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Proton-Induced Reactions on "Ar and Analogs of 4'Ar Leve1s*
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(Received 29 March 1968)

Excitation functions have been measured at several angles between 58' and 161' for the 4oAr (p,p) 4 Ar,
'OAr (p,p') 4'Ar* (first excited level}, and "Ar (p,o.) "Cl reactions. Differential cross sections were measured
in 3-keV steps with an energy resolution of 3 keV for incident proton energies from 1.81 to 4.35 MeV. The
structures observed in the proton inelastic scattering yields and a-particle yields were not completely re-
solved. Averaging the cross sections with an interval of ~25 keV revealed a residual resonance structure
with widths and spacings between 10 and 40 keV, interpreted as analog resonances. Seventeen resonances
are included in an analysis of the averaged cross sections for proton elastic and inelastic scattering. Eight
of these correspond to known levels of 4'Ar. Reduced proton widths of the eight analogs imply neutron
spectroscopic factors for bound levels of "Ar in agreement with those extracted from an analysis of the
"Ar (d,p) "Ar reactions.

I. INTRODUCTION
'
PROTONS incident on a target having isobaric spin

To can excite compound nucleus states having iso-
baric spin T= TO~2. The identification' of resonances
in proton elastic and inelastic scattering having T= To

+2 provides an effective means of studying the To+~~
configurations. Since the ground and low excited levels
of the neutron plus target system also have T= T,=
T,+ ', , these sp-ecial proton resonances are analogs' of
the low-lying bound states of the neutron plus target
system.

In addition to the interest in spectroscopy through
analogs, there is special interest in the magnitudes and
shapes of the proton scattering anomalies, or analogs,
which are evident after energy-averaging over the
dense T=TO—

~ states. The resonances in the energy-
averaged cross sections represent the sharing of the
analog's single-particle strength by those To—~~ states
having the same spin and parity as the analog. The
measurements and analysis reported here vere com-
pleted in order to study resonances in 41K which are
analogs of bound levels in "Ar and to explore several
questions about resonances in energy-averaged cross
sections. The resonances in the "Ar+p reaction cross
sections are then the subjects of this study.

Anomalies in the elastic scattering cross sections at
8~= 1.88 and 2.45 MeV were studied by Barnard and
Kim' and assigned as 2 and ~+, respectively. The
energy region near j..88 MeV was also studied for
"Ar(p, p)"Ar by Cohen-Ganouna et a/. ' In the energy
range from 1.63 to 2.60 MeV the "Ar(p, p)"Ar and
4'Ar(p, n)"Cl reactions were investigated by Keyworth
el, al.4 with an energy resolution of 0.2 keV. In that
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experiment the widths Rnd spRclngs of 69 lcvcls werc
determined and the two analog configurations observed
by Barnard and Kim were completely resolved into
their T= To—

~ "fine-structure" levels.
The data of Young et at. ' on the "Ar(p, e)"K re-

actions between 2.4- and 5-MeV incident energy sug-
gested that a detailed correspondence could be made
between many of the strong (p,n) resonances and bound
levels of "Ar. Finally, a preliminary survey of the
resonance structure between 3.5- and 5-MCV incident
proton energy was completed by Slivinsky and %inter, 6

who measured excitation functions v ith an energy reso-
lution of 18 keV. They reported excitation functions for
protons from elastic and inelastic scattering and for
n particles from the "Ar(p, n)"Cl reaction. Many broad
resonances were observed, but their data were not de-
tailed enough' to permit analysis.

