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Abstract

65Cu has been measured in the

The (e,a) cross section for
electron energy range 14-34 MeV. The results have been analyzed
using the distorted-wave Born approximation E1 and €2 virtual
photon spectra and the E1 and E2Z components of the corresponding
{v,a) cross section were obtained. To assess the accuracy of the

63Cu was

virtual photon analysis, the (e,2n) crcss section for
aiso measured and the obtained (v,2n) cross section is compared
with direct measurement of this cross section performed with

annihilation gamma rays. (owthor )

Nuclear Reactions 65Cu(e.u) and 63(:u(e.2n)

Measured ae,a(Eo) and °e.2n(Eo)

El
Deduced osta(i) , osfm(i) and oy,Zn(E)'

PACS numbers: 25.30.Cg , 24.30.Cz , 25.20.+y



1. Introduction

. 1,2
The (e,a) cross section has been measured for several nuclei °¢

and the results were analyzed using DWBA virtual photw1spechm3’4
to obtain the E1 and E2 components of the corresponding {y,a)
cross section.

In this paper we use the same technique described in refs. 1

65Cu. This technique

and 2 to study the (e,a) cross section in
takes advantage of the fact that the E2 virtual photon spectrum
is enhanced relatively to the E1 spectrum, as shown in Fig. 1,
while tne bremsstrahlung spectrum contains all multipeles in equal
amounts. The €1 and E2 components o~ the (y,a) cross section
are obtained from combined measurements of the electrodisintegration
cross section and the corresponding yfeld of electro plus photo-
disintegration induced by bremsstrahlung.
The (v,a) cross section is known for many nuclei and in

almost all studied cases it has a resonant shape. However, for

90Zr5 65C06 » the (y,a) cross section, obtained

two nucleid, and
from measurements of the (e,a) cross section, showed a non resonant
behaviour. For these nuclei the (y,a) cross section increases
continuously with the photon energy up to the maximum energy
studied, which was ~ 60 MeV. An attempt was made to explain the

90Zr, using a

strange behaviour of the (yv,a) cross section in
pre-equilibrium exciton model comoined with the quasi-deuteron
mode1° .

This has motivated us to study the (e,a) cross section in
650u, since it can easily be measured by residual activity. 1In

ref. 6 the [e,x) cross section was measured by counting directly
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the czipha particles emitted at 90 to the electron beam.
In order to assess the accuracy of the technique employed in

63Cu.

the analysis we have measured the (e,2n) cross section for
The choice was based in several reasons. The (y,2n) cross section
is well known for this nucleus and it is above the isoscalar E2
and bellow the isovector £2 resonances. Thus we can be 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 out by
Strﬁher(7) that no conclusive tests of the E1 virtual photon spectra
exists, since the investigated reaction data were analyzed with the
assumption of a pure El excitation, in cases were E2 excitation
could give a significative contribution. Furthermore, the (e,2n)
cross section can also be measured by radioactivity and yields the
same gamma ray line used to measure the (e,a) cross section, as
discussed in the next section. Consequentel&, the results also

test the reliability of our measurements.

I11. The Experiment

The experiment was performed using the electron linear
accelerator of Universidade de Sao Paulo. Table I gives
target thicknessess and enrichments. The {e,a) and (e,2n) cross
sections were measured by counting the induced residual activity.
For the (e,a) cross section in 65Cu we measured the 67.4 keV
gamma ray which follows the decay of 61co » 6Tni 4 8° » with a
half 1ife of (1.650 ¢ 0.005)h3. For the (e,2n) cross section we

measured the same 67.4 keV gamma ray, since 6‘Cu decays to

Z



S15i with a half 1ife of (3.41 = 0.01)h°. Fig. 2 shows a typical
gamma ray spectrum. It is important to notice that there are no
nearby lines, which could contribute to uncertainties in deriving
the cross sections. As a check of our data, we measured both half
Yives, after irradiating the tarcets with 30 MeV electrons, and
the decay constants obtained are compared with values from the
Yiterature in Table II.

In order to obtain the electro plus photodisintegration yields,
a 0.717 glcu2 copper radiator was placed in the electron beam,
shead of the target, without any spacing between the radiator and

the target.

"I11. Results and Analysis

The electrodisintegration cross section % x(Eo) may be
obtained from the photonuclear cross section o#L‘(E) through an
1

integral over the virtual photon spectrum NxL(Eo,E,Z):

E -m
]
0 x(Eq) = ] N ot et e § (1)
’

‘In Eq. (1), E, stands for the total electron energy and E

'stands for the excitation energy of multipolarity AL. In the
‘same spirit the yield with the radiator in is:

| Eo-.

o Yo,x(Ep) = 0g y(Ej-28Ey) + N, AE °¢Ex(E)K(Eo'AEo’E'Zr)‘%§ (2)



where N is the number of ruclei/em® in the c.pper radiasor,
K(Eo'E'Zr) is the bremsstrahlung cross section in coyp::, and
AEO is the electron energy loss in hal; the radiator .nickness.

