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An extensive study of % *1Zr(d, p) excitation functions has been carried out for deuteron en-
ergies from 5 to 11 MeV, in order to investigate the extent and systematic behavior of charge-
exchange contributions to the (d, p) process. Nine residual states in 17y, up to excitations of
3.7 MeV, were involved, as well as three residual states of Zr, up to 1.5 MeV in excitation.
In addition, deuteron elastic scattering from *Zr and ®!Zr was measured from 5 to 11.0 MeV,
and proton elastic scattering from 9.5 to 14.0 MeV. Energy-dependent optical potentials were
extracted from the elastic scattering data, and distorted-wave Born approximation analyses
were performed for the (d, p) data. An effort is made to demonstrate and summarize the vari-
ous factors contributing to the manifestation of the charge-exchange threshold effect in (d, p).
To provide the necessary perspective, a considerable amount of other data bearing on the na-
ture of the effect is briefly described, including possible observation of charge-exchange ef-
fects with mass-50 targets, comparison of (p,7p) and (d,np) excitation curves near threshold,
and resonance behavior in (p,p) and (d, p), which can confuse the experimental and theoretical
situation. The experimental evidence is concluded to be consistent with the Lane model of such
processes, suggested by Zaidi and von Brentano.
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I. INTRODUCTION

The initial suggestion that charge exchange could
couple analogous (d,p) and (d,n) channels was given
by Moore et al.,* who reported the experimental ob-
servation of a marked dip in the *°Zr(d,p)*'Zr (d,,,
ground-state) excitation function at 170°, centered
on the *°Zr(d,n)°'Nb (d,,,analog resonance) thresh-
old. A large number of subsequent experiments
have provided examples of similar anomalies in
backward-angle (>140°) (d,p) excitation functions,
for targets 91,92, 94, 96Zr’2-—4 92, 94M0,3 89Y,5 88gr, 6 sose’v
and, also, perhaps “°Ar,% ®Ca,® and **Cr.'° In each
case, an apparent dip in the cross section, about
an MeV broad, is approximately centered on the
appropriate (d,n) threshold. Various attempts to
find similar effects using light-, other intermedi-
ate-, and heavier-weight nuclei have not been suc-
cessful. !

Faced with such a wealth of data, only partially
suggested in Fig. 1, one must conclude that the
reality of the threshold effect is demonstrated.
However, the data have only begun to be analyzed
theoretically,'® % or even qualitatively interpreted.
As a result, many aspects of the phenomenon re-
main unclear.

The simplest theoretical description of the
threshold effect rests upon modification of the con-
ventional distorted-wave Born-approximation
(DWBA) amplitude by inclusion of the Lane poten-
tial! in the optical potential of the exit channel.
The usual exit channel, in which an outgoing pro-
ton with c.m. energy E, leaves behind a neutron
bound to the target, is thus coupled to the analo-
gous channel, in which an outgoing neutron with

N

c.m. energy E, =E, —A leaves behind a proton in
a resonant state which is the isobaric analog of the
bound neutron state. Here, A is the Coulomb dis-
placement energy of a single proton. The threshold
deuteron energy at which the analogous (d,n) chan-
nel opens is, in the c.m. system, E™d,p)=Ac

- Q,p), where Q(d,p) is the (d,p) @ value for popu-
lation of the appropriate residual state.

In this work, the reactions *°Zr(d,p) and *'Zr(d,p)
have been extensively studied. The states of °!Zr
are basically single particle in character, while
those of ®2Zr are collective. Since the threshold
effect should not, in theory, depend on the nature
of the residual state, other than indirectly through
the proton decay properties of its isobaric analog,!®
comparison of *Zr(d,p) and *'Zr(d,p) results is in-
structive. The over-all aim is to investigate the
scattering-angle dependence and the @ dependence
(or residual-state dependence) of the threshold ef-
fect.

Unfortunately, there exist at present no (d,n) data
for the analogs of the states excited in the (d,p) re-
actions. However, measurements have been made
of the delayed protons from the decay of the analog
state — i.e., the (d,np) reaction’™'® —and some in-
formation can thus be inferred concerning the total
(d,n) cross section. Such information has been a
useful guide both experimentally and theoretically'?
in understanding the threshold effect in (d,p).

Complementary data come from (p,nf) measure-
ments'® near the quasi-elastic (p,n) threshold.

