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The simultaneous observation of (p, g) and (p, He) reactions has led to the location and identification of

the lowest-energy (0+) T=2 states in "Al, "Si, "P, "S,"Cl, 3'Ar, K, and "Ca, as well as the (0+) T=3
states in "Cl and "Ar. The energies of these states are used to predict the masses of six neutron-deficient

nuclei: S, Ar, 3 Ca, 'SSc, 38Ti, and ' Ti. In addition, the (p, tt) cross section for production of each analog

state relative to the cross section for producing the ground state in the same nucleus is compared with calcula-

tions which assume a simple shell model. Good agreement is obtained.

I. INTRODUCTION

~ ~HE advent of new experimental techniques for
.measuring the masses of neutron-deficient nuclei

has led to recent interest in investigating the limits
of stability in the lighter nuclides. As an aid to such
measurements, accurate mass predictions are of great
value, and for this purpose the isobaric-multiplet mass
equation (IMME) is frequently used:

M(A, T, T,) =a(A, T)+b(A, T)T,+c(A, T)T,'. (1)

This equation has the advantage that it is easy to
apply and is apparently reliable' —the coefficient of
the next higher-order term being almost two orders
of magnitude smaller' than the coefficient c. However,
use of the equation for predicting the mass of a par-
ticular state requires knowledge of the masses of three
other members of the same multiplet, since the co-
eKcients a, b, and c must be experimentally deter-
mined for each value of A and T. The masses of all

T,=+2 (A=4zz) nuclei are known to better than
%10 keV in the region 28&'3&40 and, consequently,
for each value of A, measurement of the excitation
energies of 7=2 analog states in two other isobars
permits use of the IMME for relatively accurate
predictions of other members of the multiplet. Simi-

larly, the measurement of two T= 3 states in mass 38
combined with the less accurately known mass (&150
keV) of "S yields rough predictions for that multiplet.

%e report here the location and identification of
the lowest-energy (0+) T=2 states in "Al "Si, "P,
'2S, 6Cl, "Ar, K, and 4 Ca, as well as the T=3 states
in "Cl and "Ar. The method used was to simulta-
neously observe the (p, t) and (p, 'He) reactions.
If the t.arget nucleus has isospin T; and the reactions
produce analog final states with Tf= T,+1, then their

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

f Present address: Department of Chemistry, McMaster Uni-
versity, Hamilton, Ontario, Canada.

' J. Cerny, Ann. Rev. Nucl. Sci. 18, 27 (1968).' J. Ja,necke, Nucl. Phys. A128, 632 (1969); G. T. Garvey, in
NNcleur Isospin, , edited by J. D. Anderson, S. D. Bloom, J.
Cerny, and W. W. True (Academic Press Inc. , New York, 1969},
p. 703.
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angular distributions will have the same shape and

the ratio of their differential cross sections will be

given by

E=——do/dQ(p, t) kt 2

do/dQ(P, 'He) keH. 2Tf 1—(2)

The approximations leading to the derivation of Eq.
(2) have recently been discussed within the frame-

work of the distorted-wave Born approximation, and

the equation's validity has been established for light

nuclei (14&A&40, Tt&3) by comparison with ex-

perimental data. ' The properties embodied in the

equation provide an unambiguous experimental method

for identifying high-isospin analog states.
Using the experimental data, masses are predicted

with the IMME for "S, "Ar, "Ca "Sc, "Ti, and "Ti.
These results are compared with those obtained by
Kelson and Garvey. 4 In addition, the relative inten-

sities of the analog-state transitions are compared

with calculations which assume simple shell-model

configurations.

