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Population of analogs of excited states in Cu(p, n) at 16, 19, and 22 MeV~
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The ~Cu(P, n) analog and excited analog differential cross sections have been measured
at bombarding energies of 16, 19, and 22 MeV. Analogs of excited states populated by
the (p, n) reaction in medium mass odd-A. nuclei have not been previously reported.
Coupled-channel calculations for the (P, n) reaction to the 2 and 2 excited analog states
give differential cross sections at 19 and 22 MeV in excellent agreement with measure-
ments. At 16 MeV, the measured 2, 2, and 2 cross sections are higher than calcula-
tions at the middle angles, perhaps reflecting the contribution from preequilibrium pro-
cesses. At 16 and 19 MeV the

&
angular distribution shapes suggest some spin-flip con-

tribution. The calculated cross section for the
&

state is too high at 22 MeV. As in
even-A. nuclei a two-step mechanism is mainly responsible for the population of excited
analog states in @Cu(P, n).

NUCLEAR REACTIONS Cu(P, n) E = 16, 19, and 22 MeV; 64Zn(P, n) E =22
MeV; measured 0 (0) for ground-state analog and excited-state analog transi-
tions. Isotopically separated targets. Measurements are compared with

coupled-channel calculations.

INTRODUCTION EXPERIMENTAL METHOD

In addition to the excitation of ground-state
analogs in the (P, n) reaction, ' the sizable popula-
tion. of excited 2' analog states' due to the two-
step mechanism' is seen on even-A. target nuclei.
Except for light mirror nuclei, excited analog
states have not been reported on odd-A targets.
It has not been clear whether there is a mech-
anism inhibiting the excitation of these states in
odd nuclei or whether the collective strength is
spread over too many states to be measurable.
Assuming the general validity of the two-step
mechanism, a particularly favorable case for the
observation of excited-analog states in medium-
mass odd-A. nuclei is the reaction "Cu(P, n). The
2, —, , and ~ states are strongly excited in in-
elastic scattering. Hence the analogs of these
states should also be strongly populated in the
(P, n) reaction via the two-step mechanism. More-
over, the B(E2) values for these states in "Cu are
consistent with a weak coupling description, ' the

, —,', and —,
' states being formed by the coupling

of the odd P3/2 nucleon to the 2' excited core
Time-of-flight measurements indeed show that the
—, , —,', and —,

' excited-analog states in "Zn are
populated in the "Cu(P, n) reaction. In this paper
the results of these measurements are compared
with coupled-channel calculations.

The experimental method is identical to that
described previously. ' The 'Cu and ~Zn targets
were self-supporting metal foils of areal density
4.1 and 4.96 mg/cm', respectively. The isotopic
purity of the targets was greater than 99%. The
number of detectors was increased from 10 to 16;
the angles of observation were 3.5, 9.2, 16.7,
23.8*, 32.3, 38.7, 46.3, 53.7, 61.4*, 68.7, 83.4,
98.7*, 113.2, 128.7*, 143.9, and 159'*. The
starred angles denote locations of large detectors,
5.1-cm long by 11.4-cm diameter NE 213 scintil-
lators, compared to 5.1-cm by 5.1-cm detectors
for the other angles. The detection efficiencies of
the large scintillators were measured relative to
the small detectors by bombarding a deuterium
gas cell with 8- and 10-MeV deuterons. For 1.6-,
2.5-, 3.5-, and 5.4-MeV recoil proton detector
biases and neutrons up to 12 MeV, the measure-
ments show that the product of area and detection
efficiency for the large scintillators is uniformly
higher than that of the small scintillators by a
factor of 5.23+0.17, which is close to the area or
volume ratio of 5.06. This deduced constant de-
tection efficiency is not unexpected since neutrons
are incident along the axis of the cylindrical de-
tectors. The ratio of the primary (n, j) scattering
probability in the two detectors is proportional to
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the area or volume ratio. Multiple collisions with
the neutron scattered through 90' by carbon and
then by hydrogen, which would enhance the ef-
ficiency of the large detectors, are very improb-
able. The detection efficiency determination for
the small NE 213 scintillators and the use of a
"Na source to set the 3.5- and 5.4-MeV detector
biases have been discussed previously. ' The 1.6-
and 2.5-MeV biases correspond respectively in
pulse height to the Compton edge and twice the
Compton edge of the annihilation radiation from a
"Na source.