The (p,nf) process has been extensively studied.'”
Indeed, an apparent misconception of the nature of
the (d,p) threshold anomaly led to several (unsuc-
cessful) searches for “threshold effects” in proton
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FIG. 1. A representative sampling of data on the (d,n) threshold effect in (d, p) excitation curves. Reading from top
to bottom, the data shown are *!Zr(d,p) (0" g.s. and 2* 0.93-MeV states) from Ref, 2 and the present work; ®Mo(d, p)
(ds/5 g.8.) from Ref. 3; ?1Zr(d, p) (4* 1.49 MeV) from Ref. 2 and the present work; *Zr(d, p) (ds/4 g.s.) from the present
work; “Mo(d, p) (dy/, g.8.); 2Zr(d, p) (d5/4 g.5.) and MZr(d, p) (ds/ g.8.) all from Ref. 3.

elastic scattering at the quasi-elastic (p,n) thresh-
old. In the present work, we hope to clarify what
is expected of %°Zr(p,p) and *'Zr(p,p) excitation
functions near E, =A in commenting upon our
own data.

II. EXPERIMENTAL DETAILS

The targets were rolled metallic self-supporting
foils, purchased from Oak Ridge National Labora-
tory, Separated Isotope Division. The °°Zr and

®1Zr targets were enriched to 97.8 and 90.0%, re-
spectively; target isotopic thicknesses were de-
termined from low-energy, forward-angle, elastic
proton and deuteron scattering. Measurements
were made at several angles and energies to in-
sure that the observed cross sections were due
solely to Coulomb scattering. Various detectors
were used to minimize systematic error from de-
tector solid-angle measurements. Results ob-
tained agree to within 7%. The target isotopic
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thicknesses determined are: *Zr, 0.600 mg/cm?
°1Zr, 0.568 mg/cm?.

The data to be discussed consist of excitation
functions for the *°Zr(d,p) reaction leading to the
ground and eight excited states of °'Zr, in the in-
cident deuteron energy range from 5 to 11 MeV,
at angles of 80, 95, 110, 140, 155, and 170°. Al-
so, there are *°Zr(p,p) excitation curves at 154,
164, 174° from 11.5 to 14.0 MeV, as well as
%0Zr(p,p) angular distributions at 10.75 and 12.7
MeV. Finally, there are deuteron elastic scatter-
ing angular distributions and excitation curves for
selected energies and angles spanned by (d,p)
measurements.

For the target ®'Zr, the data consist of ®'Zr(d,p)-
®Zr(0”, ground state; 2%, 0,931 MeV; and 47,
1.49 MeV) excitation curves at 160° from 4- to 8-
MeV incident deuteron energy, previously pub-
lished in preliminary form.? Also there is a
®1Zr(p,p) angular distribution at 10.75 MeV.

The *°Zr(d,p) excitation-function data were ac-
cumulated with six 3-mm-thick Si(Li) detectors
placed at lab angles of 80, 95, 110, 140, 155, and
170° with respect to the incident beam. The *'Zr-
(@,p) excitation-function data were taken with two
3-mm-thick Si(Li) detectors placed at 160° on
either side of the incident beam. The resulting
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spectra were stored atop one another to double the
count rate. Proton elastic angular distributions
were taken at 10.75 MeV.,

Details of the experimental arrangement are giv-
en in the following paper. Preliminary analysis of
the spectra, as well as continuous data monitoring,
were carried out automatically in an on-line PDP-
7 computer by the program SUPERVISOR,'® which
also wrote the data on standard IBM tapes. Final
analysis was carried out from the tapes on the Uni-
versity of Texas CDC 6600 using the program
DRAFT,' which performed a least-squares fit of
Gaussian peaks on a polynomial background to the
desired region of the spectrum.

III. ELASTIC SCATTERING AND DWBA ANALYSES

An optical-model analysis was performed on the
deuteron and proton elastic scattering data ob-
tained in the experiment, as well as on the *°Zr-
(p,p) angular distributions at 12.7 MeV taken by
Dickens et al.?® Final fits are shown in Fig. 2. A
fairly unusual feature of the *°Zr(d,d) analysis was
the simultaneous fitting of the deuteron elastic ex-
citation functions from 5.0 to 11.0 MeV, at 80, 95,
110, 140, 155, and 170° as shown in Fig. 3, as
well as the fitting of deuteron elastic angular dis-
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FIG. 2. Deuteron and proton elastic scattering angular distributions, with the fits given by potentials A and F of Ta-
bles I and II. The deuteron elastic scattering from N07r was fit at 6.25, 7.4, and 9.11 MeV. The proton elastic scatter-
ing at 10.75 MeV from °Zr and ?!Zr, and at 12.7 MeV from *Zr (Ref. 19), are also shown, with fits.
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FIG. 3. Elastic scattering excitation functions for
907r(d, d) at six angles, from 5 to 11 MeV, with a fit us-
ing potential A of Table I

tributions taken at 6.25, 7.4, and 9.11 MeV to ob-
tain a single, energy-dependent optical potential.
A literature search was also made, and the re-
sults are presented in Tables I and II. The reac-
tion *°Zr(d,p)°'Zr has been studied by a number of
experimenters, at energies from 3.5 to 15 MeV.
The tabulated optical potentials include those from
our own analysis. It is amusing and instructive to
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attempt to extract a single consistent potential
from these tables.