II. EXPERIMENTAL PROCEDURE

3 J. C. Hardy, H. Brunnader, and J. Cerny, Phys. Rev. Letters
22, 1439 (1969}.

4 I. Kelson and G. T. Garvey, Phys. Letters 23, 689 (1966).
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This series of measurements was carried out using

the 45-MeV proton beam from the Berkeley 88-in.

cyclotron. The beam was magnetically analyzed to
give an energy resolution of ~0.14% and. was focused

to a spot 2 mm)&1. 5 mm at the target position in the

center of a 50-cm scattering chamber. The exact po-

sition and direction of the beam was determined by
observing luminous foils located at the target position

and 70 cm downstream. The beam current ranged

from 50 nA to 1.0 pA, depending on target thickness

and scattering angle; it was monitored with a Faraday
cup connected to an integrating electrometer. The
beam energy was inferred from measuring its range

in a series of aluminum foils which were contained in

Ave remotely controlled wheels.
A detailed diagram of the scattering chamber, gas
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Fro. 1. Diagram of the scattering
chamber, gas target, and gas handling
apparatus.

target, and gas-handling apparatus is shown in Fig. 1.
The gas cell consisted of a stainless steel cylindrical
frame 6.35 cm in diameter and 2.22 cm high sur-
rounded by a 315' continuous window of 2.5-p Havar
foil. ' An expanded view of the frame is shown in the
insert to the figure. The gas cell was designed for
minimum volume (47 cm') in order to permit the
e6.cient recovery of separated-isotope gases. To use
solid targets, the gas cell was removed and a set of
targets was mounted in a holder which could then be
raised and lowered remotely, thus permitting bom-
bardment of any selected target.

Reaction products were detected using two inde-
pendent counter telescopes mounted 10' out of the
horizontal plane on opposite sides of the beam. The
solid angle subtended by each telescope was ~5
)&10 ~ sr, with an angular resolution of 0.26'. For solid
targets, a tantalum collimator 5 mm high by 2 mm
wide was mounted 48 cm from the target, while for
gas targets an additional collimator with the same
width as the erst was mounted 36 cm ahead of it.
Each telescope consisted of three detectors, a 150-p,
phosphorus-diffused silicon transmission counter (AE)
operated in coincidence with a 3-mm lithium-drifted
silicon E counter, and a 500-p lithium-drifted silicon
E-reject counter operated in anticoincidence with the
first two to eliminate long-range protons and deu-
teron s.

A schematic diagram of the electronics used is shown
in Fig. 2. The signals from each telescope were fed
into a Goulding-Landis particle identider' which pro-
duced an output signal characteristic of the particle

' Havar foil is manufactured by the Metals Division, Hamilton
Watch Company, Lancaster, Pa.

~ P. S. Goulding, D. A. Landis, J. Cerny, and R. H. Pehl, Nucl.
Instr. Methods 31, 1 (1964).

type. This signal was used to route the total-energy
signal (E+AE) into one of the 1024-channel segments
of a 4096-channel analyzer, permitting simultaneous
accumulation of n particles, 'He particles, tritons, and
those particles slightly less ionizing than the selected
tritons. The first and last groups were taken to check
that no 'He or triton events were lost. The over-all
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FIG. 2. Schematic diagram of the electronic apparatus used
in conjunction with the counter telescopes: Only system 1 is shown
in its entirety, system 2 being similar.
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TABLE I. Optical-model parameters' used in DWBA calculations.

Particle Wg) fp Fp
/ Ref.

Proton
Triton+ SSi

Triton+ "Ar '8Ar

45.0
147.1

143.3

5.7 1.8 6.04 1.16
~ ~ ~ ~ ~ s 1 40

53.3 ~ ~ ~ ~ ~ ~ 1.40

1.37
1.40
1.40

i.064 0.75 0.63
0.61 0.61
0.59 0.59

0.738

"The form of the potential and the notation followed in this table are
identical to those used in Ref. 11.

Reference 11.
Reference 12.

resolution (full width at half-maximum) was 100
keV for tritons and ~130 keV for 'He particles.

III. EXPERIMENTAL RESULTS

The excitation energies of observed states were de-
termined by analyzing the data with the computer
program LDRNA. This program corrects the energies
of incoming and outgoing particles for kinematic eGects
and absorber losses, then determines the energies of
unknown peaks using an energy scale established from
a least-squares fit to peaks whose Q values are known.
For the experiments described here, contaminants were

already present or introduced in the targets to provide
calibration. The most useful calibration reactions were
"C(p &)'C and "C(p, 'He)"8: The masses of the
"C ground and erst excited states were taken from
recent measurements, ' while values for the levels of
"8 were taken from Ajzenberg-Selove and Lauritzen.
The errors assigned to the measurements reported
here are based upon a statistical analysis of their
consistency in determinations at various laboratory
angles, together with an estimate of systematic errors
such as those arising from inaccuracies in establishing
the scattering angle.
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FIG. 4. Angular distributions for the reactions 3 Si(p, t)' Si and
3 Si(p, He)' Al leading to selected 6nal states. Note that the
(p, 'He) data for the T=2 state has been multiplied by 0.62 as
suggested by Eq. (2). The solid curves correspond to DWBA
calculations for L=O and L=2 transfer using the parameters
given in Table I.

