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The family of curves shown in Fig. 4 were drawn
in the same manner as those of Fig. 3. A curve
whose shape is the same as those of Fig. 3 was

drawn through the sodium yield points. Curves
for other values of b, Z were then drawn such that
K corresponds to a value of 1.6.
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Excitation Functions for the Reactions S(p, n) Cl and P(n, n) Cl~
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(Received 25 May 1970)

Excitation curves for S{P,n) Cl and 3 P{n,n) Cl were measured from the observed thresh-
olds at 6438+ 10 and 6360+ 10 keV, respectively, to 1.6 MeV above threshold by detecting the
residual radioactivity. Two prominent resonant structures were found in both reactions at the
same excitation energies, 12.9 and 13.9 MeV, in the compound nucleus Cl. Excitation curves
for 3 P{G., a. o) were also measured in the region of these resonances, but no similar prominent
resonances were found. Arguments are presented that indicate a T=~ assignment for these
resonances. Absolute values of the total cross section were determined for the above {P,n)
and (e, n) reactions and also for 3 S{P,rg) CP and P(e, n) Cl .

I. INTRODUCTION

Proton scattering as well as proton-induced re-
actions have become a well-established tool for
the observation of isobaric analog states. These

states are generally studied by analyzing the com-
pound-nucleus resonances which appear in excita-
tion curves. The analog states observed in the
proton-plus-target system have isospin 7.', + -,

' =—T„
where To is the target isospin. These states are
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analogs to lower-lying parent states in the adja-
cent neutron-plus-target system, which have the
same (T, J'') assignments but a different T, value.
Together with the parent states, the analog states
constitute part of an isospin multiplet. In addition
to T, states, protons can also excite levels having
T, —& =- T, . The T, states have a much higher
density than the T & states and form a more or
less continuous background (especially at high ex-
citation energies) to the superimposed T& levels.

The analog states observed in the proton-plus-
target system can also be seen as compound-nu-
cleus resonances in e-particle scattering and in
e-particle-induced reactions on the appropriate
target (Z =Z~ —1, A„=A~ —3). The ease with
which T& analog states can be observed in n-par-
ticle-induced reactions depends on the amount of
isospin mixing in the compound nucleus and, to a
lesser extent, in the target and n-particle itself.
No isospin mixing is necessary for T, states to
be excited by either protons or e particles on
their respective targets.

The present work provides information on the
structure of the compound nucleus "Cl above 12.5-
MeV excitation energy. Excitation functions for
both the '4S(P, n) and the "P(n, n) reaction were
measured from 6.3- to 7.9-MeV incident proton
and e-particle energy, respectively. This range
corresponds to excitation energies from 12.5 to
14.0 MeV in the compound nucleus "Cl and to ex-
citation energies up to 1.6 MeV in the product nu-
cleus "Cl. The excitation functions revealed the
existence of well-isolated resonances. Two of the
more prominent resonances found in the (p, n) ex-
citation curve were found to occur at the same ex-
citation energy in "Cl as two prominent resonances
in the (a, n) curve. These two resonances are at-
tributed to isobaric analog states in "Cl with par-
ent states in "S. To help assign isospin values to
these resonances, s'P(e, n, )3'P excitation func-
tions were measured over the resonance regions
at 15 angles with respect to the incident beam.

Previously published work on the 3'P(n, n) ' and
s48(P, n) ' reactions is limited to the measurement
of the relative-yield excitation curves at and im-
mediately above the ground-state threshold. In
the present work, the thresholds of these reac-
tions have been redetermined and used to calcu-
late a consistent value for the mass of the product
nucleus '4Cl.

II. EXPERIMENTAL PROCEDURE

Targets for the '48(P, n) and "P(n, n) excitation
functions were prepared by evaporating enriched
CdS onto 0.12-mm gold plate and natural Ca, P2
onto 0.075-mm tantalum plate, respectively. The
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FIG. 1. Thin-target excitation curve for @S(P,n) 3 Cl
obtained by measuring the positrons from the super-
allowed P decay of @Cl. Location of the thresholds ex-
pected for known states of 34Cl {labeled by the numbers
in parentheses) are shown for reference. The ground-
state threshold is shown in more detail in the inset.

