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CHAPTER 1

INVESTIGATION OF THE REACTION "S(p,)»l"CI

(I) Rtionincat it proton onor|iot ikovi 2 MoV

Abstract: The yield curve of the reaction S(p,T) Cl has been Manured over the

energy range E • 1.95 - 2.91 HeV. Proton energies and icrengths of 84 resonances

• re given. The decay tclunca of 38 selected resonance! have been studied, and for

theie branching ratiot and ipin Haiti arc presented. The proton energy of the

well known J • 7/2 analogue re»onance haa been Manured ai E • 1211.45 _• 0.09

keV. The reaction Q-valuc if q " 6371.6 * C.4 keV.

1. Introduction

34 35
The reaction S(p,y) Cl has been the subject of frequent

investigation, almost exclusively at proton energies below

E • 2 MeV. An exception is the work of Kopanets et al. ,

performed with Nal detectors. Recently the resonances up to
2)

E • 2 MeV have been investigated by Hubert et al. and Pant

et al. , both groups having measured decay schemes and
35

lifetimes of a number of bound states of Cl. In addition,

angular correlation and polarization measurements have been
4)

used to study the lowest bound states by Taras et al. and

Watson et al. , while Prosser and Harris have made a de-

tailed study of the J • 7/2 analogue resonance at E •=

1211 keV.

As a result of these investigations, and of studies of
35 35 32 35

other reactions, primarily CKp.p'y) Cl, S(a,p) Cl and

S(r,d) Cl, the properties of the states of Cl up to an



14)
excitation energy of E = 3 Me.V are quite well known

Abovo this energy many states are known, but the properties

of several of these have not yet been determined.

A feature of the proton capture reaction is that with a

modest incident particle energy it is possible to form states

of high excitation energy that can decay to a large number of

bound states. For this reason it was considered to be of in-

terest Co extend the investigation of the proton capture re-
34 35sonances in the S(p,Y) Cl reaction to proton energies

greater than 2 MeV in order to obtain new information about

Cl bound states.

As thi« woik --as r>oing prepared for publication, a preprint
28)was receive*! d___iii>ing the work of Meyer et al. on the

3*S(p,Y>35Cl reaction for E p < 2.01 MeV.

2. Experimental procedure

In all the measurements described here, the proton beam

was obtained from the Utrecht University 3 MV Van de Graaff

accelerator. This machine is equipped with a 90 deflection

magnet and a feed-back corona stabilization system that en-

ables beam energy spreads of less than 200 eV to be obtained

under favourable conditions.

The Y-ray spectra were measured with Ge(Li) detectors of

120, 80 and 60 cm which have resolutions of 3.3, 2.8 and 2.5

keV for the 1.33 MeV Co line, respectively. The efficiency

curves of the detectors were determined by means of radioac-

tive sources and nuclear reactions yielding Y-rays of known

relative intensities.

The targets used in these experiments consisted of Ag.S



and were made following a technique that is described in
7 8)

detail elsewhere ' . The method involves allowing hot sul-
34

phur vapour, enriched to 95 Z S, to come into contact with

a layer o£ silver evaporated onto a tantalum backing. The

silver and sulphur react chemically to form a stable layer of

Ag.S whose thickness depends almost entirely on the thickness
2

of the silver layer. A silver layer of 20 pg/cm gives a

target that is about 2 keV thick at a proton energy of E -

2 HeV.

The targets were mounted in a target holder that allowed

a flow of chilled water to come into direct contact with the

rear face of the backing. Under these conditions they were

able to sustain beam currents of 100 uA at E • 2 MeV for up
P

to 24 hours without significant deterioration.
19 16

The background caused by the F(p,ay) 0 reaction was

kept low by electrically heating the tantalum backings to in-

candescence under vacuum for several minutes, prior to evapo-

rating the silver layer. This treatment has been found to re-
19 23

duce the F contamination by up .to 70 Z, and the Na conta-

mination by about 10 Z.

3. Experimental results

3.1. YIELD CURVE

The reaction yield curve over the proton energy range E »

1.95 - 2.91 MeV was measured with two detectors. A 10 cm x

10 cm <j> Nal scintilla.or and a 120 cm Ge(Li) detector were

mounted at angles 6 • 55° and 125 respectively to the inci-

dent beam direction. Spectra from the two detectors were ac-

cumulated at each point of the yield curve for a total charge



1SOO 2QOO

34 3SFig. 1. Yield curve of tha reaction S(p,f) Cl over the proton energy range 1.95 to

2.91 McV. The target was Ag,S, 35 ug/ca, prepared tron sulphur enriched to
3495 Z S. The M M b e n of the resonances correspond to the nuobrrs in table I.