For deuterons, one can use the “V X 7,?= constant”
rule to adjust the tabulated real well depths crudely
for a standard radius, here taken as 1.27 fm. The
result is V(E)=91.1 MeV - 0.44E, with »,=1.27 fm
and a,=0.67 fm. The surface imaginary potential
is seen to be generally constant at W,=16.0 MeV,
7'=1.39 fm, and a’=0.70 fm. A similar manipula-
tion can be performed with the proton optical po-
tentials of Table II, and one gets V(E)=58.4 MeV
-0.42E, with7,=1.23 fm and ¢=0.63 fm, W,=11.6
MeV, r’=1.25 fm, and a’=0.47 fm. For compari-
son, the average °°Zr(p,p) potential from a recent
survey by Greenlees®! using »,=1.17 fm gives
something like V(E)=54.5-0.32E, when “con-
verted” to v,=1.23 fm, a,=0.75 fm, thus differing
by some 3 MeV in the region of interest. The deu-
teron and proton potentials actually used in our
analysis are given as Sets A and F in Tables I and
II.

The usual DWBA approach, using local potentials
and the zero-range approximation (except for /=0
transitions), was taken in performing an analysis
of the (d,p) excitation curves. As usual, the single-
neutron bound states were Woods-Saxon states,
bound at an energy equal in magnitude to the ob-
served separation energy. For s, , transitions,

a finite-range approximation was made.??

Nine states were observed in ®'Zr at excitation
energies up to 3.70 MeV, and three states in %?Zr
at excitation energies up to 1.5 MeV. Excitation
curves were obtained for all states, and DWBA
calculations were performed for comparison with
the data. From such a comparison, one hopes to
learn:

(1.) the true magnitude and extent of the anoma-
lous behavior of the excitation functions near the

TABLE 1. Optical-model parameters for elastic scattering of deuterons from 80,97 .,

E Vv 7y a, Wp 7’ a’ Vo r” a” rc
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) Ref.
3.5 89.2 1.272 0.679 6.2 1.236 0.677 0 oo cee 1.3 a
6.25 85.0 1.3 0.58 19.2 1.27 0.64 6.0 1.3 0.58 1.3 27
88.0 1.28 0.72 15.95 1.39 0.70 0 cos coe 1.3 b, Set A
7.4 85.6 1.28 0.72 15.95 1.39 0.70 0 e ces 1.3 b, Set A
9.11 83.5 1.28 0.72 15.95 1.39 0.70 0 cee ees 1.3 b, Set A
10.0 87.84 1.27 0.56 8.81 1.53 0.985 0 co oo 1.3 c
10.8 88.56 1.2 0.88 14.65 1.35 0.723 0 cee e 1.2 d
11.0 94.5 1.235 0.65 23.10 1.046 0.65 3.86 1.235 0.65 1.235 e
11.8 85.4 1.272 0.679 18.39 1.236 0.677 0.0 oo e 1.272 f
15.0 90.0 1.23 0.64 12.0 1.18 0.93 0.0 cee coe 1.30 23

2C. E. Brient, E. L. Hudspeth, E. M, Bernstein, and
W. R. Smith, Phys. Rev. 148, 1221 (1966).

bThis work.

©J. S. Forster et al., Nucl. Phys. 101, 113 (1967).

dW. R. Smith, Phys. Rev. 137, B913 (1965).