CdS material (enriched in ' 8 to 14.9%%uo) was ob-
tained from the Oak Ridge National Laboratory
(ORNL). The target thickness at the bombarding

energy was 10 keV for the CdS target and 80 keV
for the Ca, P2 target. The targets used for the ab-
solute cross-section measurements were AgS for
the (P, n) and natural Ca3P2 for the (n, n) work .
The AgS target was prepared by heating sulfur
(enriched in 3 S to 67% and also obtained from
ORNL) in the presence of 0.025-mm Ag foil. The

Ca3P2 target was evaporated onto 0.025-mm-
thick Al foil. The thickness of the targets was de-
termined by weighing.

The proton and e-particle beams were obtained
from the Florida State University Tandem Van de
Graaff accelerator. The beam-energy analyzing
system has been calibrated' by measurement of
a series of (P, n) and (n, n) thresholds. The cali-
bration was frequently rechecked throughout this
work with the "Al(P, n)'~St threshold. A threshold
value of 5800 + 3 ke V was used, which is the mean
of the results reported by Bonner et al, ' and Free-
man et al. '

The (P, n) and (o., n) excitation curves shown in
Figs. 1 to 4 were determined by measuring the re-
sidual activity of the product nucleus '4Cl as a
function of bombarding energy with an activation-
analysis technique. This "beam-off" experiment
resulted in a high yield-to-background ratio, and
contributions to the yield from target backing, tar-
get contaminants, and competing reactions were
almost completely eliminated.

The superallowed, 0'(P')0', excitation curve
was determined by direct detection of the posi-

EXCITATION ENERGY IN ~ CI (MeV}
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of positrons emitted. The "leaky" integrator was
used to control the bombarding and counting cy-
cles. The positrons were collimated and detected
in a 7.5 X10-cm plastic scintillator (NE102).

The allowed excitation function was determined
by measurement of the 2.127-MeV y ray in ' S
which follows the allowed positron decay of the 3
isomeric state in "Cl. The "leaky" integrator
was used to control the bombardment and counting
cycle, and the y rays were counted in a 15-cm'
Ge(Li) detector. After correction for decay
branching, the absolute total cross section for
formation of the 3' level was determined at sever-
al beam energies.

Errors in the absolute values of the cross sec-
tions were estimated to be +10%%uo for the excitation
curves obtained by measurement of the superal-
lowed decay and +14% for the allowed decay. The
major contribution to these errors was the un-
certainty in target density, with an additional er-
ror due to uncertainties in the determination of
the Ge(Li) detector efficiency for the allowed de-
cay.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The ground-state threshold for the '4S(P, n)~4CI

reaction was determined to be 6438+10 keV. The
inset in Fig. 1 shows, in detail, the superallowed
excitation function near threshold. The location
of the threshold for the first excited state in "Cl
is indicated in Figs. 1 and 2 by (1). An increase in
yield at this energy could indicate that the first ex-
cited state has been reached. However, due to the
much longer half-life of this state compared with
the ground state (32 min versus 1.6 sec), any
yield from the 3' state would be nearly equal in
both the yield and background P spectra and hence
cancel. Accordingly, the increase in yield labeled
(1) in Figs. 1 and 2 is attributed to resonance ef-
fects.

As can be seen from Figs. 1 and 2, the entire ex-
citation function from the ground-state threshold
to above the location for the fourth excited state
contains evidence of resonance contributions. The
positions marked by numbers in parentheses in-
dicate the locations of thresholds for known levels
of ' Cl taken from the compilation of Endt and Van
der Leun. v The peak near 6.78 MeV in Fig. 1 was
drawn using the data from Fig. 2 as a guide. That
figure shows the excitation function over this lim-
ited region in detail.