The snail number of Matured points in tha region E • 2.01 - 2.06 MeV is
P i_i)

justified on tha basis of separata sieaturcMents and previous work which
show no resonances in this region.

of 600 uC deposited on the target and then stored on magnetic

tape. The data were analysed with a computer by integrating

over windows set on the spectra. The target current during

these measurements was between S and 8 uA. One target was used

for the entire yield curve and its condition was monitored by

periodically remeasuring the yield of the resonance at £ •

2005 keV. The yield from this resonance remained constant

within the experimental error of 3 Z.



The yield curve shown in fig. 1 was obtained by integrat-

ing the Nal spectrum for E * 2.3 MeV, just above the energy
Y 34

of the first excited state of S at E - 2.13 MeV. Thus there

is no contribution to the curve in fig. I from the reaction
34 34

S(p,p'Y) S. In table I are shown, for each of the 84 ob-

served resonances, the proton energy E , the excitation ener-
35 p

gy E of the corresponding Cl level, the strength

(2J • I)T r /(', and the spins and parities allowed by the de-

cay, where these could be deduced. The numbers in column I

correspond to the numbers shown in fig. I. With the excepti-

ons of the E • 2727 and 2846 keV resonances, and possibly of
those at E - 2107, 2275 and 2747 keV, the resonance widths,

P

measured from the slope of the low energy side of the reso-

nance peaks, are less than the bean energy spread, which was

400 eV in this experiment. Values for the widths that can be

extracted from the yield curve for the E - 2727 and 2846 keV

resonances are r « 3.1 •_ 0.3 and 2.0 *_ 0.4 keV respectively.

The resonances listed in table I, which had not yet been
35

assigned to Cl in previous (p,y)i (Pip) and (a,p) experi-

ments (see sect. 4 and table I), could be ascribed to this

nucleus on the basis of the measured Ge(Li) y-ray spectra

(see sect. 3.4 and fig. 4) or an inspection of the Ge(Li)

Y-ray spectra obtained during the yield curve measurement. In

the last case, resonances were assigned to Cl if the spectra

integrated over the resonance peak showed peaks due to known

transitions in Cl. All observed resonances could be assign-
34 35

ed to the reaction S(p,y) Cl.

The resonance peak at E - 1984 keV (labelled 5, 6 in fig.

I), which has an anomalous shape on the low-energy edge, is

an unresolved doublet. In a separate measurement with a thin-

ner target the two components were shown to have quite diffe-



rent decay modes (see fig. 2). Inspection of the Ge(Li) spec-

tra obtained during the yield curve measurement indicates

that the low-energy component decays via the E - 1.76,
35 x

2.65 and 3.16 MeV levels of Cl, while the high-energy com-

ponent decays via the 1.22 and 1.76 MeV levels. This is in

agreement with the shape of the yield curve in fig. 2, and

also agrees with the total decay scheme for the unresolved
28)

doublet given in ref. . The doublet nature of this resonan-

ce has not previously been reported.

30

25

U

8
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201-

1 5

a.
0. 3

5 io

8 8
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xK

10cm x 10cm Nal
20 iiQ/cm2

xKT

EY>7MeV

1983.5 1984.5
Ep(keV)

1985.5

Pig. 2. Yield curve of Che doublet resonance at 1.98 HeV in the S(p,T) Cl reaction.

Data were obtained Crom a Nal scintillator at 9 - 55°. Target was Ag.S, 93 X
14 I

enriched S, thickness 20 ug/cn .



TABU I

34 35
Resonances o b s e r v e d i n t h e r e a c t i o n S ( p , i r ) C l f o r E > 1 .93 HeV

P

No.

1

2

3

4

5

6

7

8

9

10

II

12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

27

28

29

30

31

32

33

(keV)

1954.4

1962.9

1967.9

1973.8 ^ 0 . 3

1983.7

1984.5

1005.0 _• 0.3

2070.4

2076.9

2092.4

2093.9

2097.5

2106.6

2120.6

2125.2

2155.6

2176.4

2178.0

2199.1

2207.1

2227.3

2266.4

2275.3

2280.7

2285.0

2307.7

2309.4

2314.0

2326.3 «. 0.3

233B.O

2384.1

2386.3

2395.1

E » b )

(keV)

8270.1

8278.4

8283.2

8289. 1 +_

8298.7

8299.4

8319.5 _̂_

83B2.9

B3B9.I

8404.2

B4O5.7

8409.2

8418.0

8431.6

8436.1

8465.6

8485.8

8487.4

8507.9

8515.6

8535.3

8573.2

8581.9

8587.1

8591.3

8613.4

8615.0

8619.5

8631.4 •

8642.8

B6B7.6

8689.7

8698.3

<2j»or
p

0.