L. S. Michelman, S. Fiarman, E. J. Ludwig, and
A. B. Robbins, Phys. Rev. 180, 1114 (1969).

fE. B. Dally, J. B. Nelson, and W. R. Smith, Phys.
Rev. 152, 1072 (1966).
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TABLE II. Optical-model parameters for elastic scattering of protons from 0417y,
E \4 7y ay Wp 7’ a Vo r” a” e
(MeV) (MeV) (fm) (fm) (MeV) (fm) ~(fm) (MeV) (fm) (fm) (fm) Ref.
8.5 53.0 1.25 0.65 12.0 1.25 0.47 0.0 e cee 1.25 a
10.75 53.5 1.22 0.607 5.76 1.29 0.74 7.5 1.22 0.607 1.25 b, Set D
54.5 1.23 0.60 8.36 1.27 0.54 5.2 1.20 0.42 1.25 b, Set E
55.0 1.25 0.65 14.5 1.25 0.47 6.8 1.20 0.42 1.25 b, Set F
12.7 52.8 1.25 0.65 15.6 1.25 0.412 6.0 1.25 0.65 1.25 c
54.6 1.25 0.65 14.8 1.25 0.47 6.8 1.20 0.42 1.25 b, Set F
54.2 1.22 0.607 5.4 1.29 0,737 7.9 1.22 0.607 1.25 b, Set D
53.1 1.23 0.64 10.0 1.23 0.76 7.0 1.23 0.64 1.25 26
14.7 50.0 1.25 0.65 9.0 1.25 0.65 6.2 1.25 0.65 1.25 d
52.7 1.224 0.65 9.35 1.254 0.65 5.5 1.224 0.65 1.224 e
15.0 52.4 1.23 0.623 4.54f 1.63 0.388 12.47 1.23 0.623 1.25 g
51.7 1.23 0.633 8.03 1.31 0.649 12,17 1.23 0.633 1.25 g
16.0 54.3 1.20 0.716 11.7 1.26 0.548 0.0 e oo 1.25 h
50.9 1.25 0.65 13.63 1.25 0.47 0.0 LK oo 1.25 i
55.6 1.19 0.65 7.73 1.31 0.65 7.0 1.19 0.65 1.19 e
18.7 51.5 1.24 0.65 12.27 1.28 0.50 6.78 1.20 0.42 1.25 j
52.0 1.20 0.70 9.25 1.25 0.65 6.2 1.20 0.70 1.25 k
19.4 50.9 1.20 0.70 10.3 1.25 0.65 6.2 1.20 0.70 1.25 1
22.5 46.8 1.26 0.66 10.6™ 1.23 0.567 7.75 1.26 0.664 1.25 n

2C. E. Brient, E. L. Hudspeth, E, M, Bernstein, and
W R. Smith, Phys. Rev. 148, 1221 (1966).

bThis work.

¢J. K. Dickens, E. Eichler, and G. R. Satchler, Phys.
Rev, 168 1355 (1968).

4K, Matsuda et al., J. Phys. Soc, Japan 22, 1311
(1967).

€L. S, Michelman, S, Fiarman, E. J, Ludwig, and
A, B Robbins, Phys. Rev. 180, 1114 (1969).

fVolume-type W).

8J. S. Forester et al., Nucl. Phys. 101, 113 (1967).

bW, R. Smith, Phys. Rev. 137, B913 (1965).

(d,n) threshold, in a given case;

(2.) the dependence of the threshold effect on re-

action angle;

(3.) the dependence of the threshold effect on the

excitation energy of the residual state (e.g., on the
threshold energy itself).

IV. DISCUSSION OF RESULTS
FOR °°Zr TARGET

Excitation functions were obtained for the follow-
ing states in °’Zr: ground state d;,,, 1.21 MeV
Sy/2, 2.60 MeVd,,, 2.21 MeV g,,,, 2.88 MeV d,,,,
3.11 MeV d,,,, 3.30 MeV d;,,, 3.49 MeV g,,,, and
3.70 MeV d,,,. The configurations of the levels
are quoted as assigned by Cohen and Chubinsky.?®
To summarize, a strong threshold anomaly, not
explained by DWBA, is seen in the 155 and 170° ex-
citation curves for the d,,, ground state. No such
behavior is seen for the states of higher excitation,
or other angles. Only the ground state, 1.21-,
2.06-, and 2.21-MeV states were completely ana-
lyzed with DWBA.

ip. B, Dally, J. B. Nelson, and W. R, Smith, Phys.
Rev. 152, 1072 (1966),

ip, Kossanyi-Demay and R. de Swiniarski, Nucl.
Phys, 108, 577 (1968).

kw, S Gray, R. A, Kenefick, and J., J. Kraushaar,
Phys Rev. 142, 735 (1966).

M. M. Stautberg and J. J, Kraushaar, Phys. Rev,

151, 969 (1966).

MAlso, W=0.5 MeV; parameters from 9271 measure-
ments,

"J. B. Ball, C. B, Fulmer, and R, H. Bassel, Phys.
Rev. 135, B706 (1964).