Fro. 3. Energy spectra of the reactions 'oSi(p, I) s'Si and
3PSi (P, 3He) "Al.

7 The program I,oRNA was written by C. C. Maples to whom we
are grateful for making it available.

SH. Brunnader, J. C. Hardy, and J. Cerny, Phys. Rev. 174,
1247 (1968};R. A. Paddock, S. M. Austin, W. Benenson, I. D.
Proctor, and F. St. Amert, Phys. Rev. 182, 1104 (1969).

9 F. Ajzenberg-Selove and T. Lauritzen, Nucl, Phys. A114, 1
(1968).
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TABLE II. Summary of experimental results for high-T states.

Nucleus Analog
state
Jsr+ T

Excitation energy
This work Other work

(MeV+keV) (MeV~keV)
Average

(MeV&iteV)

~AI
2sSi

32P

32S

36Q

"Ar
'8Cl

"Ar
40K

40Ca

0+ 2
0+; 2
0+; 2
0+; 2
0+2 2
0+. 2
0+;3
0+; 3
0+. 2
0+. 2

5.983+25
15.206&25
5.071&40

12.034~40
4.295&30

10.858&35
8.216+25

18.784+30
4.375+25

11.978+25

15.221&5

11.984&4b
4 333~250

~ ~ ~

4.370~70~
11.970&65d

L5.983+25J
15.221~5
L5.071&40)
11.984&4
4.316&19

L10.858+35J
L8.216+25J

L18.784+30J
4.374~24

11.977&23

~ References 14—17.
b Reference 19.

0 Reference 22.
~ Reference 1.

A. "Si(P f)"Si and "Si(P,'He)"Al, 7=2 States

Triton and 'He spectra from a 400-yg/cms self-
supporting silicon target are shown in Fig. 3; they
were obtained at 01 b=18.0' for 2150 pC. The isotopic
enrichment of the target was 89.12% in ' Si with
10.16% "Si and 0.72% "Si. Spectra were recorded
for seven angles ranging from ei,b= 14.1' to Oi,b= 36.2'.

The energy scale was determined using peaks pro-
duced from reactions on "C, "0, and "Si as well as
those known states produced in 'Si and "Al; all
have been indicated in the figure. Rough Coulomb-
energy calculations predict the excitation energy of
the lowest-energy T=2 state to be 15.3 MeV in ' Si
and t5. j. MeV in Al. The states marked T=2 in
Fig. 3 are consistent with these expectations, and the
angular distribution of the corresponding tritons and
'He particles are shown at the top of the Fig. 4. The
'He data points have been multipled by -'sk&jk'H.
(=0.62) so that the applicability of Eq. (2) can be
tested directly. To the accuracy of the approxima-
tions used to derive that equation, the shapes and
magnitudes of the distributions as they appear in the
6gure are the same, and consequently the levels are
established as T=2 analogs. Also shown in Fig. 4 are
the characteristic I.=O and I.= 2 angular distributions
of the (P, 1) reaction leading to the ground (0+) and
first excited (2+) state of "Si. A simple comparison
shows that the angular momentum transfer to the
analog states is also I.=O, and this identi6es them as
the 0+ analogs of the "Mg ground state.

Further verification of the assigned I, transfer was
provided by calculations using the distorted-wave
Born approximation (DWBA). The calculations were
performed using the program DwvcK' with the op-
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Fio. 5. Energy spectra of the reactions 34S(p, t) 32S and
34S (p 3He) 32P

tical-model parameters"" given in Table I, and the
results are shown normalized to the experimental data
in Fig. 4. The agreement is good.