0.

0.

0.5 0.

0.

0.

0.5 2.

6.

0.

0.

2.

1.

0.

1.

0.

0.

2.

1.

0,

0.

0,

2.

1,

0.

0,

1,

2

3

0.5 2

0

2

0

0

V')
6

7

4

9

6

9

7

1

4

7

3

4

5

0

5

9

1

9

,3

.5

,1

.9

.0

* 1

.7

.0

.4

.8

.7

.*

.2

.7

.6

c)

5/2

3/2*.

3/2",

1/2.

5/2*

3/2*.

3/2.

1/2*,

3/2*,

1/2*,

1/2"

5/2*

1/2.

5/2.

1/2*

3/2*

3/2*

7/2

1/2.

5/2

1/2.

j" d )

5/2

5/2,

3/2,

e)

, 5/2

5/2,

. 3/2,

. 5/2'

, 3/2,

e)

3/2,

7/2

. 3/2,

. 5/2

7/2'

5/2*

7/2*

5/2*

5/2*

5/2*

, 5/2*

. 5/2*

3/2,

3/2,

5/2

5/2*

(keV)

1985 *_

2071 •_

2094 •_

2100 •_

2109 *

2125 2.

2177 *_

2179 •.

2207 ^

2

2

3

3

3

2

3

3

2

(keV)

8271 •_

8292 h )

8321 *_

8399 •_

8429 i

8482 *_

8505 _•

8532 *_

B568 _•

8617 •_

8698 h

4

4

4

4

4

5

4

4

4

\
)



TABLE I (continued)

No.

34

3S

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61
62

63
64

65

66

67

68

t a)

p
(kcV)

2404.8

2416.5

2450.7

2467.3

2473.4

2480.%

2488.1

2499.6

2522.8

2526.2

2531.4

2535.3

2540.5

2559.0

2571.9

2587.9

2589.9

2597.4

2609.2

2611.3

2624.6

2638.5

2658.8

2663.8

2688.6

2690.9

2695.3

2699.4

2703.8

2708.3

2727.1 l)

2732.4

2738.0

2741.3

2746.6

E b ) (
X
(keV)

8707.7

8719.0

8752.3

8768.4

8774.4

8781.2

8788.6

•799.8

8822.4

8825.7

8830.6

8834.5

8839.5

8857.5

8870.0

8885.6

8887.5

8894.8

8906.3

8908.3

8921.2

8934.7

8954.4

8959.3

8983.4

8985.7

8989.9

8993.9

•998.2

9002.5

9020.8

9025.9

9031.4

9034.5

9039.7

2J*i)r r /
P Y

(•V)

0.2

0.5
1.7

0.3

0.6

1.7

1.2

1.7

0.7

3.7

2.1

0.7

1.3

4.6

1.0

0.4

1.4

1.2

1.0

I.S

1.1

1.0

2.4

1.2

2.2

0.6

0.7

2.3

1.7

0.6

0.8

I.I

2.6

0.4

0.8

r c) J' d>

1/2*. 3/2, 5/2

3/2*. 5/2

3/2". 5/2, 7/2"

1/2*. 3/2, 5/2*

1/2*. 3/2, 5/2*

3/2*. 5/2

5/2

3/2", 5/2, 7/2

3/2", 5/2

1/2*. 3/2, 5/2*

3/2*. 5/2, 7/2"

5/2*. 7/2*

1/2. 3/2. 5/2*

5/2*. 7/2, 9/2*

5/2". 7/2. 9/2

p
(ktV)

E l)

(k«V)

8721 •, 4

8786 «. 4

8840 *_ 4

8888 • 4

8957 * 4

8997 *_ 4

9027 •_ 4



TABU I I continued)

No.