The 16- and 19-MeV measurements were made
employing a 3.5-MeV bias and f/5 sweeping, '
which eliminated four out of five beam pulses from
the cyclotron. The 22-MeV measurements em-
ployed a 5.4-MeV bias and f/7 sweeping. At 19
MeV there was some overlap of the low-energy
neutrons with high-energy neutrons from the next
cycle. This introduces some uncertainty in the
level of the continuum neutron spectra but essen-
tially no uncertainty in the analog and excited
analog (P, n) cross sections.

To double the counts for analysis, single rather
than double display was used. ' Time calibration of
the system was obtained by accumulating a random
time spectrum using a radioactive source and
computing the time difference between the y rays
from the target and the analog state neutron group.
The ground-state analog neutron group in "Cu(P, n)
was sufficiently pronounced to enable a direct
summing of counts from the time spectra to obtain
differential cross sections. Because of the smaller
cross sections, the "Cu and '4Zn(P, n) excited-
state analog cross sections were obtained using a
more sophisticated procedure. The time spectra
were converted to energy spectra and the data
averaged pairwise. The cross sections were ex-
tracted by fitting the background and the resolution
function obtained from the ground-state analog
group to the various neutron groups. In all cases
the centroid of these neutron groups coincided
with the expected positions for the excitation of
the —,', —,', and —,

' levels in "Zn and the 2' level
in ' Ga.

EXPERIMENTAL RESULTS

Figure 1 displays the differential energy spectra
for "Cu(p, n) observed at 23.8 for a bombarding
energy of 19 MeV. The ground-state analog occurs
at an excitation energy U of -5.3 MeV in "Zn. Al-
though the 1.33- and 1.41-MeV neutron groups in
'Zn were not resolved, the contamination by the
1.41-MeV level is believed to be small since this
level is weakly excited in (P, P') scattering on
"Cu, ' and hence its analog is also weakly excited

5 I I I I
i

I I I I
i

I I I I
i

I I I I

Ql

3

E

5
2

0.96

2
0.66—

7
2

—1.33
—1.41

—1.55
—1.86

—2. 01

2

CU

)( f( i(]I )(

I(
O $P

~OO

0

-8 Sca1e1

o c
QO

I I I I I I I I I I I I I I I I I I I

5 6 7 8

U (VeV)

FIG. 1. Differential energy spectra for 3Cu(p, n) at
23.8' and 19-MeV bombarding energy. The arrows in-
dicate the expected positions of the excited analog state
neutron groups measured with respect to the ground-
state analog. The dashed curve represents the assumed
continuum neutron background beneath the analog and
excited-anal. og state neutron groups. The proton burst
width was 3.4 ns FWHM and the channel width after
averaging was 0.86 ns /channel. The errors are com-
puted from the counting statistics on the individual
points before averaging.

by the two-step process in the (P, n) reaction. The
same arguments are applicable for the 1.55-MeV
level, and indeed Fig. 1 confirms that this level is
not strongly populated in the (P, n) reaction.

Also shown in Fig. 1 is the method of generating
the resolution function: the ground-state analog
neutron group (minus background) was reduced by
a factor of 8 (see crosses). Since the time widths
of the ground state analog and prominent —,

' ex-
cited-state analog neutron groups were found at all
bombarding energies to be the same within statis-
tics as the y-ray (proton) burst width, this resolu-
tion function must be corrected for the (E„)"'
width dependence, where E„ is the laboratory neu-
tron energy, before it can be used for unfolding
purposes. In Fig. 1, the narrower width for the ~2

neutron group is consistent with this deduced
(E„)'"dependence.

The area or peak height of the neutron groups
can then be used to obtain the excited-analog dif-
ferential cross sections. In the present experi-
ment the 2', p, —,', and —,

' cross sections were
obtained by comparing the peak height with that of
the ground-state analog neutron group and cor-
recting for the (E„)"'width dependence. The an-
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gular distributions at 16, 19, and 22 MeV are
displayed in Figs. 2, 3, and 4, respectively. At
19 MeV, the —,

' and -', neutron groups at the for-
ward angles were sufficiently well defined to enable
a direct summing of counts from the time spectra.
The resulting cross sections were in good agree-
ment with those determined from peak heights.
Figures 2, 3, and 4 also display the ground-state
analog differential cross sections for "Cu(P, n) at
16, 19, and 22 MeV, respectively, obtained by
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summing counts in the time spectra. These dif-
ferential cross sections agreed with those deter-
mined using peak heights normalized at the forward
maximum.