We have used the Davies-Bethe-Maximon]O

bremssiranlung cross
section. The size correction discussed in ref. 2 was zpplied to
the virtual ohoton spectra. This correction, for 35 MeV electrons,
amounts to 2% for the E1 and 8% for the E2 spectra.

The measured (e,2n) and (e,a) cross sections (circles) and
the corresponding yields of electro plus photodisintegration
{(squares) are shown in Figs. 3 and 4. [In Fig. 4 the triangles
show the (e,a) cross section from ref. 6. In order to compare
with our results, we have multiplied their 90 degrees cross section
by 4w , since previous measurements have shown that the angular
distribution is nearly isotropic]]'lz.

The cross sections °e.x(Eo) and the yields Ye,x(so) have
been simultaneously fitted, using Eqs. (1) and 72) with the
photonuclear cross sections represented by histograms.

As discussed previously, for the (vy,2n) cross section we
used only EV multipolarity. The histogram in Fig. 5 shows the
(v,2n) cross section obtained from our measurements. The
experimental points show the (v,2n) cross section measured by

Fultz et al.ld.

There is good agreement between the (y,2n) cross
section derived from our electrodisintegration measurement and
the cross section measured with annihilation gamma rays. Our
integrated (y,2n) cross sectfon, up to 27.8 MeV (maximum energy
measured by ref, 13) is 79.3 t 2.2 MeV.mb , while Fultz obtains

76 MeV.mb. The difference of 4.5% in the fintegrated strength is



well within the uncertainties of the absclute values of both
experiments.

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 the ratio between the
measured points and the cal:culated full curves of Fig. 3. This
figure shows the compatibility between electro and photodisintegration,
that is, between the E1 wvirtual photon spectrum and the bremss-
trahlung spectrum. These results give confidence to our measurement
and the analysis employed to derive the photonuclear cross section.

Fig. 7 shows the histograms obtained for the E1 and E2
components of the (y,a) cross section. The E1 component exhausts
0.97 2 0.14 percent of the dipole sum and the E2 component
3.2 2 1.2 percent of the energy weighted sum rule for isoscalar
E2. The points show the (y,a) cross section from ref. 6, multiplied
by 4w . It was obtained by unfolding of the (e,a) cross section
assuming a pure E1 oprocess, but this would introduce only a
small error in the derived (v,a) cross section. The strong disagreement
between our (v,a) cross section and that from ref. 6 does not come
from the analysis, but from disagreement in the experimental data.
In Fig. 8 we show the ratio between the (e,a) cross section of
ref. 6 and the present measurement. Thedir cross section is only
0.13 of our value at 15 MeVY and reaches 0.79 of our value at
34 Mey.

In Table 111 we compare the E1 <and E2 strengths in the

65Cu with other nuclei in this mass

6:stu

(v,a) cross section of

region. The (v,a) cross section in is smaller than for



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

to the El. The strength of the (y,a) cross section shows large

variations in these nuclei, being 78 MeV.mb for 64

65

Zn and only

10 MeV.mb for Cu. However, these large differences result

mostly from differences in binding energies, Coulomb barrier

heigﬁts and competition with other channels, as already pointed

out by Dodge et al.2. The {(vy,a) cross section in 65Cu is similar

62y 59¢o.

in shape and magnitude to or The dominant statistical

nature of the (y,a) cross section in the nuclei ljsted in Table
I11 is evident from the spectrum of the emitted alpha particles,

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

1,2

barrier In the present work we did not observe the emitted

alpha particles, but their spectrum is known from previous wcrk]1J2.

It has to be pointed out that in this respect the alpha particle

902r5

spectrum from is also of the evaporation type, peaking at

the energy of the Coulomb barrier height. Since, now, thne only

nucleus with a non resonant (y,a) cross section is 305, , the

65Cu suggest that the 90,, (e,a) cross

results obtained for
section should be measured again before developing calculations
for reaction mechanisms involving cascade processes that could

account for a non resonant (y,a) cross sections.

IV. Conclusions

The measurement of the {(e,2n) and (e+y,2n) cross sections for
3cu tests the E1 virtual photon spectrum in a situation where

E2 contributions can be ruled out. The agreement between photo
6
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and electrodisintegration is very good. The (y,2n) c<ross section
obtained from this measurement agrees well with the shape and
absolute magnitude of available (y,2n) data.