' The program DwvcK was written by D. Kuntz, and modified
for two-nucleon transfer reactions following the "zero-range in-
teraction" approximation /see N. K. Glendenning, Phys. Rev.
137, 3102 (1965)] by us.

"Average parameters taken from fits to 40-MeV elastic proton
scattering by M. P. Fricke, E. E. Gross, B. J. Morton, and A.
Zucker, Phys. Rev. 156, 1207 (1967)."R. N. Glover and A. D. W. Jones, Nucl. Phys. 81, 268 (1966).
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A summary of results on these mass-28 analog
states is shown in Table II. We have previously
reported our measured excitation energies in a letter"
devoted to the decay of the T=2 state in "Si. Sub-
sequently, by searching in the indicated energy region,
the analog state in ~'Si was observed as a resonance in
the "Mg(n n) "Mg reaction"" and the "Mg(n, y) "Si*
reaction" " and also as a final state in the
"Mg('He, rs) "Si reaction. 'r The best value from these
other measurements' is also shown in Table II. It
agrees well with our original value.
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FIG. /. Angular distributions of the reaction»Ar(p, t}"Ar and
"Ar (p, 'He) "Cl leading to selected final states. The (p, 'He) data
for the I"=2 state has been multiplied by 0.60 as suggested by
Eq. (2) . The solid curves correspond to DWBA calculations for
L=O and L=2 transfer using the parameters given in Table I.

B. s4S(p, f)s S and s48(p, He) P T=2 States

]
I I I I I T I I ~ I I
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Channel number

FIG. 6. Energy spectra of the reactions»Ar (p, I)"Ar and
»Ar{p, 'He)"Cl. The excitations shown bracketed were deter-
mined in this work, the calibration having been established from
the other marked states.

"R. L. McGrath, J. C. Hardy, and J. Cerny, Phys. Letters 27B,
443 (1968).

'4 K. A. Snover, D. W. Heikkinen, F. Riess, H. M. Kuan, and
S. S. Hanna, Phys. Rev. Letters 22, 239 (1969)."G.H. Lentz, M. P. Etten, and D. Wilkins, Bull. Am. Phys.
Soc. 14, 548 (1969).This replaces an earlier erroneous report by
G. H, Lentz and D. Bernard, ibid. 13, 673 (1968).

T. T. Thwaites, P. Kupferman, and S. Slack, Bull. Am. Phys.
Soc. 14, 566 {1969}.

'7 W. Bohne, H. Fuchs, K. Grabisch, M. Hagen, H. Homeyer,
U. Janetzki, H. Lettau, K. H. Maier, H. Morgenstern, P. Pie-
trzki, G. Roschert, and J. A. Scheer (to be published).

'8 The actual excitation energies measured (in MeV) are
15.221&0.005 (Ref. 15), 15,196+0.010 (Ref. 16), 15;216 (Ref.
17) (no quoted error, but presumably less than %0.010), and
15.27&0.05 (Ref. 18). With the exception of the second, these
values are consistent with one another. The result in Ref. 15 is
the one quoted in Table II since it is the most accurate and the
only one which has actually been published.

A self-supporting cadmium sulfide target approxi-
mately 100 pg/cms thick was used for this experiment.
The sulfur component was enriched to 67.92% in '4S

with 31.55% ssS, 0.44% "S,and 0.09% "S.Because the
thin target could only withstand small beam intensities,
the counting rates were low and consequently spectra
were recorded at only four angles ranging from 0&,b=
20.5' to oi,b=31.5'. Triton and 'He spectra obtained
at g&,b=22.3 for 6380 p, C are shown in Fig. 5. A
natural cadmium sulfide target was also bombarded
and spectra taken at the same angle in order to
identify those states in "S and "P which were pro-
duced from the enriched target. These states have
been marked in the figure and were used, together
with the other marked states, to establish the energy
calibration.

