and E2 virtua] photon spectra for 30 MeV electrons
Inelastacaiiy scattered from a copper nucleus
Typical. gamma ray spectrum observed in the decay of
&T¢o ; obtained from the react1on 65Cu(e a)SICo.

9a, 2n{E } for 63cy (c1rc1es) and the y1e1d of e}ectro
p1us photud1s1ntegrat1on (squares) The smooth curves

are the best fit to the data and were obta1ned by

comb1n1ng the hastogram shown in F1g 5 w1th the EIl

' vwrtuat photon spectrum and the DBM bremsstrahlung

€ross. sect1on in Eqs. (1) and (2).

(E ) for 656u (c1rcles) and the y1e1d of electro

_pIus photodxs1ntegrat1an (squares) The smooth curves

are the best flt to the data and were obtaaned by-

camb1n1ng the El and E2” hastograms of F1g 7 w1th the virtual

phatcn spectra and the DBM bremsstrahlung cross sect1on in Eas.

o (]) and’ (2) “The tr1angles show ‘the (e,e) cross section from ref 6

Figure b

Figure: 6:

Figure-7

Figure B8

63Cu(y Zn) cross sect10n The h1stogram is the resu]t

der}ved from thls work and the po1nts show thenmasurement

'of Fyltz, et al. 5 .”“' )

‘Rat1d ef measured te calculated {e. 2n) Cross sect1on

(c1rc1es) and measured to calculated y1e1d of eIectro“
plus photod1s1ntegrat10n (tr1angles) ' -
SSCU(Y,m) cross sect1uns. ‘The: E1 and - EZ histograms
are the results from th1s work "fhe po1nts~shuw fhe h
(Y,a) Cross sect1on From Ref 6 - ‘

Ratio of the (e,a) cross section from Ref. & and this

work.

TABLE 1

Target properties and separation energies

Target 63Cu 656u
Enrichment (%)} 99.89 99,69
Thickness (mg/cmz) 10.0620.10 9.86:0.10
s(2n), Mev 19.7 17.8
S{a), Me¥ 5.8 6.76
10




TABLE TI11

TABLE II {v,c)} strength for nuclei in the A=60 region. E1 sum: 60 NZ/A MaV.mby
E2 sum: 0.22 2% A7V/3 Lb/Mey. : :
‘Decay constants _ -
30 . . . -
S : Fraction of -~ Fraction of:
Nucleus J U‘Y,O'.(E)‘dE (MeV.mb} E1 sum E2 sum . Ref.
T - : [1] .
Nucleus A(min~1) _ Ref. :
: 56pe | 21 %3 2.1 0.3 73 »
61¢o  (6.95:0.28) x 1073 this work -
_ ' NG| a3 e 3.9 t 0.4 21 + 3 1
(7:00120.021) x 1073 8
5360 17 £ 2 1.7 0.2 5 %1 2
8¢y (3.5620.18) x 107> ‘this work 60y 4 ¢4 3.5 ¢ 0.4 21 £ 5 1
o - 3| o _
{3.39:0.01) x 10 L 62y 17 £ 2 1.5 £ 0.2 8t 2 1
6470 78 16 6.9 * 1.5 25 + 3 2
85¢y 10 %1 1.0 £ 0.7 3% this
: work

1 T2 |
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