In the present experiment, differential cross sections
for 40Ar(p, p)"Ar "Ar(p p&)4'Ar", and "Ar(p, n)"Cl have
been measured for incident proton energies from 1.8 to
4.35 MeV with an energy resolution of &3 keV. Broad.
resonances RI'c cvldcnt I thc clastic scRttcrlng cross
sections and as enhancements of the strength of the
inelastic scattering cross sections. They are interpreted
as analog resonances. The analog widths are extracted
directly from the inelastic scattering cross sections and
then the cross sections are averaged and analyzed to
obtain other properties of the T= ~ analogs. Seventeen
of the resonances observed in the energy-averaged cross
sections for proton elastic and inelastic scattering have
been analyzed, Most of these correspond to resonances
of the 40Ar(p, e)4'K reactions' and eight of them are
identiied as Rnalogs of known levels of 4'Ar. A rnulti-
resonance analysis spans most of the energy interval
between 3.3- and 4.1-MCV incident proton energy. The
averaging interval required to eliminate the T=—,struc-
ture, 25 keV, is comparable to the analog widths.

Thc RnRlogs Rt 1.88 Rnd 2.45 McV which werc
resolved into their T=~3 components by Keyworth ef

s T. M. Young. J. D. Brandenberger, and F, Gabbard, following
paper, Phys. Rev, 172, 1148 (1968).

s V. W. Slivinsky and R. G. Winter, Nucl. Phys. A102, 295
(1967).
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FIG. 3. The 3.39-MeV elastic scattering resonance and calculated fits. The Coulomb cross sections are not shove. Each angle has its
own ordinate scale.

certainties for the inelastically scattered protons were
about &5%. The uncertainty in the integration of the
beam current was &0.5%, and the error in the measure-
ments of the argon pressure and the dimensions of the
detector collimators was less than 1%. The detector
collimator dlIIlcnslons werc used to cRlculRtc thc gRs
scattering geometry factors with the formulas of Silver-
stein. '3 The over-all uncertainties in the inelastic scatter-
ing cross sections are essentially the statistical ermrs in
the yields.

At the bombarding proton energy of 2.0 MeV, the
average energy loss duc to the entrance foil and argon
gas was 7.9 keV. The calculation of energy loss in the
foll Rnd gRs used publlshcd tRblcs of thc VRV11ov dlstl'1-

bution. The calculated energy-straggling had a full
width at half-maximum (FTHM) of 2.3 keV. For a
detection angle of 90', the detector collimators allowed
the counting of particles scattered from 0,885 cm of
argon. At 2.0 MeV, the proton energy loss in this target
volume was 0.62 keV. Therefore, at 2.0 MeV the total
spread in the energy of the pmtons due to the entrance
foil and argon was less than 3.0 keV. The observed
energy resolution was consistent with this estimate of
cncr'gy splcad ln thc lncldcnt bcaQl.

~g K. A. Silverstein, Nucl. Instr. Methods 4, 53 I'j.959)."S.M. Seltzer and M. J. Berger, in Stldies iN, Pegetratiog of
Charged Particles Aa Natter (U. S. Government Printing OfFice,
National Academy of Sciences—National Research Council,
Washington, D.C.), p. 187.

HI. RESULTS

DiBerential cross sections for protons leaving ' Ar in
the ground and first excited state as well as n particles
from the (p,n) reaction to the ground state of "Cl were
measured at various laboratory angles ranging from
58.5' to 161.5' in the bombarding proton energy region
from 1.81 to 4.35 MeV. In the elastic scattering excita-
tion functions 27 prominent resonances were observed.
These resonances are correlated quite strongly with the
structure observed in the (p, n) reaction. ' Of the ob-
served resonances in the energy-averaged cross sections,
17 were analyzed and resonance parameters for each
were extracted. Above 3.3 MeV the analog resonances
were readily identified in the inelastic scattering cross
sections, both averaged and unaveraged. The resonances
treated in the analysis occur at incident proton energies
of 1.88, 2.46, 3.39, 3.45, 3.49, 3.54, 3.58, 3.60, 3.65, 3.71,
3.74, 3,88. 3,90, 3.93, 3.96, 4.03, and 4.07 MeV. Di6er-
ential cross sections are presented in Figs. 1—19. The
elastic scattering yield at 01,=58.5 in Fig. 8 is shown in
arbitrary units. The problem of separating contaminant
groups at small angles prevented accurate cross-section
measurements at 58.5 .

