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Electron scattering experiments on %°Cu and "*Ga have been performed both at forward and
backward angles in order to study the transition charge and current densities of the first excited state
in these nuclei. The shape and strength of these densities in ®*Cu as well as the strong quenching
of the transition charge density in " Ga relative to that of 8 Cu and to single-particle estimates
can be understood as resulting from pairing correlations and core polarization. The results are also
supported by particle vibration coupling model calculations.

In a single-particle model the excitation from the 3/2~
ground state to the first excited 1/2~ state in the odd-
A fp shell nuclei can be considered as an almost pure
2p3j2 — 2pi1/2 proton transition. Such a transition has
already been investigated in 8°Y by Schwentker et al.
[1] and by Wise et al. [2]. The transition charge den-
sity shows a characteristic double-humped shape, which
is typical for a 2p — 2p transition. However, the inner
hump is strongly reduced, while the outer hump is en-
hanced compared to the single-particle density. These
features can be explained by core polarization and pair-
ing correlations.

According to the core polarization mechanism not only
the valence nucleons play a role in a transition, but the
core nucleons are also involved. The contributions of the
latter may be schematically pictured as that of phonon
excitations. In the transition charge density this mani-
fests itself as an additional charge near the nuclear sur-
face, while the inner part of the distribution is hardly
affected. Therefore, there will be an increase in the tran-
sition probability B(EA). On the other hand, core po-
larization is expected to have only a small effect on the
current distribution, because it is known that phonon ex-
citations of even-even nuclei have only a small transverse
part.

Due to pairing correlations, orbits above the Fermi
level are partially occupied and those below this level
are partially depleted. This affects the transition densi-
ties through an interference between a (forward ampli-
tude A) transition from orbit 1 below to orbit 2 above
the Fermi level and a (backward amplitude A) transition
from orbit 2 to orbit 1.

In even-even nuclei [3,4] the transition from the ground
state to an excited state involves mainly the creation of
two quasiparticles in orbits with quantum numbers j;
and j». The amplitudes Aeven and Aeyen interfere con-
structively for the transition charge density and destruc-
tively for the transition current. In odd-A nuclei these
pairing amplitudes and their interference are different
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[3,4]. Now, the amplitudes Aygq and Ayqq add construc-
tively for the transition current and destructively for the
transition charge density.

While the effects of pairing correlations in even-even
nuclei are well known [5], the effects in odd-A nuclei, es-
pecially the expected reduction of the transition charge
density and hence also of the B(EA) value, have not
been investigated. In this Rapid Communication the
3/27 — 1/27 transition is investigated in **Cu and "'Ga
because it is expected that pairing correlations and core
polarizations have different effects in these two nuclei.

55Cu and #Y are odd-A nuclei at the beginning and
at the end of the fp shell, respectively. The pairing am-
plitudes are expected to be Acaa = 1, Aocaa =~ 0 and
Aodda ~ 0, Aoga = 1, respectively, so that the devia-
tions from the single-particle transition charge and cur-
rent densities due to pairing correlations should be small
and mainly core polarization will affect the transition
densities. However, in "'Ga, which is situated in the
middle of the fp shell, the forward and backward ampli-
tudes are expected to be of the same order, resulting in
a strong reduction of the transition charge density. Ear-
lier Coulomb excitation experiments already have shown
that the B(E2) value for this transition in "*Ga [6, 7] is
much smaller than that in $3Cu [8].

The experiment was performed at the NIKHEF-
K electron scattering facility using the high-resolution
quadrupole-dipole-dipole (QDD) spectrometer [9]. For
65Cu, forward scattering data were taken at scattering
angles ranging from 33° to 86° covering a momentum-
transfer range of 0.66< gexr <2.69 fm~! and backward
scattering data at 140° in the range of 0.93< geg <2.60
fm~!, with gegr = q[1 + 2(aZhc/EReq)] [10). Nine other
low-g data points (ger < 0.5 fm™!) measured by Oberst-
edt [11] at 117°, 141°, and 165° have also been included
in the data analysis. This set of electron scattering data
allows to separate the transverse and longitudinal form
factors. For "'Ga, nine spectra at forward angles and
five at a backward angle of 154° have been taken in an

R939 ©1991 The American Physical Society



RAPID COMMUNICATIONS

R940

effective momentum range of 1.08< ger <2.37 fm~! and
1.45< geq <2.73 fm™~1, respectively.