The states identified in the figure as being T=2
are at excitation energies consistent with predictions
based on Coulomb energy calculations, and the ratio
of differential cross sections for the reactions popu-
lating these states has an average value for the four
observed angles of 0.66~0.06. This agrees well with
the value of 0.60 calculated from Eq. (2), thus estab-
lishing the T=2 character of the states. In addition,
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produced from these isotopes. Following this identi-
6cation, the energy calibration of the original spectra
could be accomplished by means of known states in
mass 34"" mass 36, and mass 38" all have been
marked with their excitation energy (unbracketed)
and isotopic mass in the 6gure. The states labeled
T=2 have measured energies which agree with rough
Coulomb-energy predictions for the analog states, and
their corresponding triton and 'He angular distribu-
tion are shown at the top of Fig. 7. The similarity
of the shapes and magnitudes of the distributions as
they appear in the 6gure show that the conditions of
Eq. (2) are satisfied, and identifies the states as T=2
analogs. By comparison with known L=O and L=2
transitions (also shown in Fig. 7) and with DWBA
calculations (solid curves in the figure) the angular-
momentum transfer for transitions to these analog
states is determined to be L=O. Thus, the states must
be the 0+ analogs to the ground state of "S. Their
measured energies are listed in Table II. There has

}0 i I I

0 Ar (p, He) CI (T=3)

(x 0.35)
)~C~ (T=3)

400 500 600 700 800 900
Channel number

Fro. 8. Energy spectra of the reactions 4'Ar (p, t) "Ar and 4'Ar (p&
3He)"Cl. The states shown bracketed were determined in this
work, the calibration having been established using the other
marked states.

IO

their energy and the fact that their observed angular
distributions are consistent with L=0 transfer identify
the states as 0+ analogs to the ground state of "Si.

These results are summarized in Table II. The ex-
citation energies shown there have appeared prior to
this publication in a review article' and, as with
mass 28, the energy of the lowest-energy T=2 state
in. "S was subsequently remeasured using a resonance
reaction"; this result also appears in the table.

C. ssAr(P, t)"Ar and "Ar(P, 'He)"Cl, T=Z States

L=
E. 102

b
'U

!0 -L=

8
Ar (g s )

r (2.I68MeV)

2+

Spectra of tritons and 'He particles from an 'SAr-

enriched target are shown in Fig. 6; they were recorded
at 22.3' for 7562 pC. The isotopic composition of the
gas target was 23.3% "Ar, 50.8% "Ar, and 25.9% 4sAr.

Altogether, spectra were obtained for fifteen angles
~lab 11.7 tO elab 50.7'.

Under identical running conditions, "Ar and Ar
targets were bombarded in order to identify peaks

» D. W. Heikkinen, H. M. Kuan, K. A. Snover, F. Riess, and
S. S. Hanna, Bull. Am. Phys. Soc. 13, 884 (1968); although the
11.984-MeV state is the only observed resonance in the energy
region of the T=2 state, its identi6cation from observed p rays
is not conclusive (private communication from D. W. Heikkinen) .

t t

I 0 20 30 40 50 60 70
ec.m.

Fro. 9. Angular distributions of the reactions "Ar(p, t) "Ar and
4'Ar(p, 'He)isCl leading to selected 6nal states The (p, 'He). data
has been rnultipled by 0.350 as suggested by Eq. (2) . The solid
curves correspond to DWSA calculations for 1.=0 and 1.=2
transfer using the parameters given in Table I.

20 H. Brunnader, J. C. Hardy, and J. Cerny, Nucl. Phys. A13'7,
487 (1969)."P. M. Endt and C. van der Leun, Nucl. Phys. A105, 1 (1967).
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been a recent measurement' of a state in '~C1 pro- TABLE III. Experimental and calculated relative cross sections

posed as the J =0+; T=2 analog state. It is listed E&~ldfr(P~~)l/L&~l&&(P, 'He)]forstateswith Tr=T4+1.
in Table II and agrees with our value.

D. "Ar(P t)"Ar and "Ar(P, 'He)"Cl; T=3 States
States
(MeV)

R
(expt)

R
(calc)

400—
aGO (p t~OOGO

Ep =45.0 MeV

eipb = 26.8'
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g.s!oc

7, 2 OCO

g s Iso

3,352 Ca

g ssoco

0 l00 200 300 400 500 600

200—

(50-

174P os

235los-

g,s.l OB

3j945 4N sl2liN

" Co(p, Hej K

Ep = 45.0MeV
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l00—
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0.717
IQB

-7*2 K

—g.s. N
14

2.290 oK

Pure natural argon, which is 99.6% "Ar, was used
to obtain triton and 'He angular-distribution data,
while energy calibration resulted from the use of an
argon-methane (80-20%, respectively) mixture. In
Fig. 8 are shown sample spectra taken, using the
latter target, at 26.8 for 12553 pC. In all, spectra
were recorded at 6fteen angles between ei,b ——11.7'
and Oi,b=50.7 .