A 20—26 keV energy average of the cross sections is
shown in the upper portion of the 6gures. The un-
weighted average of 13 adjacent data points was plotted
at the energy corresponding to the middle of the inter-
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TmLE I. Parameters for states 4'K and comparison to "Ar levels. Energies are in MeV; widths are in keV.

E„' —0.52

1.88
2.46
3.39
3.49

(3.54)
{3.58)
3.60
3.65
3.71
3.74

{3.88)
(3.90}
3.93
3.96
4.03
4.07

1.31
1.88
2.79
2.89

(2.93)
(2.97}
2.99
3.04
3.10
3.13

(3.27)
(3.29}
3.32
3.35
3.41
3.45

23.0 2.50
16.0 4.25
34.5 7.50 3.10
18.0 7.00 4.17

(20.0) (6.0 )
(14.0} (3.50) 1.80
12.0 3.60 0.85
18,0. 7.70 2.80
20.0: 4.50 2.80
9.0 3.00 1.10

(13.0) (3.00) (1.50)
(13.0) (3.50)
13.5 5.50 0.90
15.5 5.50 2.00
17.0 4.50 2.10
21.0 3.50 8.70

&0.3
12

g2

0

1
2

3 1
8 1

3 0
6 2

(0)
7

8 0
8 1

3—
2
g+
2
3
2

1+
3—

21+
2

3—
-'3

1+
2

0.33
0.05
0.06
0.05

(0.02)
0.03
0.06
0.02
0.02

(0.05)
(0.02)

0.05
0.01
0.01

1.35
1.87
2.74

2.90
2.96
3.02
3.12
3.12

3.44

~
0.360
0.48

0.05
0.08

0.01
0.05
0.06

0.01

a The neutron partial widths are from the 4oAr(p, n)4'K experiment of Ref. 5.
b The 4'Ar level parameters are from the 40Ar(d, p)"Ar measurements of Ref. 8.
o Reference 9.

the level-shift —to—width ratio Aq/1'&, and the strength
function of the To——,

' levels, 5,. The parameter 5,
—= (r&)/D, where {F~)denotes the average of the 6ne-

structure widths and D their average spacing. The
relationships de6ning the needed parameters of the
external mixing model Aq/1'q, 5, and g,', are given in

the Appendix. The parameter g,' rela, tes I'„,q to I q.

For the 1.88-MeV resonance, qh, =+22.5' and 8'q'
=20 lteV. These imply 6&/I'q= —10, 5,=0.008, and

g,'= I.15.For the 2.46-MeV analog P,&5', and 8 ),
'= 12

keV. These imply hq/Fq& —12,5,&2X10 ', and g,' 1.
These may also be determined fIom the resolved 6ne-
structure resonances of the Duke experiment. 4 After

making the corrections determined4 for missed levels,

we find 5, 0.006 for the j..88-MeV analog and 5, 1.5
&&10 3 for the 2.45-MeV analog. The good agreement

already noted between the I'q of the present data and

the sum of widths of the fine-structure resonances4 and

also between the values 5, as obtained from the two

experiments supports not only the method of analysis

employed for these energy-averaged data but also the
external mixing model. ~

The 6ts to the proton elastic scattering excitation
functions at 81,=124.10', 154.10', and 161.5' for the
analog of the 2.74-MeV excited level in 4'Ar are shown

in Fig. 3. These 6ts give for this resonance J =~~,
I'=34.5 keV, and F„=7.5 keV. Except for the two

analogs discussed above, this resonance is the most
nearly isolated resonance which was observed. These fits
were calculated with the inclusion of inly one a,dditional
resonance, a vreak ~3 level at E„=3.45 MeV vrhich is

not listed in Table I. Using the above parameters, 6ts
were made to the inela. stic scattering cross sections and
are shown in Fig. 4. These fits gave a value of 3,1 keV
to the inelastic proton partial width. Note the small

values of the inelastic scattering cross sections away
from the analog in the una, veraged data.