The %5Cu target was a metallic foil with an areal den-
sity of 15.4 mg/cm?, enriched to 99.37%. For "'Ga we
used four pressed "'GayO3 targets strengthened by 4%
CH binder and graphite with nominal thicknesses rang-
ing from 36 to 53 mg/cm?.

Targets of boron nitride and carbon of natural com-
position were used for energy calibration. A number of
well-known inelastic peaks of ®3Cu [12] and "'Ga [13]
was also used in that procedure. Beam currents up till
60 pA for Cu and 25 pA for Ga have been used. The
collected charge was obtained with an accuracy of 0.1%
by integrating the signal from a toroid monitor. For op-
timum resolution the target was always set in transmis-
sion mode, except for the "'!Ga measurements at 154°.
Because of the small dimensions of the "'Ga target re-
flection mode had to be used at backward angles. Af-
ter correction for kinematic broadening and spectrome-
ter aberrations for *Cu a resolution of 20 to 33 keV was
obtained in the forward-angle data and 40 keV for the
backward-angle data. In the case of “*Ga the resolution
was 35 to 55 keV in the forward-angle data and 90 keV
in the backward-angle data. The absolute normalization
for the %°Cu data was obtained from the measured tar-
get thickness plus a calibration of the detection efficiency
with elastic scattering from 12C [14]. The cross sections
of ™ Ga were normalized with the aid of the elastic [15]
and inelastic [16] peaks of '®0Q observed, making use of
the known chemical composition of the target.

For 3/2] — 1/2] transitions, such as those studied
in this paper, the inelastic electron scattering cross sec-
tion is described by the coherent sum of the longitudinal
charge form factor C'2, the transverse electric form factor
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E2 and the transverse magnetic form factor M1. With
unpolarized beams it is not possible to separate the M1
and E2 form factors in electron scattering experiments.
The data for the transition from the 3/27 ground state
to the 1/27 state for both nuclei have been analyzed in
DWBA with the programs FOUBES1 and FOUBES2 [17].

For ®3Cu, the forward scattering data, which are dom-
inated by charge scattering, were first fitted using a
Fourier-Bessel expansion (FBE) [10] for the transition
charge density. Subsequently, the backward scattering
data for ger < 0.5 fm~! of Ref. [11], where accord-
ing to a single-particle estimate M1 dominates over E2
scattering, were fitted keeping the transition charge den-
sity fixed and adjusting the magnitude of the magnetic
current density Jx(r) with its shape fixed to that for
a single-particle 2p3/s — 2p;/3 transition. The single-
particle wave functions used in determining the s.p. tran-
sition densities were generated in a Woods-Saxon poten-
tial with geometrical parameters r=1.25 fm, a=0.7 fm
and a depth of 60 MeV which reasonably reproduces the
s.p. binding energy.

Next, the M1 contribution to the measured cross sec-
tion at higher ¢ was subtracted assuming that the shape
of the M1 form factor is described by that for a single-
particle transition. This is a model-dependent subtrac-
tion, but at higher ¢ the contribution of the M1 is nearly
two orders of magnitude smaller than the F2 contribu-
tion (see Fig. 1). The error introduced by this assumption
has been investigated by varying the single-particle M1
form factor for geg >0.5 fm~! between zero and twice its
presently assumed value. This had only a small effect,
especially for the transition charge density, which is de-
termined by the longitudinal, forward-angle data. After
correction for the presence of magnetic scattering Jax(7),
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FIG. 1.
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Fitted form factor squared o/o; versus geg for the 0.771 MeV level in ®*Cu. The dashed curve represents the pure