As in the cases already described, the states labeled
T=3 in Fig. 8 have appropriate excitation energies.
Their points have been multiplied by skf/k'n, ( =0.35) .
Evidently the requirements of Eq. (2) are satisfied
and the states are identified as T= 3 analogs. It should
be pointed out that the error bars which appear on
the data points in Fig. 9, like those in other figures,
are based purelv on counting statistics and do not
take account of the uncertainties in background sub-
traction. In this case these uncertainties are not neg-

"Si
28Al

15.221
5.983

0+. 2 0.54+0. 10 0.60

32S

32P
11.984
5.071

0+. 2 0.66&0.06 0.60

"Ar
36Cl

'8Ar

38Cl

4oca
4'K

10.858
4.316

18.784
8.216

11.977
374

0+; 2

0+. 3

0+;2

0.62+0.07

0.36+0.04

0,60&0.05

0.60

0.35

0.60

E. 'Ca(P, f)4 Ca and 'Ca(P, sHe)4'I; T=2 States

Since the lowest-energy T=2 states have already
been identified' in 'Ca and. K, no attempt was made
here to obtain detailed angular distributions; our pur-
pose was to reduce the uncertainty of the measured
excitation energies. The calcium target used was en-
riched to 94.42% 4'Ca with 4.96% 4'Ca, 0.06% 4'Ca,
0.56% 4'Ca, and only trace amounts of 4'Ca and 4'Ca.
A series of four angles from ei,b=18.0' to ei,b=31.5'
was measured, the pair of spectra obtained at oi,b=
26.8' for 3554 p, C being shown in Fig. 10.

The excitation energies of the analog states were
determined from an energy scale established by the
states labeled in the figure. Their angular distribu-
tions are consistent with zero angular-momentum
transfer and the ratio of their magnitudes agrees with
the requirements of Eq. (2). The states are thus
confirmed as being 0+ analogs to the ground state of
"Ar. Their measured excitation energies appear in
Table II.

ligible for the (P, f) reaction and probably account
for the discrepancies between (p, f) and (p, 'He) dis-
tributions near 45 .

The comparison with known transitions and DWBA
calculations afforded by Fig. 9 determine the T=3
states to be 0+, and establish them as analogs to the
"S ground state. Their measured energies are listed
in Table II.

50- g ssoK

IV. DISCUSSION

200 500 400 500 600 700
Channel number

Fio. 10. Energy spectra of the reactions "Ca(P, 4)"Ca
and "Ca(p, 'He) 4oK

"L.Broman, C. M. Fou, and B.Rosner, Nucl. Phys. A112,
195 (1968).

Table III summarizes the data obtained from these
experiments on the cross-section ratios for the produc-
tion of analog states which have Tr T~+ 1. The-—
third column contains the experimental data for
! do/dQ(P, )]/f! do/dQ(P, 'He)], while the fourth col-
umn gives the results of calculations using Eq. (2);
in all cases, agreement is within the limits of experi-
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TAnLF. IV. Experimental and calculated ratios for the production of the T& =
~
T, )+2 analog state

relative to the T& ~
T,

~
ground state for several (p, t) reactions.

Reaction
Assumed analog-

state con6guration
(do/dn(T&) g/[d/r/dO(T&) j

Calculated a Experimental

"Si(p, t) "Si
R4$ (p t) 32s

"Ar(p, t) "Ar
4'Ar(p, t) "Ar
"Ca(p, t) 4'Ca

p(fd5/2) Q/ '(»i/s) OPgos

I (2»/2)o& (Ida/s)OPjos

L(IAe)/s '(Ida/s) OPJ02

(1d'3(2) o2'

L(fds/:) 02 (lf//2) 0P&03

L'(Id3/2) I '(If//s) 0/'$02

0.15-0.45
0.65—2.0
0.21-1.0
0.13-0.40
0.05-0. 15
0.13—0.30

0.15+0.02

0.19~0.04

0.19+0.02
0.07&0.02
0.18~0.03

For each reaction, a range of values is shown encompassing the results parameters (Refs. 12, 23, and 24) (see discussion in text).
of DWBA calculations with a variety of plausible optical-model triton

mental uncertainty. The recent discussion' of the
validity of Eq. (2) includes these and other results
covering the range 16&3(42 and 1&T~&3. The
agreement with calculation is uniformly excellent.