The structure observed in the energy region from
3.45 to 3.75 MeV is quite complex and the resonances

appear to overlap even in the energy-averaged cross
sections. Calculations were made for the elastic scatter-
ing excitation functions in this energy region which

included contributions from nine resonances. These 6ts
are shown in Figs. 5, 6, and 7. The incident energy
region from 3.50 to 3.60 MeV is not weH reproduced by
the calculations at back angles. Examination of the

Al (p)tl) K excltatlon fnnctlons snggested the ex1st-
ence of an /=2 resonance near 3.54 MeV which is
included in this analysis, but its properties are not
readily discerned in any of the proton scattering data.
For this reason the 3,54- and 3.58-MeV resonance

properties are listed as tentative in Table I. Figure 9
shows the 6t over the whole energy interval. The la,rge
peak near 3.60 MeV is the result of interference between
the ~+ resonance at 3.58 and the ~3 resonance at 3.60
MeV. The curves on Figs. 6 and 7 have been displaced
from their calculated positions and from the data to
facihtate comparison of the energy dependence of the
calculated and measured cross sections. The calcula-
tions are typically 5% high at 64.2' and 10—15% high
at 124.2'. Fits to the inelastic scattering cross sections
over the incident energy interval from 3.45 to 3.75 MeV
a,re shown in Figs. 9 and 10. These fits are also dis-

placed from the measurements. If they were not dis-

placed, they would lie on top of- the data'points.
In the energy region from 3.88 to 4.j. MeV, six reson-

ances were included in the analysis. A d-wave resonance
observed' in the 40Ar(p, e)4OK reactions was included in
the analysis at 3.88 MeV although its properties were
not very apparent in the proton scattering data. The
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parameters of the 3.88- and 3.90-MeV resonances in
Table I are listed as probable assignments. Since the
Wigner limit for l =3 resonances is only a few keV, they
were not expected to be observed and none were identi-
fied.

The magnitude of the channel-spin mixing ratio for
the two inelastic proton channels can be determined at
two resonances. The ratio is determined as

~
h.

~

= LA'(s'
=—',)/A'(s'= —', )g&, where A (s') is the reaction amplitude
for the channel spin s'. The extraction can be based on
the anisotropy of the inelastic scattering angular distri-
butions near the 2

—resonance at 3.39-MeV incident
energy because it is close to being an isolated resonance
and at the 2 resonance at 4.07 MeV because its inelastic
proton width, 8.7 keV, is the largest partial width
observed. At the 3.39-MeV resonance we find

~
b,

~

= 1.5
&0.2 and at the 4.07-MeV resonance ~5,

~

&0.3. The
4.07-MeV resonance has subsequently been used' for
an 40Ar(p, p', p)40Ar angular correlation experiment and

analyzed there to con6rm the ~ assignment and deter-
mine 8,= —0.22&0.02.

According to Moore et a/. ,
"if isobaric spin is a good

quantum number, the spectroscopic factors of the analog
states are related by

where To is the isobaric spin of the target, y„ is the
proton reduced width of the "proton analog, " and y,„'
is the proton single-particle reduced width. The factor

S» obtained from the proton scattering data should be
equal to Se~ from the analysis of the (d,p) stripping
reaction to the analogous levels in "Ar. Penetrabilities
needed to extract reduced widths from measured proton
widths were obtained by correcting values from tables"
and graphs" with correction factors derived from calcu-
lated widths" of single-particle levels in aWoods-Saxon
potential well. Proton spectroscopic factors S» were
calculated using Eq. (2) and are compared in Table I
to neutron spectroscopic factors Sq„which were extrac-
ted from the (d,p) data of Kashy et at. ' using the syste-
matics of MacFarlane and French. '4 A second value

appears for the analog of the 1.88-MeV resonance which

comes from a DWBA analysis' of recent data for the
"Ar(d, p)"Ar reaction.