The ground-state threshold for the "P(o', &)

reaction was determined to be 6360+10 keV. Fig-
ure 3 shows the excitation function to above the
position for the fourth excited state, and Fig. 4

shows the region at and above the ground-state

Reaction

Ground-state Corresponding 34Cl Mass
threshold Q value excess

(keV) (keV) (keV)

S(P,n)' Cl 6438+ 10
6451+ 5 "

P(n, n) Cl 6360+ 10 '
6440+ 200

-6254+ 10 ~

-6267 + 5 b

—56SV+ 10 s

-5700+ 200 c

-24 462 + 10
-24449+ 5
-24 451 + 10
-24 384 + 200

'Present work. bSee Ref. 2. csee Ref. l.

threshold in detail. Expected locations for the ex-
cited-state thresholds are indicated. The energy
scales on the top of Figs. 1 to 4 give the excitation
energies in the compound nucleus 'Cl to facilitate
a direct comparison of the (P, n) resonances with
those found in the (n, n) excitation curve

The ground-state-threshold results obtained
from this work, and previously published values
are listed in Table I, together with the correspond-
ing Q values and '4Cl mass-excess values. The
present measurements agree with the earlier
work within experimental errors. The mass-ex-
cess values for ' Cl, determined from the present
(P, n) and (n, n) ground-state-threshold results and
known mass-excess values for the target nuclei, 7

also agree with one another within experimental
errors. The 10-keV error assignment to the
thresholds is composed of the error in the absolute
energy calibration (+6 keV) and the uncertainty in
the threshold determination (+8 keV).

The "S(P,n)"Cl and "P(n, n)'~CI excitation
functions measured over a limited energy range
are shown in Figs. 5 and 6, respectively. The
superallowed excitation functions measured over
the same energy region (see Figs. 2 and 4) are al-
so shown for comparison. The excitation functions
have been normalized to the absolute total cross-
section scales shown at the left of the figures.
Figures 5 and 6 reveal that the compound-nucleus
resonances found in the superallowed curves do
not correspond to the resonances in the allowed
curves. Thus the resonance phenomenon is asso-
ciated with compound-nucleus neutron decay to the
T =1 product nucleus ground state and not with neu-
tron decay to the T=O isomeric state.

In the Endt and Van der Leun compilation, ' 14
"P(n, PO)~ S resonances are shown between 9.13
and 9.93 MeV in ~'Cl. In addition, 48 '~S(P, y)"Cl
resonances are shown between 7.06 and 8.96 MeV,
so that the mean level spacing is less than 40 keV.
No information is available for "Cl excitation en-
ergies above 9.93 MeV, but the level density
should be just as high or higher.

In addition to many small resonances, two prom-

TABLE I. Comparison of ground-state threshold re-
sults. (The errors are threshold experimental errors
only. )
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FIG. 5. Comparison of the total cross section versus
proton energy for 4S(P, n) Cl and S()t), n) Cl~ (labeled
superallowed and allowed, respectively). Error bars
indicate the total error expected from all sources.

inent resonances are found to occur in both the
(n, n) and (P, n) superallowed excitation curves
shown in Figs. 1 to 4. The values for the compound-
nucleus excitation energies corresponding to these
resonances, 12.9 and 13.9 MeV, are the same
within 10 keV for both excitation curves. Hence,
it is likely that both reactions are forming the
same compound-nucleus states. The full width at
half maximum of the 12.9- and 13.9-MeV reso-
nances in the (P, n) excitation curve was found to
be 85 and 8D keV, respectively. In the (n, n) ex-
citation curve, these resonances are broader and

appear to have more structure.
A possible explanation for the strength of these

two resonance regions in "Cl is that they contain
analog states of 'S. In order to help assign iso-
spin values for these resonances, "P(n, n,)"P
excitation functions were measured over the two
resonance regions at 15 angles. Figure 7 shows
the excitation functions in the region of the 12.9-
MeV resonance. The position of the 3'P(n, n) reso-

RAL LOWED

0 i I

64 66 68 70 72 74
ALPHA PARTICLE ENERGY(MeV)

FlG. 6. Comparison of the total cross section versus
m-particle energy for P(o.', n) Cl and ' P(n, n) 'Cl~
(labeled superallowed and allowed, respectively). Error
bars indicate the total error expected from all sources.

nance is indicated on the figure. As can be seen
from the data, no prominent resonance exists in
this region, although multiple smaller resonances
are evident. In the region of the 13.9-MeV reso-
nance (not shown), the structure of the (n, no) ex-
citation function is similar to that seen in Fig. 7.
Again, no large resonance is seen.