THEORY

In a previous paper' it was shown that the analog
of the collective 2' first excited state in even
nuclei is excited in the (P, n) reaction by the two-
step mechanism proceeding through the 2+ in-
elastic and 0+ analog states. The importance of
the two-step process for this reaction is due to
the fact that the direct inelastic and analog transi-
tions are both strong. In odd-A. nuclei the inelastic
collective strength is spread over several states,
thereby somewhat decreasing the inelastic step
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FIG. 2. Measurements and calculations of the ground-
state analog and excited-state analog transition in
~Cu(P, n) at 16-MeV bombarding energy. The errors

shown are the errors on the peak height determinations,
the latter being dependent on the counting statistics in
the energy spectra as well as an estimate of the good-
ness of fit of the line shape to the various neutron
groups. Measurements showing only an upper error
bar signify that the neutron group was not visible and
that the upper error bar is an estimate of the upper
limit for this cross section.
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FIG. 3. Measurements and calculations of the ground-
state analog and excited-state analog transitions in

Cu(P, n) at 19-MeV bombarding energy.
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for excitation of any particular excited analog
state.

Inelastic scattering experiments have demon-
strated that for 'Cu the weak-coupling rule for
the distribution of the 2' strength is approximately
correct. In strict weak coupling the —,

' ground
state of "Cu would couple with the 2' core vibra-
tion to form a multiplet of collective excited states
a, . . . , —,', with upward B(E2) strengths
proportional to 2 J +1. The —,

' state has not been
identified and the —,

' state is stronger than ex-
pected, but otherwise only small deviations from
weak coupling are observed. '

Thankappan and True' calculate the low-lying

"Cu states in terms of a collective core plus sin-
gle proton. The eigenstates are then of the form
/=AC(L, j)I I,j) where L=0, 2 for the core states
and j = P„„P„„f», for the proton. Although the
eigenvectors strongly deviate from weak coupling,
they still give reasonable agreement with experi-
mental B(E2) values, which are nearly in agree-
ment with weak-coupling ratios for the g, —,', and

members of the 2' multiplet. At the same time
their results can explain the single-particle
strength in these states demanded by stripping ex-
periments. ' Their calculated eigenstates also in-
clude the —,

' member of the multiplet, which has a
large I 2, P„,) component as in the weak-coupling
model. It suffers in inelastic strength from mix-
ture with the ~ ground state, although the cal-
culated B(E2) strength still seems too large to be
consistent with the inelastic scattering data, '
where it is too weak to be identified. The ~ state
is furthest from weak coupling, being mostly
I 0, P„,) but with a sizable I 2, P,&, ) component.

Accordingly, the excited analog transitions in
"Gu(P, n) are calculated using the Thankappan-
True model for the nuclear wave functions of the

p, —,', and —,
' members of the 2' multiplet. A

semiphenomenological procedure is used in which
the inelastic strength parameter P and the analog
charge exchange strength V, are determined from
inelastic scattering and quasielastic (P, n) scatter-
ing on the same target nucleus. For convenience
we couple only four states at a time in the "Cu
and "Zn system; for example, the —,

' ground state,
analog, -', and -,'analogs (see Fig. 5). Gou-

plings among excited states are expected to have
only a minor effect on the results. In the weak-
coupling vibrational model these excited states
would not be coupled at all and the coupling is
small in the eigenstates of Ref. 7 compared to
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FIG. 4. Measurements and calculations of the ground-
state analog and excited-state analog transition in
6~Cu{P, n) at 22 MeV. The crosses represent the
measured 4Zn(P, n) 2+ excited-analog cross sections
at 22 MeV scaled theoretically, using weak coupling to
the

&
transition in Cu(P, n).

"CU 63Zn

FIG. 5. Schematic diagram showing the two two-step
processes contributing to the excitation of the

&
state

in 63Cu(P, ~).
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the couplings that are included.
In addition, direct single-particle transitions to

the excited analogs must be considered. The 2

state is most likely to display this effect, since it
appears' to be roughly half I0, P», ) rather than all
I2, P„,), as in the weak-coupling model. The
amplitude for L =0 with spin-flip between the large

I 0, P„,) term of the ground state and the I 0, P», )
term of the excited analog should be substantial.
Being primarily spin-flip, these cross sections
are nearly incoherent with the collective mech-
anism, and therefore have been calculated sep-
arately. The particle spectroscopic amplitudes
can be calculated easily from the core-particle

wave function, ' and the definition'

Az„,~(j,j,) = g C(j,j I; m, —m, -N)(-1)'~- "~ C(-, —,r; n, —u, —p)(-1)"'-"~8,. „8,222 1 11
where Q,t„„,8,~ are shell-model creation and destruction operators, respectively. Using Eq. (1),

S(J.J I T TT j j. ) =I ' P C*(I. j )C (I. j )(-1) ~+

L,J

XJ;JyT/Tf W(j, J;j,Jf J I)W(2T'2Tf T 7)

For the principal component of the —,
' —2 transi-

tion, I0, P„,) -I0, P», ), this amplitude is 0.9441
compared to 1.1832 for pure particle states cou-
pled to a core of J, =0, T, =3.