The good agreement between the Sd~ and S» values
shows that level properties can be obtained from analog
resonance analysis even when the analogs are not isola-

'0 B. D. Kern (private communication).
"C. F. Moore, P. Richard, C. E. Watson, D. Robson, and

J. D. Fox, Phys. Rev. 141, 1166 (1966}."J. P. Scheer, Argonne National Laboratory Report No. 5739,
1957 (unpublished).

2g W. T. Sharp, H. E. Gove, and E. B. Paul, Atomic Energy
Commission Laboratory Report No. 268, 1955 (unpublished).

'4 M. H. McFarlane and J. B. French, Rev. Mod. Phys. 32,
567 (1960}.

ted. The spin and parity assignments of Table I are all
from this analysis and are consistent with the orbital
angular-momentum transfer assignments of Ref. 8.

V. CONCLUSIONS

The analysis of isobaric analog resonances has demon-
strated the usefulness of this spectroscopic method even
when the resonances are close to one another. Energy-
averaging over the dense and narrow T= ~3 levels has
revealed a T=~ structure of many broad resonances
having substantial proton amplitudes. Resonant ener-
gies, total and partial widths, spectroscopic factors, and
spins and parities of 17 resonances of "K have been
determined. Eight of these are analogs of known levels
of 4'Ar.

The 4'Ar(p, n)"Cl reaction does not show the analog
resonances. The high degree of correlation between the
scattering excitation functions of this experiment and
the (p,a) excitation functions of Ref. 5 and the complete
lack of correlation with the o.-particle channel are
striking results. The (p, n) cross sections and the non-
analog part of the (p,m) cross sections together comprise
about 20%%uo of the total compound nucleus decay proba-
bility near an incident proton energy of 4 MeV. That is,
80%%uo of the single-proton strength of the compound
nuclear levels comes from the analogs. No amplitude
corresponding to direct excitation of the energy-aver-
aged T=~~ levels has been included in the analysis
reported here. The potential scattering phases used were
real.

This analysis absolutely requires the use of a reso-
nance mixing phase both for isolated, single-channel
analogs and for overlapping, multichannel analogs. The
analog widths determined from these energy-averaged
cross sections are consistent with the widths determined
in an experiment which resolved the fine structure, and
the spreading widths imply T= ~3 strength functions S,
which are consistent with those obtained from averaging
over the resolved resonances.
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APPENDIX

The relationships of the external mixing model used
in the analysis of isolated, single-channel analogs are
given here. They are written in terms of the strength
function for T~ states' defined as 5,—= (I'&)/D. In Ref. 7

the strength function is defined in terms of the reduced
widths y'. The present de6nitiog, is used bere bee&use
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the I"s are directly available in an experiment. Other
than the change in the definition of 5„the notation is
that of Ref. 7. The analog width Fq is related to the
proton partial w'idth:

by the mixing with the T~ states. The mixing phase p,
ls glvcn:

tang, = —s (a /I' )S,/(1+-,'1rS,)=—rr(~), /P), )S,,
(A2)

PI =&,1g,', with g,'= (1+-,'rrS, )'+ (rrS,A&,/I' )' (A1) if S,((1.The spreading width W ' is given:

and hq is the level shift or analog-energy shift caused (A3)
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"Ar(p, n)"K Reaction from Threshold. to 5.0 MeV*
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Excitation functions have been obtained for the reaction Ar(p, n)40K from threshold to 5 MeV. For
bombarding energies between threshold and 3.7 MeV, a long counter was used to measure the total cross
sections and the differential cross sections at 0' and 90'. Between proton bombarding energies of 3.3 and
5.0 MeV, time-of-Aight techniques were used to measure the excitation functions at 0' for two neutron
groups. Pronounced resonant structure was observed throughout the proton energy range. The results are
compared with expected energies for isobaric analogs of states in "Ar. Neutron partial widths are given
for selected resonances.