It is also of interest to investigate the strength of
the (p, t) reaction leading to a particular analog state
(with T&——

~

T.
~
+2) compared to the strength of

the reaction to another state in the same Anal nucleus;
for simplicity we have chosen the ground sta, te (which
has T&=

~
T. ~). The comparison between the experi-

rnental results and. calculations which assume simple
shell-model configurations is given in Table IU. In
addition to the configurations which are listed in the
table for the analog states, the calculations assumed
the simplest possible configurations for the ground
state of the targets and final nuclei; for example, the
ground state of "Si is assumed to be (2sl/2)01 w»ie
that of +Ar is f(1ds/s)oi '(1fv/s)ot']os.

It must be emphasized, that, unlike the results in
Table III, the present calculations will depend con-
siderably upon details of the DWBA computations
since the Q values are significantly diferent for the
two final states produced, from each target. Unfortu-
nately, optical-model parameters are not available for
tritons at our experimental energies (19(E,(39MeV) .
The triton parameters listed in Table I were obtained
from elastic scattering at 12 MeV, and although they
provide reasonable Qts to our experimental data (Figs.
4, 7, and 9), there is no guarantee that they will also
provide reliable values for the calculated cross-section
ratios. Consequently, several parameter sets were used
in the calculations for Table IV. These included, in
addition to the sets in Table I, parameters obtained
from a reanalysis of the same 12-MeV elastic scat-
tering data" and also a set which attempted to take
account of the dependence of t/' and S' upon the
triton energy. '4 Each provided adequate agreement
with the shapes of the experimental angular distribu-
tions, but the calculated. cross-section ratios depended
signiAcantly upon the set being used. The ranges of

23 R. N. Glover (private communication).
S. W. Cosper, H. Brunnader, J. Cerny, and R. I,. McGrath,

Phys. Letters 25B, 324 (1967).

IAsLK V. Predicted mass excesses of unmeasured

neutron-deficient nuclei.

Nucleus Estimated mass
from IMME
(MeVakev)

Kelson-Garveya
mass

predictions
(Mev)

'8S

"Ar
"Ca
38Sc

'8Ti
4'Ti

4.31~200
—2.59+320
—6.58+210
—4.55a1020b
11.08~1680

—9.07+265

—2.28
—6.48
—4.70
10.82

—9.07

a Reference 4.
This prediction is based on the assumption that the T =3 state in»Sc

lies at the same excitation as its analog in»Cl.

"These calculations use a harmonic-oscillator wave function to
describe the transferred nucleons; at some suitably large radius
this is matched to a Hankel function which corresponds to the
total observed separation energy. To test the sensitivity of the
results to the nature of this form factor, the calculations were
repeated using Woods-Saxon wave functions where the binding
energy of each nucleon was taken to be one-half the observed
separation energy. Essentially the same results were obtained.

26 I:. S. Towner and J. C. Hardy, Advan. Phys. 18, 401 (1969).

values obtained for each reaction are listed. in the
third column of Table IV.25 Good agreement is found
between experiment and. theory with the possible ex-

ception of the reaction "S(p, t)"S. For this case, the
most probable simple configuration for the analog
state requires (2st/s)' pickup to that state, but (1ds/s)'
to the ground state. Here, the disagreement with ex-

periment indicates that the transfer involves more
complex configurations possibly including (1ds/s) '
pickup to the analog state.