65Cu is in disagreement with

The (e,a) cross section in
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 E1 and E2 components of the (y,a) cross section

are both small but the E2 component is relatively more important.
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Figure 1

Figqure 2

Figyre 3 °e,2n(Eo) for

Figure 4

Figure 5
Figure 6
Figure 7

Figure 8

Figure Captions

El and E2 virtual! photon spectra for 30 MeV electrons
inelastically scattered from a copper nucleus.
Typical gamma ray spectrum observed in the decay of

61 6

Co , obtained from the reaction 5Cu(e.a)mCo.

63Cu (circles) and the yield of electro
plus photodisintegration (squares). The smooth curves
are the best fit to the data and were obtained by
combining the histogram shown in Fig. 5 with the EI
virtual photon spectrum and the DBM bremsstrahlung
cross section in Eqs. (1) and (2).

°e,a(Eo) for 6500 {circles) and the yield of electro
plus photodisintegration (squares). The smooth curves
are the best fit to the data and were obtained by
combining the E1 and £E2 histograms of Fig. 7 with the virtual
photon spectra and the DBM bremsstrahlung cross section in Eas.
(1) and (2). The triangles show the (e,a) cross section from ref, 6.
63Cu(y,Zn) cross section, The histogram is the result
derived from this work and the points show the measurement
of Fultz et al.‘
Ratio of measured to calculated (e,2n) cross section
(circles) and measured to calculated yield of electro
plus photodisintegration (triangles).

65CU(y,a) cross sections. Thé EY and E2 histograms
are the results from this worx. The points show the
(y,a) cross section from Ref. 6

Ratio of the (e,a) cross section from Ref. 6 and this

work. .,



TABLE 1

Target properties and separation energies

Target 63Cu 65Cu
Eurichment (%) 99.89 99.69
Thickness (mg/cm?) 10.0620.10 9.86:0.10
S(2n), MeV 19.7 17.1

S(a), MeV 5.8 6.76

10




TABLE 11

Decay constants

Kucleus x(min‘]) Ref.

81¢, (6.95:0.29) x 1073 this work
(7.00120.021) x 1073 8

61y (3.56:0.18) x 1073 this work
(3.39:0.01) x 1073 9

n



TABLE ITI

(y,a) strength for nuclei in the A=60 region. E1 sum: 60 NZ/A MeV.mb;
E2 sum: 0.22 22 A3 Lb/Mev.

Nucleus Issy,u(E)dE (MeV.mb) E;a§:;°" of E;a:;;°" of Ret.
[}

“6pe 21 + 3 2.1 0.3 7+ 2
58y 43 * 4 3.9 0.4 21 ¢ 3 )
9¢o 17 2 1.7 £ 0.2 5 ¢ 1 ?
60y a1 + 4 3.5 % 0.4 21 ¢ 5 1
62y 17 %2 1.5 2 0.2 8:2 1
842n 78 * 16 6.9 * 1.5 25 ¢ 3 ]
65¢y TER 1.0 £ 0.1 31 this

work

| 12



N (30, E, 29

[ 1
. 19§ 3
F £2 ]
: 4 ]
.81} | E
3 El 3
1 ]
[ ]
¢ 9
3 8 s >0 5 3
E (MeV)
FPig. 1
3 ¥ e L L
;\57. 4 keV
g L ]
8 2r 1
H .
‘ ]
m [ ]
ol
z
8 -
o i . 1
PYar-Lodor, : o
0y ”’5::’4"0 “300 7eg 1000

CHANNEL

Pig. 2



5
3 N W) 4
a- 105 D/@‘&Ep E
E F ]
2
o r
-
'—
&
.21 E 1
2 :
Q [ ]
e b 4
Q
20 55 BE] 35
ELECTRON ENERSGY (MeV)
Fig. 3
7] popere 020 |
¢ E«M
0 18E :
8 ; M ]
b 1; A iy 1
o I acasss & :
€ L ac”™ :
\/
Z 1.k
O 1 3
la 3
- ¢
Q L
w
m a
(0] 3
u’ 1 E
o i
74 [
Q. !

15 54 75 30 ]
ELECTRON ENERGY (MeV)

Fig. 4



20—
- J
D
E
~
r4
o
[ ]
[
[& }
W
[/,
w
w
(@]
x ,
(8]
N |
35
l's ¥ k] L]
(8]
'}
<
g
%10 i 3
[ T1]
o ‘ i
N ]
™ ‘
<
[+ 4
8.553 g 30 35

ELECTRON ENERGY (MeV)

I

FPig. 6



.5}
L
.
5 . ¢ 4 g‘}
+ p. o} t o ' 4
i 2y @"’ﬁ”% #
w 8. 6} Lﬁ?
wn
e
O a3 El 4
E2
@ 0 T p—) = 3]
E (MaV)
Fig. 7
1. B . N
¢o?
°o¢o4’¢°
.4
(@]
A
¢ Suo
°°
by ®
“’
B =28 z5 35 35

ELECTRON ENERGY (MaV)
Fig. 8