charge contribution C2, the dotted and dot-dashed lines indicate the magnetic M1 and the transverse electric £2 contribution,
respectively. The sum of C2, F2, and M1 is indicated by the solid curve. Forward-angle data (§ < 90°) and backward-angle
data (6 > 90°), denoted by open circles and triangles in the figure, respectively, have been recalculated to 60° and 160° with
the aid of the components fitted. The solid triangles are from Ref. [11].
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both the charge P)\("') and the electric term J)‘A+1(r) were 1Ga (the forward—angle data) is at least a factor of 30
simultaneously fitted with a FBE. A B(E?2) value of 96+8  smaller than in 5Cu, while the transverse cross section
e2fm* from Coulomb excitation [12] was included in the  is much less suppressed. The extracted transition proba-
data analysis as an extra experimental data point. The bilities B(£2) and B(M1) for the 0.771 MeV transition
resulting fits of the form factor squared, o/op,, where in %®Cu and the 0.390 MeV transition in "*Ga are pre-
op denotes the elastic cross section for scattering from  sented in Table I. The fitted value of the B(E2) in **Cu
a unit point charge, are displayed in Fig. 1. In order to is consistent with that obtained from Coulomb excita-
emphasize the contribution of the longitudinal and trans- tion and there is also a good agreement for the fitted
verse components at forward and backward angles, o /0, B(M1) value with that of Ref. [11]. The B(E2) value
is shown at 60° and 160°, respectively. The recalculation for "' Ga is strongly quenched compared to that value in
of the actual data to a certain angle f.f was performed 65Cu, as was already evident from a direct comparison
with the aid of the disentangled multipole components: of the longitudinal cross sections. The B(M1) value for
"1Ga has a large uncertainty as there are no transverse
data points at low ¢. In addition a model uncertainty has

gfi’?i‘?”f’—q‘*ﬁ)gexp(oact,qeﬁ), ) to be added, which is estimated to be about 50%. The

Uexp(gref; Qeﬂ') =

ocalc(Pact, gefr) B(M?1) values in ®*Cu and "*Ga seem to be of the same

magnitude.
Backward-angle data are indicated by triangles and the The transition charge density of ®*Cu presented in
forward-angle data by circles. The solid triangles are Fig. 3 shows a typical double-humped shape, as expected
from Ref. [11]. for a 2p3s3 — 2pi1y5 transition. Compared to the single-
Unfortunately, for 'Ga no low-q measurements are  particle prediction the outer hump is enhanced by a fac-
available. Furthermore, the presently measured crosssec-  tor of 2.5, which is an indication for the presence of

tions are in a rather limited ¢-range and have large error ~ core polarization. On the other hand the inner hump
bars. This precludes a model-independent analysis as is quenched by a factor of 0.35(5), which indicates the
has been performed for ®3Cu. In order to get a global  presence of pairing correlations. The interior region of
indication of the magnitude of the charge and current  the transition current is also quenched [by a factor of
densities, the shapes of the C2, E2, and M1 form factors ~ 0.51(3)] as can be seen from Fig. 3, but less than the
were assumed to be equal to those of *Cu and only their ~ charge density.
magnitudes were varied. The measured upper limit for These reduction factors can be compared with model
the B(E2) value was included as an extra experimental  calculations. The transition charge and current densities
data point with a value of 0 and an error of 1.7 e*fm?.  and the B(E2) value for the 3/27 — 1/27 transition
The resulting descriptions of the data points are givenin  in 65Cu and "'Ga were evaluated in a particle-vibration-
Fig. 2. As can be seen the assumption used results in an  coupling model (PVCM) [18]. In this model the tran-
acceptable description. sition charge and current densities are described as a
By comparing the measured cross sections between  sum of single-particle transitions between orbits @ and
"1Ga and ®*Cu (Figs. 1 and 2) it is immediately clear b weighted by spectroscopic amplitudes Sq3,2 and a col-
that in the measured g region the charge scattering in  lective 2} phonon density:
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FIG. 2. Fitted form factor squared o/op for the 0.390 MeV level in "’Ga. The curves are as explained in Fig. 1.
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TABLE 1. Transition probabilities from the ground state to the 0.771 MeV and 0.390 MeV
levels in ®Cu and " Ga, respectively.
SSCu 71Ga

B(E?2) B(M1) B(E2) B(M1)

(e*fm*) (1) (e?fm*) (%)
Single-particle model 28.8 1.63 34.1 1.59
PVCM 92.3 0.478 0.012 0.41
Coulomb excitation [6-8] 96.0+8.0 0.4310.03 <1.7
(e, €’) [11] 77.07.0 0.31£0.03
Present experiment 89.0+2.8 0.3340.05 1.3+1.0 0.83+0.34