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

E •>
n
(keV)

2757.0

2791.0 *_ 0.4

2798.1

2809.4

2810.6

2817.8

2820.i

2834,9

2846.3 ^

2849.6

2867.5

2869.0

2875.3

2896.9

2901.6

2907.1

E^ b) (2J*i)rory/r

(ke\

9049.8

9082.9

9090.0

9100.7

9101.9

9108.9

9111.5

9125.5

9136.6

9139.8

9157.1

9158.6

9164.8

9I8S.7

9190 3

9195.6

0 <eV)

3.2

•_ 0.6 16.0

0.7

1.2

2.1

0.5

0.5

1.2

0.2

1.9

2.0

6.7

0.4

0.9

0.9

4.0

C) j. d)

3/2", 5/2, 7/2

5/2 B )

5/2, 7/2*

1/2 8 )

(keV)
x
(keV)

9086 • 4

9109 *_ 5

9131

9160 •_ 4

9165 B )

9194 * 4

All *_ 0.5 keV unless otherwise indicated.

All ^.0.7 keV unless otherwise indicated.

Yields normalited to (2J*1)T r /r - 9.7 • 0.7 eV at E - 1211 keV (see text).
P Tf — P

Errors range from • 20 I for the strongest resonances to ̂  50 I for strengths

< I eV.

b)

c)

e)

f)

S>

h)

i)

j)

Deduced from decay schemes unless otherwise indicated.
34C, J 4 r , . 9).
S(p,p) S [ref. ].

32S(o,p) Cl [ref. ] unless otherwise indicated.

Assignment uncertain in ref.

r - 3.1 •, 0.3 kpV.

r - 2.0 • 0.4 keV.



3.2, RESONANCE ENERGIES
27 28

The E « 991.88 + 0.04 keV resonance in Al(p,Y) Si was
P ~

used as a calibration standard for the resonance energies.

The relativistic calibration constant of the analyzing magnet

varies by less than 0.005 X over the whole range of proton
13)

energies available . The necessity of monitoring the target

condition by periodically checking the yield of the E •

2005 keV resonance meant that inevitably a small effect due

to hysteresis of the analyzing magnet was introduced. To re-

duce this error, the energies of the resonances at E • 1974,

2005, 2326 and 2791 keV were measured vizh respect to the
27 28

A1(P,Y) Si standard in a separate experiment, in which

hysteresis effects were carefully avoided. The energies so

obtained were used as secondary calibration standards for the

yield curve.

In the course of the measurements it became apparent that
14)

inconsistencies arose whenever the published energy of

E = 1213.7 + 1.0 keV was used for the well known J^ = 7/2

analogue resonance, which is the standard calibration reso-

nance for strength measurements in the sulphur isotopes.

This energy was therefore measured more accurately, with the
27 28

E = 991.88 keV resonance in Al(p,v) Si as the calibration

standard. The resulting resonance energy, the average of

three measurements, is E -1211.45+0.09 keV.
P -

3.3. RESONANCE STRENGTHS

The resonance strengths, defined as S • (2J + l)r r IT,

were determined from the areas under the resonance peaks,

taking into account the dependence of the detector efficien-

cy on the resonance decay mode. The relative yields thus

obtained have been normalized to the strength of the E =
P

1211 keV resonance, taken as S - 9.7 + 0.7 eV. This is the



10s

10

Ep* 2 79 MeV Ex»a08 MeV
i2Ocm3 G©(Li) e«55'

Ag2S 30 ug/cm2

•Background peaks

4 5
EY<MeV)

8 9

Fig. 3. SpectruM of Y-rays emitted it the E • 2.79 HeV resonance, obtained with a

120 cm3 Ce(Li) at 0 - 55°.

weighted mean of two recent absolute measurements

which are in good agreement: S = 9.7 _+ 0.9 eV and S = 9.8 _+

1.0 eV respectively. These values are more than a factor of

two lower than that generally adopted until now, S = 21 +

3 eV, measured by Engelbertink and Endt . The reason for

the large difference is.not clear. Our choice in favour of

the recent, lower value is based on the result of a resonant
25}

absorption measurement

with S » 21 + 3 eV.

, which result cannot be reconciled

3.4. DECAY SCHEMES AND BRANCHING RATIOS

The decay schemes of 38 of the observed resonances, chosen

on the basis of their strengths and the degree to which they



could be resolved from neighbouring resonances, were investi-

gated by means of singles spectra measured with either the

120 cm or 60 cm Ge(Li) detector mounted at 6 - 55°. A typi-

cal spectrum, from the resonance at E " 2791 keV, is shewn

in fig. 3. The decay modes of the resonance levels studied,

together with their branching ratios, are shown in fig. 4.