CALCULATIONS AND RESULTS

The differential cross sections for the (p, n)
reaction to the analogs of the —,

' ground state, p,
—,', and -,'states in "Cu were calculated with the
Oregon-State coupled-channel code." Optical
parameters for both neutrons and protons were
taken from the global set of Becchetti and Green-
lees." The inelastic interaction was that of the
standard collective model, proportional to the
deformation parameter P, and the analog inter-
action was the V, T t/A term in Ref. 11 withthe V,
strengths sealed by factors of 1.33, 1.01, and
0.931 at energies of 16, 19, and 22 MeV, respec-
tively, to fit the ground-state analog "Cu(P, n)
transition. For '"Cu, the value of P = 0.243 was
used. This value of P and the Thankappan-True
eigenvectors give an excellent fit to the 17.5-MeV
63Cu(P, P') —', differential cross section data of
McCarthy and Crawley' when the —,

' ground state,
the —,

' state, and their analogs are coupled. This
procedure falls short of fitting the —,

' inelastic
data of Ref. 6 by about 19% and overestimates the

data by about 2%.
The spin-flip transitions were calculated with

the energy-independent effective two-body inter-
action of Petrovich et al. ,

"of which the relevant
term for these transitions is a one-Fermi Yukawa
interaction with V« = 12 MeV. We include a tensor
force with a radial form"

Vr(r) =3.9[k,(ior) —(P'/o. ')h, (iPr)]MeV, (3)

where h, is a spherical Hankel function and u
=0.'l14 fm ', P=4 fm '.

Table I compares the experimental total cross
sections with various calculated ones. Spin-flip
contributions are given only for the 2 excited
analog transition because they were found to be
negligible for transitions to the other states.
Agreement between experiment and theory for the
integrated cross sections is satisfactory except
for the 2 state at 22 MeV, where even the col-
lective contribution exceeds the experimental
cross section. Table I shows that the weak-cou-
pling distribution of the collective 2' strength for
the —,

' and -', states is well satisfied, in agree-
ment with Ref. 7. The fact that the —,

' cross sec-
tion is systematically larger at all energies is
inconsistent with the (P, P') results at 17.5 MeV, '
although the measured —,

' and —,
' integrated cross

sections are equal within extreme limits of ex-
perimental error.

Figures 2, 3, and 4 show the calculated dif-
ferential cross sections for the —,

' ground-state
analog and the 2, —,', and —,

' excited analog tran-
sitions in 63Cu(P, n) As discus. sed above, V, is
adjusted to fit the ground-state analog cross sec-
tion, and the inelastic deformation parameter P
was scaled to fit the -,'inelastic scattering data
of McCarthy and Crawley at 17.5 MeV. The ex-
cited analog calculations are then made with no
adjustable parameters. The agreement with the
magnitude and shape is satisfactory for the (p, n)
transition to the —,

' and —,
' states. Figure 4 also

includes differential cross sections for the
'4Zn(P, n) 2' analog state multiplied by

P(Cu) ' (N —Z)c„2J&+1
P (Zn) (N —Z) z„Q2 J, + 1
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to scale it to the weak-coupling model —,
' excited

analog strength [P(Cu) =0.224, from Ref. 6 and

P (Zn) =0.25, Ref. 14]. Figure 4 shows that the
angular distributions for the (P, n) transitions to
the —,', —,', and 2' excited analog states are very
similar.

DISCUSSION

As in the case of even targets, the odd nucleus
"Cu shows analogs of excited states in the (P, n)
reaction. The fact that they have not been re-
ported previously for other medium-mass odd-A
nuclei is apparently due to the fractionating of the
2' strength among many levels. The two-step
mechanism, as in the case of even nuclei, ac-
counts very we1.l for the distribution of strengths
in the 6'Cu(P, n) spectrum. With the exception of
the ~ transition, the col1ective excited analog
strength seems to be distributed approximately
according to the weak-coupling rules, i.e., pro-
portional to 2J+1. According to Ref. 7, the —,

'

level of the multiplet occurs with reduced strength
at about 2.0 MeV. The peak seen in Fig. 1 is at
the rightenergy, but it seems inconsistent with the
(P, P') measurements' that this state should appear
with substantial strength in the (P, n) spectrum.