I. INTRODUCTION

I 'HE purpose of the present study was to obtain
excItatloll fllIlctlolls fol tile Ieactlo11 Ar(p, 1's) K

for proton bombarding energies between threshold at
2.34 and 5 MeV. This work was undertaken with the
expectation, based in part on results reported by
Barnard and Kim, ' that isobaric analog states' ' would
bc obsclvcd ln this lcglon of cxcltatlon ln K. Isoballc
analog resonances in "Ar+p have been studied at Duke
University for proton bombarding energies near 1.88
and 2.45 MeV with a proton energy resolution of about
200 eV.' Proton elastic scattering measurements on
40Ar have also been made at the University of Kentucky
for proton bombarding energies up to 4.35 MeV with a
proton energy resolution of about 2 keV. 6 Analysis of
resonances as isobaric analogs in 'K of states in 'Ar
has been made in both of these studies.

Other previous work on the 4'Ar(p, l)4'K reaction
includes an accurate measurement of the ground-state

' A. C. L. Barnard and C. C. Kim, Nucl. Phys. 28, 428 (1961).' J. D. Fox, C. F. Moore, and D. Robson, Phys. Rev. Letters
12, 198 (1964).

3 L. L. Lee, Jr, , A. Marinov, and J.P. Schi6er, Phys. Letters 8,
352 (1964};C. F. Moore, P. Richard, C. E. Watson, D. Robson,
and J.D. Fox, Phys. Rev. 141, 1166 (1966};G. Vourvopoulos and
J. D. Fox, ikey. 141, 1180 (1966).

4 F. Gabbard, J. D. Brandenberger, L. W. Cochran, and
T. Young, Bull. Am. Phys. Soc. 9, 649 (1964).' G. A. Keyworth, G. C. Kyker, Jr., E. G. Bilpuch, and H. W.
Newson, Phys. Letters 20, 281 (1966};Nucl. Phys. 89, 590 (1966).' H. L. Scott, W. Galati, J. L. Weil, and M. T. McEllistrem,
preceding paper, Phys. Rev. 172, (1968).

threshold with an uncertainty of j. keV by Parks ef al.~

Other measurements of the threshold were made by
Holland and Lynch, ' using time-of-Qight techniques,
and by Richards and Smith. e

In the work reported here, excitation functions for
the (p, ts) reactions have been measured with two detec-
tion techniques. A long counter was used to obtain
cross sections for the sum of all neutron groups for
bombarding energies between the ground-state thresh-
old and 3.7 MeV. Time-of-Qight techniques were used
to detect separately two neutron groups in the incident
energy interval from 3.35 to 5.0 MeV. One group
included neutrons exciting the ground and 6rst excited
levels in 'OK and the other group included neutrons
exciting the second and third excited levels in 'OK.

II. EXPERIMENTAL PROCEDURE

Protons for the 4sAr (P,n)4sK reaction were accelerated
by thc Unlvcrslty of Kentucky Van dc Graaff accelera-
tor. A 90' analyzing magnet, whose 6eld was measured
by a proton magnetic-resonance Aux meter, was used to
dehne the incident proton energy.

The gas target assembly was modeled after a design
of Johnson and Banta."The beam, which was colli-
mated to —,

' in. diam by a tantalum aperture, entered

7 P. B.Parks, P. M. Beard, E. G. Bilpuch, and H. W. Newson,
Bull. Am. Phys. Soc. 9, 32 (1964).' R. E. Holland and F. J. Lynch, Phys. Rev. 113, 903 (1959}.

9 H. T. Richards and R. V. Smith, Phys. . Rev. . ?4, 1870 (1948).
r' C.H. Johnson and H.K. Banta, Rcv. Sci. Instr. 27, t32 i195Q.