Figure 4 shows the *Zr(d, p) (d;,,, ground-state)
excitation curves. The 80, 95, and 110° curves
show a simple structure, rising smoothly until
E; =B, the Coulomb-barrier height, then falling
smoothly. The curves for 140, 155, and 170° show
departures from this pattern, beginning at 7.05
MeV, the laboratory deuteron energy at which the
(d,n) (d;,, analog) threshold opens. No attempts to
account for this behavior by variation of the optical
potentials of deuteron and proton in the DWBA am-
plitude were successful. It was not found possible
to reproduce with DWBA the anomalous behavior
of the ground-state excitation function, using pro-
ton and deuteron potentials which fit elastic scat-
tering. Large arbitrary changes in the real or
imaginary well depths of the optical potentials can
certainly produce curious-looking excitation func-
tions, but such calculations are physically mean-
ingless. See the following paper for an example of
the effect of the use of various realistic potential
families on the calculated ground-state excitation
function for °2Zr(d,p)*Zr.
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FIG. 4. Excitation functions of *Zr(d, p) (ds/q g.8.) at
six angles, from 5 to 11 MeV, with a DWBA fit using po-
tentials A and F from Tables I and II. Normalization is

absolute,

In Fig. 5 are seen the *Zr(d,p) (s,,,, 1.21-MeV)
excitation curves. The familiar rising and falling
behavior is again displayed by 80, 95, 110, and
140° curves. Only at 170° is there faint evidence of
of a departure from a smooth variation with ener-
gy, appearing near the (d,n) (s,,, analog) threshold
at 8.25 MeV. The relative weakness or non-occur-

2f 907, (d.p) 121,55

POTENTIALS TN
AF

L

JIF 907, (dp) 121,512

1 1 I

,
6.0 8.0 10.0
ELag  (MeV)

FIG. 5. Excitation functions of Zr(d, p) (s,/,, 1.21
MeV) at six angles, from 5 to 11 MeV, with a DWBA fit
using potentials A and F from Tables I and II. Normal-
ization is absolute.

rence of the effect, as compared with the d;,, case,
is in accord with the @ >3A rule.'® The finite-
range DWBA predictions are also shown in the fig-
ures, but fail to give a very satisfactory descrip-
tion of the data. They do show that the gross struc-
ture of the s,,, excitation curves can probably be
described with DWBA.
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MeV) at six angles, from 5 to 11 MeV, with a DWBA fit
using potentials A and F from Tables I and II. Normal-
ization is absolute.

In Fig. 6 are shown the excitation curves for the
®Zr(d,p) (d,,,, 2.06-MeV) reaction. Again the
familiar behavior is. in evidence at 80, 95, 110,

140, 155, and even 170°. Any effects due to charge
exchange are so minor as to be invisible, and no
unusual behavior is seen at the threshold, 9.1 MeV.
Coupled-channel Born approximation (CCBA) cal-
culations, which satisfactorily fit the d;,, and s, ,
excitation curves, do not predict a noticeable anom -
aly in the d,,, state.’® Thus the data are so far in

ELag  (Mev)

FIG. 7. Excitation functions of Zr(d, p) (g;/,, 2.21
MeV) at six angles, from 5 to'11 MeV, with a DWBA fit
using potentials A and F from Tables I and II. Normal-
ization is absolute.

excellent agreement with the theory. Note, indeed
that @(d;,,)~2.9 MeV, while A -~3.0 MeV. The
DWBA is seen to give a reasonable description of
the data.

In Fig. 7 are shown the excitation curves for the
0Zr(d,p) (8,5, 2.21-MeV) state. Again entirely
“normal” behavior is expected and seen at all

td
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140 and 160°, compared with the (d, p) cross section at
170° from Fig. 4. Analyzing power is here defined as
£ the measured asymmetry divided by the deuteron polar-
ization.

angles, and DWBA predictions are consistent with
what is observed.

Because the anomalous behavior of the d;,,
ground-state excitation function is so striking, it
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is worthwhile to study in the threshold region ei-
ther the polarization of the outgoing protons, or
the asymmetry of the cross section using a polar-
ized deuteron beam. Such an experiment has been
performed using a vector-polarized deuteron beam.
Experimental details are given by Clausnitzer et
al.?* The analyzing power was measured at 40, 60,
120, 140, and 160° from 6.0 to 9.0 MeV. As Fig. 8
indicates, the analyzing power as a function of en-
ergy displays an anomaly beginning near 7.05 MeV,
at 140 and 160°. This result can be taken as an in-
dependent demonstration of the onset of a reaction
mechanism other than direct (d,p) in the vicinity

of the analogous (d,#) threshold. With the advent
of more intense polarized beams, the analyzing
power can be measured with greater accuracy.
Studies of the inverse °Zr(p,d) reaction using
polarized proton beams should also prove to be of
interest. To date, DWBA calculations have not
been able to provide a fit to the analyzing power at
any angle.