Obviously, the simple conAgurations assumed here
for the wave functions of all the states involved are
unrealistic; however, the good over-all agreement in

Table IV cannot be ignored since the (p, t) reaction
is generally very sensitive to details of the assumed
wave functions. In addition, three more cases of
similar agreement are known' " and together with the
present data they span the region 20&2&52. Pre-
sumably, these results reQect the fact that the par-
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engage of both the ground and analog states are
reasonably simple even if the wave functions them-
selves are not. This indication is similar to the more
definite results recently obtained' for certain states in
the same mass region with T~=T;.

It is also of interest to investigate why no other
states with T=T,+2 are produced with observable
strength. The case of 4'Ca(p, t)4'Ca will be illustra-
tive. The first excited T=2 state in 4'Ca would be
the 2+ analog to the 1.46-MeV state in "Ar. If its
wave function were comprised only of the term
L(1dsts)st '(1f7ts)sP]ss, then DWBA calculations sirni-
lar to those summarized in Table IV indicate that its
intensity would be comparable to the 0+, T=2 state.
However, unlike the latter state, its configuration
should not be dominated by a single term, and most
other contributing terms —such as L'(1dsts) or

'
(1fr/s)sP)ss have no spectroscopic strength for pro-
duction from the simple target wave function. Evi-
dently, this results in a signi6cant reduction of the
intensity with which the state is produced in the
(p, t) reaction. Similar arguments apply to other
T=2 states in "Ca as well as to excited analog states
in all the nuclei investigated.

Using the IMME LEq. (1)$ and measured energies
from Table II, masses can be predicted for a number
of neutron-deficient nuclei which are as yet unob-
served. The results are given in Table V together with
the predictions of Kelson and Garvey. 4 Both sets of
predictions agree throughout.

The method followed in this experiment has been
used previously by us to identify analog states with
T& 2 (where T)

~
T, ~) . It has been restricted to

these low values of T' by the fact that the ratio in
Eq. (2) is inversely proportional to (2' 1), an—d
for analog states with higher values of T it was antici-
pated that the (p, t) cross section could be prohibi-
tively small. The observation and firm identihcation
of T=3 states in mass 38 indicate that higher-isospin
states can in fact be adequately studied. Consequently,
it appears that such investigations as these can be
extended to heavier nuclei, particularly those in the
(1fr&s) shell.
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Cross sections have been measured for elastic and inelastic scattering of 42-MeV a particles by '"Mg
in the range tt(lab) =10'—60'. Six inelastic n groups were identified at the following measured —Q values:
l.59, 1.94, 2.55, 2.75 (doublet), 3.400 (doublet), and 4.05 MeV. The cross sections are analyzed in terms
of the distorted-wave Born-approximation version of the extended optical model and the smoothed
I raunhofer inelastic diffraction model. A general discussion is given of the transition strengths of odd-mass
nuclei within the context of the strong-coupling rotational model or modifications thereof, and application
js made to the present results. The main conclusions are: Inelastic scattering within the ground-state band
supports the rotational model in its simplest form. Comparison of the elastic cross sections from '4Mg,
»Mg, and '6Mg indicates the presence of a quadrupole contribution to the elastic cross section from 25Mg,
consistent with the strong-coupling prediction. The ) =2 single-nucleon contribution to transitions into
the lowest E=—,'+ band appears to be very small. The excitation corresponding to the known level at 4.057
MeV' suggests that this level arises from coupling a 7 vibration to the ground- state band. The second &=-,+
band may have the same origin, although other evidence indicates that there is at least a sizable admixture
of a single-nucleon orbital to this band.

I. INTRODUCTION

1HE present paper is the second in a series con-..cerned with the elastic and inelastic scattering of
42-MeV n particles from isotopes which lie in the

t Work supported in part by the U.S. Atomic Energy Commis-
sion.

*On leave 1968—69 at Department of Physics, University of
Surrey, Guildford, England.

f Present address: Department of Physics, University of
Kuwait, Kuwait.

middle of the s-d shell. The motivation for the experi-
ments, the general experimental procedures, and meth-
ods of theoretical analysis have already been presented
in the paper' discussing scattering from "Mg; only
those experimental and theoretical points not already
discussed that are pertinent to the nucleus ~Mg will
be discussed in Secs. II and III. The angular distribu-
tions, their analysis, and interpretations are presented
in Sec. IV.

s L M. Naqib and J. S. Blair, Phys. Rev. 165, 1250 (1968).