Although in odd nuclei the spin-flip mechanism
with L =0 becomes possible, it is not expected to
be large for a nucleus with a substantial neutron
excess." However, in the case of the "Cu(P, n)
reaction, only about

&& of the two-st6p collective
L, = 2 strength goes into the ~ transition. Thus,
since the ~ state has a large ~0, P», ) amplitude,
the I- =0 spin-flip mechanism is competitive. For
the —,

' and —,
' transitions it is totally negligible

(&0.01 of the dominant two-step mechanism). The
angular distribution for the excitation of the ~

state appears to have a different shape than that
of the —,

' or —,
' state, which are very simi1ar to

each other and to the (P, n) 2' excited analog an-
gular distribution, indicating a separate mech-
anism for the ~ case. The spin-flip angular

TABLE I. Integrated cross sections for protons on 8~Cu at 16, 19, and 22 MeV. The
coupled-channel calculations are compared with measured integrated (p, n) analog and ex-
cited-analog cross sections. The Lane potential V& is scaled by factors of 1.33, 1,01, and
0.931 at 16, 19, and 22MeV, respectively.

(MeV)
q(P, n)
(MeV)

Experiment
( p, n) ~ Exp/Calc.

Cross section (mb}
Coupled-channel

calculation
(P,p') (P,n)

I
2

—9.58

—10.25

-10.54

—10.91

3.83

10.78

12.98

7.57

0.351

(p 194) b

0.953

7.66+0.54

0.61 +0.12 1.12 + 0.22

1.19 + 0.18 1.25 + 0.19

1.55 + 0.23 1.40 + 0,21

19

7

2

—9.58

—10.25

—10.54

—10.91

3.9'

11.1p

13.45

5.00

0.200

(0.199) b

0.556

0.649

5.0 ~0.35

0.28+ 0.06 0.70+ 0,14

0.58+0.09 1.04+ 0.16

0.74 + 0.11 1.14 + 0.17

1
2

5
2

—9.58

-10,25

-10.54

—1Q.91

3.80

10.84

13,19

Q.148

(0.188) b

0.419

0.509

4.4 +0.31

Q.40+ 0.06 Q, 95 + 0.14

0.55 +0.08 1.08+ 0.16

' The total cross sections were obtained by graphical integration of smooth curves drawn
through the measured points,

The value in parentheses represents the spin-flip contribution calculated from the micro-
scopic model and should be added incoherently with the collective contribution for comparison
with experiment.
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distributions at 16- and 19-MeV show some sem-
blance of this behavior, having a peak at 37'. It
is, however, hard to account for the smallness of
the state in the spectrum at 22 MeV, since the cal-
culated value of the two-step contribution alone is
greater than the measured cross section. In addi-
tion, the calculated spin-flip contribution using a
constant V„strength is too large. However,
better data is needed to verify an energy depen-
dence of V„.

The rapid energy dependence of V, or V, is con-
sistent with a number of other (P, n) analog mea-
surements. ' " Whatever the cause of this energy
dependence, " it also is reflected in the excited-
analog cross sections since this energy dependent
V, was used successfully in calculation of the two-
step cross section. In fact, from Table I the ex-
perimental energy dependence of the —,

' and —,

cross sections is a little faster than that calcu-
lated. The excess of experimental over calculated
values may be due to preequilibrium nuclear de-
cay. From the angular distributions to the —,

' and
states it is seen that the disagreement comes

mainly at the middle angles between 60 and 140 .
It is greater at the lower energies and the experi-
mental cross sections are more isotropic than the
calculated values, as would be expected from a
preequilibrium contribution.

In column 7 of Table I the experimental inte-
grated cross sections divided by the calculated
values are displayed. These cross section ratios
for the —,

' and —,
' transitions are greater than one

at 16 MeV and equal to one within experimental
error at 19 and 22 MeV, consistent with a pre-
equilibrium contribution which decreases with
increasing bombarding ener gy. As discussed

1
above, the experimental cross section for the ~

transition is lower than the calculation at 19 and
22 MeV and the discrepancy increases with in-
creasing energy. The similarity of angular dis-
tributions for the 2 and —,

' transitions to each
other and to that of the 2+ state in ~Zn(P, n),
together with the agreement between theory and
experiment for the —,

' and —,
' levels support the

general picture of the (p, n) reaction proceeding
by way of the two-step mechanism, the 2+ strength
being divided among several states.

Note added in Proof: The "Ni(P, n) ground state
and 2' excited state analog cross sections have re-
cently been measured at bombarding energies of
19 and 22 MeV. The deduced fractionation of the
2' strength into the —,

' excited analog transition in
"Cu(P, n) is 0.4, in excellent agreement with the
predictions of the weak coupling and Thankappan-
True models.

~Work performed under the auspices of the U. S.
Atomic Energy Commission.
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