Finally, proton elastic scattering excitation
curves for ®Zr are shown in Fig. 9, at 154, 164,
and 174° from 11.5 to 14.0 MeV, spanning the
quasi-elastic *°Zr(p,n)*Nb4 threshold at 12.0 MeV.
No threshold effects are seen in these curves, a
result again agreeing with predictions from cou-
pled-channel calculations, Charge-exchange cou-
pling of (p,p) and (p,n) channels cannot significant-
ly affect many proton partial waves, and as a re-
sult the “resonating” (p,n) amplitude at threshold
cannot make a significant contribution to the over-
whelmingly larger (p,p) amplitude.

Such a situation is in sharp contrast to coupling
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for (d,p), since, because of selection rules, rela-
tively few deuteron and proton partial waves can
contribute to the amplitude when the deuteron
comes in below the Coulomb barrier, and a “reso-
nating” (d,n) amplitude at threshold can affect the
cross section noticeably at backward angles. This
is the meaning of the @ >3A . rule.'®> When the (d,p)
Q value is greater than A then the threshold en-
ergy for the analogous (d,n) process is indeed less
than the Coulomb-barrier height. Thus no observ-
able effect of charge-exchange coupling in (d,p) is
expected if @ <A,

It is interesting that what appear to be small p
resonances have been seen at E, ~A in *°Zr[(p,p),
(p,p’), and (p,d)] by Michelman, Bonner, and
Kulleck* and by Hinrichs et al.?® in ®Mo[ (p,p),
(p,d), and (p,?)], as well as in **Mo(p,p) by Rich-
ard.?® These resonances are presumably isobaric
analogs of the just unbound, fractionated p,,, neu-
tron state well known in the mass-90 region from
thermal-neutron scattering. Figure 9 shows the
E,=A( region of the 154, 164, and 174° excitation
functions for *Zr(p,p). There is much small struc-
ture, but no dramatic dips as in ®*Mo and %®Zr
elastic excitation functions at E, =A .

In a similar connection, we should mention the
@,p) “fine structure” seen by Heffner ef al.® and
studied in °°?Zr and ®°Y by Michelman and Moore.2®
A good example, from previously unpublished
work,?” is displayed in Fig. 10, showing the region
including the ®2Zr(d,n)**Nb(d,,, analog) threshold in
2Zr(d,p)**Zr(d;,, g.s.).® Resonancelike behavior
is seen near 7.36 MeV in both **Zr(d,p)**Zr-

(ds,2 g.s.) and *2Zr(d,p)°*Zr(s,,,, 0.93-MeV) excita-
tion curves, and can therefore probably be attribu-

46

a2r

381 threshold for
Zr(d,n) to the
analog of the _’%*— I'=30 keVv

52f
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FIG. 10. An example of “fine structure” near the
threshold for *2Zr(d, n)%NbA(d5 9> g.8. analog), seen in
both %2Zr(d, p) (ds;,, g.s.) and *2Zr(d, p) (s;/,, 0.935-MeV)
excitation curves (see Ref. 29).
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ted to compound-nuclear formation in the deuteron
channel. Note that the “phase” is distinctively dif-
ferent for d,,, and s,,, “fine structure”; a dip in
the former tends to line up with a rise in the latter.
A remarkably similar phenomenon is observed in
the ®®Sr(d,p)**sr(d;,,, g.s. and s,,,, 1.05-MeV) ex-
citation functions of Zaidi, Coker, and Martin5
further investigation would seem warranted.

V. DISCUSSION OF RESULTS FOR *'Zr TARGET

Excitation curves at 160° were obtained for *'Zr-
d,p)*?Zr, leading to the 0* ground-state, 0.93-
MeV 2%, and 1.49 MeV 4" states in **Zr, from 4.9
to 8.0 MeV. The data have been previously pub-
lished,? as taken directly from the on-line PDP-7
analysis, and are reproduced in Fig. 11. Because
of the high neutron binding energy, the @ values
for population of all the three states are well above
%A, and a prominent threshold effect is expected
in all the excitation functions: at 5.54 MeV for the
0* ground state, 6.48 MeV for the 0.93-MeV 2*
state, and 7.04 MeV for the 1.49-MeV 4* state.