The lack of any prominent resonance in the
(n, no) data compared with the (n, n) work indicates
a T = —,

' rather than T=-,' assignment for the two
resonances. For a T=& compound state, the
(n, n, ) scattering is doubly isospin forbidden (in
both entrance and exit channels) compared with
singly forbidden (entrance channel only) for the
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(n, n) reaction. A small isospin impurity would al-
low formation of the T =

2 compound state in the
(n, n) rea.ction and would not allow any comparable
strength for formation in the (n, n, ) reaction. The
large strength seen in both the (P, n) and (n, n) re-
actions rules out a T ~ & assignment for these two
levels, since the formation of a T=& state is dou-
bly isospin forbidden in the (P, n) reaction and
even more highly forbidden in the (n, n) reaction.

IV. SUMMARY

Excitation functions for the reactions '4S(P, n)'4Cl
and "P(n, n)' Cl have been measured from thresh-
olds at 6438+10 and 6360 +10 keV, respectively,
to 1.6 MeV above threshold. Two prominent reso-
nance regions were found in both reactions at en-
ergies which correspond to excitations of 12.9 and
13.9 MeV in the "Cl compound nucleus. Since no
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corresponding structure was observed in the "P-
(n, o.'o) excitation curve, a T= aa assignment is fa-
vored for these levels. The parent states of these
resonant levels in "Cl would occur at 7.4 and 8.4

MeV in "S. Since the level scheme of "S above
5-MeV excitation is not yet known, no comparison
can be made at this time.
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' Sr(d, p) Sr Reaction in the Region of the ' Sr(d, n) Y Threshold
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" Sr(d, P) 'Sr excitation curves were measured at 90, 140, 160, and 170' for four states in
" Sr: the d~g2 ground state, 1.03-MeV s~y2 state, 2.00-MeV d doublet, and 2.45-MeV d3y2 state,
at deuteron energies from 5.0 to 10.5 MeV. The excitation curves for ground state and 1.03-
MeV s~y2 state display cusps at the threshold of the charge-exchange-coupled channel, Sr-
(d, n) ~Y . The data are fit with coupled-channel Born-approximation calculations.

I. INTRODUCTION

The suggestion that charge exchange could cou-
ple analogous (d, P) and (d, n) channels was first
given by Moore et al. ,

' who reported the experi-
mental observation of an anomalous dip in the "Zr-
(d, p) 'Zr(d»2 ground-state) excitation function at
170', centered on the experimental "Zr(d, n)"Nb"-
(d», analog resonance) threshold. A large number
of subsequent experiments have provided examples
of similar, usually somewhat weaker, anomalies
in backward angle (&130')(d,P) or (P, d) excitation

for targets 91, 92, 94, 96Zr 2-4 92, 94Mo 3 89@ 5

Se, and also Ar, Ca, and Cr. In each case
an apparent dip in the cross section, roughly an
MeV broad, appears centered on the appropriate

charge-exchange (d, n) threshold, providing a beau-
tiful example of the long-predicted but rarely seen
threshold cusp phenomenon. Various efforts to
find similar effects using lighter- and heavier-
mass nuclei have not succeeded. "

The most dramatic known example of the thresh-
old effect is provided by "Sr(d,P)"Sr(d», g. s. ) in
the vicinity of the lab deuteron energy 7.4 MeV.
The cusp, as the data presented here show in com-
parison with 'OZr(d, P)"Zr(d», g.s. ) data" at the
same angles, is the same width and deeper by
nearly a factor of 2. Thus, it provides a harsh
test for theoretical descriptions of the threshold
effect.

A theory of the (d, P) threshold effect was origi-
nally given in terms of the Lane model by Zaidi