1 a
p2(r) = 5?7}?_1 ;sz(’")szb,z + Bpot ot (7) (2

. 1 .a ; .
ja(r) = 7, +1 ;J?b(r)sib,z +Biotaz(r) . (3)

The first term in (2) and (3) denotes the single-particle
contribution, while the summation a and b runs over the
valence orbitals 1gg/2, 2p3/2, 2p1/2, and 1f5/2. The sec-
ond term is due to the 2} phonon density, i.e., core po-
larization, where f is a scaling factor for the collective
transition rate in the odd-A nucleus compared to that of
the core even-even nucleus. The pairing factors A — A
and A + A are included in the spectroscopic amplitudes
55»,2 and S, ,, respectively. For both ®*Cu and 1Ga
the s.p. term for the transition in (2) and (3) is domi-
nated by a large spectroscopic factor calculated for the
2p3/2 — 2p1y2 s.p. transition. In this model the collective
term in the current can be neglected, because it is known
that for collective 0t — 2% transitions j is rather small.

The relative phase of the s.p. and collective terms in
(2) and (3) depends on the difference in the energies €
of the s.p. orbits and the 2} phonon energy hws in the

neighboring even-even nucleus. If [e3p,,, — €2p,,,| < Aws
there is constructive interference of the s.p. and collec-
tive matrix elements, otherwise the interference will be
destructive [19].

In %Cu the s.p. matrix and collective matrix ele-
ments have the same sign since |ezp,,, — €2p,,,|=1.03
MeV is smaller than the phonon energy hw,=1.35 MeV
in ®4Ni. This leads to an enhanced value for the tran-
sition strength [B(E2)pvcm=92.2 e*fm?] in comparison
to the s.p. value. In r space this results in an enhanced
peak at the nuclear surface in comparison to the double-
humped s.p. 2p3/; — 2p;/, transition charge density. In
PVCM the theoretical forward and backward amplitudes
for 5Cu are A=1 and A=0. Experimentally, the ratio
of the scale factors for the transition charge and current
densities is

(A—A)/(A+ A)=0.68+0.14 ,
which yields
AJA=0.18+0.08 .

Unfortunately, for "'Ga, the shape of the densities
could not be extracted. Therefore, a one-quasiparticle
calculation (including pairing) was performed in PVCM,
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FIG. 3. The experimental transition charge densities and current densities for the 1/2] level at 0.771 MeV in ®*Cu. The
hatched areas show the experimental data with their errors. The solid curve indicates the single-particle prediction. Core
polarization effects in ®3Cu are represented by the dashed lines and are similar in shape to the transition densities of the 27
state in ®*Ni [20]. The PVCM calculation is represented by the dot-dashed curves.
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which yielded forward and backward amplitudes of 0.63
and 0.26, respectively. Two mechanisms result in a very
low B(E2) value in "*Ga relative to ®*Cu. Firstly, the
single-particle matrix element, which is dominated by
the 2ps 5 — 2p; transition is quenched because of the
pairing factor A — A=0.37. Secondly, the s.p. and col-
lective matrix elements now have opposite signs since
l€2ps/2 — €2p,,,|=1.33 MeV is larger than the phonon en-
ergy hw;=0.88 MeV in °Zn. Hence, the 2} phonon den-
sity and 2psja — 2pi; s.p. transition charge density al-
most cancel at the nuclear surface. The two effects lead
to a very small B(E2) value of 0.012 e*fm*. Experimen-
tally, one finds a value of 1.3 + 1.0 e?fm*, in rather good
agreement with the theoretical value.

Summarizing, we have measured longitudinal and
transverse cross sections for the 3/27 — 1/2] transition
in ®Cu and "*Ga which in a single-particle model can
be considered as a pure 2p3/5 — 2p;/2 proton transition.
The effects of core polarization and pairing correlations in
55Cu are similar to those in 8%Y. Pairing correlations re-
duce the transition charge density in the nuclear interior
while core polarization strongly enhances it in the nuclear
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surface region. For "'Ga the longitudinal form factor is
strongly quenched as is also reflected in the small B(E2)
value, which is nearly two orders of magnitude smaller
than in 63Cu. This is due to a cancellation between the
collective transition charge density resulting from core
polarization and the s.p. transition charge density that is
already quenched by pairing correlations. On the other
hand, the transverse form factors for both nuclei are com-
parable.
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