As Fig. 11 indicates, the expectation is well
borne out. The appearance of the threshold effect
in the 4*, 1.49 MeV state is strikingly similar to
that in *Zr(d,p) (d,,,, 8.s.), because of the simi-
larity of the transitions (both I=2) and threshold
energies. Because the 0 ground-state threshold
occurs at so low an energy, and the corresponding
analog resonance has a relatively small proton
width, the result is simply the flattening of an al-
ready slowly rising curve, and is not too impres-
sive without the DWBA as a reference. The DWBA
calculations shown were done with the potentials

4001 °lz,(4.p°27r, 160°

300+ 4% 1492 Mev

St
e

200

100

(¢4
o

Cross Section (pb/sr)

n
a

(6}

Incident Deuteron Energy (MeV)

FIG. 11. Excitation curves for *1Zr(d, »)**Zr, to the
three lowest-lying states in %2Zr, from 4.9- to 8.0-MeV
incident deuteron energy. The solid curves are DWBA
fits using the potentials of Tables I and II. Normaliza-
tion is absolute. The quantities S are the normalizing
factors used.
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given by Dickens and Eicher.?®

Finally, excitation curves for proton elastic scat-
tering on °*Zr, from 10.2 to 13.0 MeV, at 154, 164,
and 174° were obtained. Again, they show no
threshold effects, but do show possible p-wave
analog resonances at E, (c.m.)~A.

For completeness, we may summarize a study
of the **Zr(p,d)*Zr(0*, g.s.) and **Zr(p,n)*'Nb* ex-
citation functions at 165°, from 11 to 13 MeV, by
Michelman and Moore.'® Time-reversal invari-
ance requires the ®1Zr(p,d)*°Zr excitation curve to
have exactly the same shape as the *°Zr(d,p)*'Zr-
(ds,,, g.s.) excitation curve over an equivalent en-
ergy range, and also predicts the ratio of the two
curves. Verification of these predictions is not
very surprising. The remarkable difference be-
tween (d,np) and (p,np) excitation functions just
above threshold is completely explained by con-
sideration of the differing phase spaces of the two
reactions. Indeed, the shape of the total cross
section for either process, in the energy region
from threshold to 1 or 2 MeV above, is readily fit
assuming a constant transition amplitude.’ Fig-
ure 12 shows *°Zr(d,np) and **Zr(p,np) data due to
Michelman and Moore. '
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FIG. 12. A comparison of the present **Zr(d, p)-
(ds/9, g.s.) data with the *1Zr(p, @*Zr(0*, g.s.) data of
Ref. 15, and of the *Zr(d, np) data of Ref. 1 and the
91Zr(1>,n§) data of Ref. 15 in the same energy region.
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VI. OTHER TARGETS, A~50

The s-wave neutron strength function peaks at
about A ~52, which would therefore seem to be
another possible mass region in which to investi-
gate the threshold effect. Unfortunately, (d,p) ex-
citation curves in the mass region of 4=50 show
very large fluctuations at energies appropriate to
threshold investigations. In order to remove the
fluctuations, one is driven to averaging the data
over intervals of 0.2 to 0.4 MeV. Such an average
will also drastically weaken the threshold effect,
if not remove it altogether, if it is the same size
and shape near A =50 as near A~ 90,

Excitation-function data were taken at 160° for
Fe(d,p)*"Fe leading to states at 0.014, 0.136,
0.366, and 1.266 MeV in the energy region from
3.0 to 7.0 MeV. The analogs of all these states in
®7Cu are unbound. Because of the severe fluctua-
tions in the cross section, however, the experiment

5.0 A T
a0l - o :
30" fs5,265MeV |
8.0} e T
o
[
= 30¢r it e -
220" fs, 10OMeV
] 2
W 30[
(=] o
[+ -t e RN .
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5 P |/20.56 MeV
8,5 3 .n..‘ .""_-"..__. .-'.'.. :
30 52 2 53
15 Cr(d.p) Cr © =165° T
L 1 L 1 1 {
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E 4(LAB)
AE = 0.2MeV

FIG. 13. Excitation functions for 52Cr(d, p)*3Cr leading
to five low-lying states in *3Cr. The arrows indicate the
position of the appropriate 52Cr(d, n)**Mn* threshold.

The data are averaged over an interval of 200 keV to
remove fluctuations. The pg/, state at 2.32 MeV is the
first to have an unbound analog in *Mn, and should be
the first to show a threshold anomaly.
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was inconclusive. Some evidence for threshold ef-
fects is found in the “Ar(d,p)*'Ar(d,,,, 1.035-MeV)
excitation-function data of Cosack et al.,® the 5*Cr-
@,p)**Cr(ps,, 2.32-MeV) excitation-function data
obtained by the present authors, and the “Ca(d,p)-
“Ca(p 32 8.8.) excitation-function data of Lacek,
Bakowsky, and Strohbusch.® The evidence is not,
however, unambiguous, as previously unpublished
®2Cr(d,p) data, shown in Fig. 13, illustrate. The
data shown are quite typical for A = 50.

VII. CONCLUSIONS

The experimental evidence presented in this and
the following article is consistent with the conclu-
sions of the early work,! and with the model sug-
gested by Zaidi and von Brentano.'* In the mass-
90 region, for (d,p) reactions populating states
such that Q(d,p)>%AC, a dip is seen in the excita-
tion function at the analogous (d,n) threshold. The
size and width of the threshold dip depend upon
several factors, apart from the obvious scattering-
angle dependence:

(1) the target mass, which determines (through the
strength function) the amplitude of the resonating
1=1 neutron partial wave, and therefore affects the
size of the (d,z) amplitude contributing to (d,p);

(2) the threshold energy, which determines how
many deuteron partial waves can contribute signifi-
cantly to the (d,p) and (d,n) amplitudes,'® ' and
thus determines the relative importance of various
outgoing neutron partial waves in their influence on
the energy dependence of the (d,z) amplitude;

(3) the decay properties of the residual analog

state, as measured for example by (I'/T,'?),
where T’ is the total width and T', the proton par-
tial width. If T', becomes too large, the three-
body -breakup description of the (d,np) process be-
comes appropriate, and the direct sequential
(d,n)A*—~p + C contribution to (d,p) becomes sup-
pressed. This is almost certainly why no anomaly
is seen for the s,,, transition in °>%%Zr " and
%2.94Mo. * No s,,, p decay group was observed for
(d,np) on these targets by Cue and Richard,® sug-
gesting that no strong sequential (d,n)A*—~p +C pro-
cess occurs for the s,,, analog states. It is clear
that the nature of the analogous (d,n) process has
an enormous effect on the appearance of the (d,p)
anomaly, and no (d,p)-anomaly study is strictly
complete without (d,n) cross sections.

It is difficult to disentangle the various influences
on the threshold anomaly until a large amount of
data on a wide variety of targets are carefully and
systematically compared. In the data presented
here, one mainly sees the influence of the second
and third factors enumerated.
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Excitation functions for the *Zr(, p)%Zr reaction to eight low-lying states in Bzr were
measured from 4.2- to 11.2-MeV incident deuteron energy, a region including the (d,n) thresh-
olds to the analogs of the observed states. Charge-exchange effects were observed for at
least the d5;, ground state in Bzyp. Also, 92Zr(d,d) angular distributions were taken at 6.25,
7.5, and 11.0 MeV, in 5° steps from 40 to 165°, in order to obtain deuteron optical parameters.
A 927x( p,p) angular distribution was taken at 10,75-MeV proton energy in order to obtain pro-
ton optical parameters. Orbital angular momenta and estimates of spectroscopic factors
were obtained for three previously unreported states in #*Zr. The results of distorted-wave
Born-approximation calculations for the excitation curves are discussed.

1. INTRODUCTION

A cusplike behavior exhibited in (d, p) excitation
functions for several nuclei, almost all in the
mass-90 region, has been the subject of several
recent experimental investigations.'™® Such behav-
ior is always observed near the threshold for the
(d,n) reaction to the isobaric analog of the final
state observed in the (d, p) reaction, and has been
attributed to charge-exchange coupling.””® In par-
ticular, °°Zr(d, p) has been extensively studied™?;
also, to a lesser extent, (d,p) reactions on °'Zr,
°27r, and **Zr have been studied.”>* % Results
of some of these investigations are discussed in
Ref. 1.

In this article, we report on a study of °2Zr(d, p)-
937Zr, including optical-model analysis of elastic
scattering at appropriate energies in deuteron and
proton channels, excitation functions for all ob-
served states, and a complete distorted-wave Born-
approximation (DWBA) analysis. Figure 1 shows
a level diagram of the observed states in °*Zr and
their analogs in ?*Nb. The present work is a con-
tinuation and extension of the earlier investigations,

with the aim of making a thorough experimental
study of the charge-exchange effect for a particu-
lar case and providing information regarding the
isotopic systematics of the effect.

2. EXPERIMENTAL METHOD

The deuteron and proton beams for this experi-
ment were obtained from the 12-MeV model-EN
tandem Van de Graaff accelerator at the Center for
Nuclear Studies, University of Texas at Austin, A
beam of approximately 0.3 uA on target was used
during most of the experiment. The beam energy
spread was estimated to be less than 4 keV. Deu-
teron beams of energies from 4 to 11 MeV, and a
proton beam of 10.75 MeV, were used. The beam
energy was controlled by a 90° analyzing magnet,
with the usual nuclear-magnetic-resonance probe.
The magnet was calibrated using the 27Al(p, n)
threshold at 5.803 MeV,

The °2Zr target was a rolled self-supporting foil,
purchased from Oak Ridge National Laboratory,
Separated Isotope Division, and enriched to 94.6%
®27r. The target isotopic thickness was determined