One new bound state of Cl has been identified, at E °

5724.0 + 1.5 keV. This state is populated at the E « 2266,
- P

2314, 2326, 2488 and 2791 keV resonances. It decays with a

(38 +_ 4) X branch to the 1.76 MeV level and a (24 +_ 3) Z branch

to the 2.69 MeV level. The remaining 38 Z has not been iden-

tified.
The decay schemes of the observed bound states w°re found

14)
to agree within the errors with those given in ref. with

two exceptions. The state at 4.11 MeV was observed to decay

(52 +_ 3) Z to the ground state and (48 •_ 3) Z to the state
2 28)

at !.76 MeV, in agreement with the measurements in rets. ' ,

21)
instead of (86 •_ 4) Z and (14 •_ 4) Z respectively . The

level at E = 4.84 MeV decays (18 ̂  3) X to the ground state

and (48 + 4) 3! to the 1.76 MeV level (the remaining 34 Z has

not been identified), instead of (50 +_ 20) X and (50 +_ 20) Z

respectively

The state at 3.92 MeV decays (82 +_ 1) % to the ground state

and (18 +_ I) Z to the 1.76 MeV level, in agreement with the
2)

branching ratios measured by Hubert et al. , but in disagree-
24)

ment with the results of Broude et al. , who report a 16 Z

branch to the 1.22 MeV level.

It was sometimes not possible to resolve the transitions

from the resonance levels to the doublet at 4.17 and 4.18 MeV.

In such cases the total branching to the doublet is shown be-

tween the columns for the transitions to the components of
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the doublet.

3.5. RESONANCE SPINS AND PARITIES

Column 5 of table I shows the spins and parities of the

resonance levels where these are known from previous work, or

where the range of values could be limited on the basis of the

decay schemes. Unless otherwise indicated the limits have been

deduced from the present data on resonance strengths and bran-

ching ratios. The criterion used for the rejection of spins is

based on the set of recommended upper limits for transition
22)strengths published by Endt and Van der Leun . The upper

limits used were 0.1 W.u. for El, 100 W.u. for E2, 10 W.u.

for Ml and 3 W.u. for M2 transitions. Multipole orders high-

er than L = 2 were rejected for primary transitions with

branching ratios > 5 Z«

3.6. REACTION Q-VALUE
34 35

The i^-value for the reaction S(p,Y) Cl was determined

from the proton energies and the Y-ray energies of the ground

s ta te transit ions of the resonances at E * 925.1 + 0.1 keV
P ~

and E = 2791.0 +0.4 keV. The measurement at the E * 2791p - p
keV resonance has been described in sect. 3.2. The E ° 925

P
keV resonance energy was measured in a separate, but similar,

experiment. The Y-ray energies were determined from spectra

measured with the 60 cm Ge(Li) detector at 6 » 90 . The

E^ - 7632.2 +. 0.2 and 7646.6 _+ 0.2 keV calibration lines l5)

from the capture of thermal neutrons in Fe were accumulated

simultaneously. Correction of the Y-ray energies for the nu-

clear recoil gives for the excitation energies of the E = 925

and 2791 keV resonances, E - 7270.3 +^0.5 and 9082.6 +_ I. I

keV respectively. The resulting ^-values calculated from these

data are Q = 6371.7 ̂  0.5 and 6371.3 +_ 1.2 keV respectively.



The average value is 4 • 6371.6 j* 0.4 keV. This is in agree-

ment with the less precise value Q = 6373.1 +_ 1.5 keV given

in the tables of Wapstra and Cove , but is significantly

higher than the values Q • 6367.4 +_ 1.6 and 6367.0 + 1.5 keV

obtained from previous (p,y) measurements, and reported in

refs. ' respectively. A recent determination of t| -

6986.3 ^0.3 keV for 3*S(n,Y)35S combined with the 35S(£~)35C1

endpoint ' of 167.4 _+ 0.2 keV yields a 3*S(p,y)35C1 Q-value

of 6371.4 _+ 0.4 keV, in excellent agreement with the present

value.

Further support for this value comes from recent resonant
26 27)

absorption measurements ' in which Doppler shifted
34 35

y-rays from the S(p,y) Cl reaction were used to excite
208

states in Pb. The results of these measurements clearly

discriminate against the lower value of Q = 6367 keV.

4. Discussion

34 35
The S(p,'Y) Cl reaction over the range E = 1.9 to

P
3.0 MeV has been studied with Nal detectors by Kopanets et

al. . Poor resolution resulted in this group finding only

half of the presently observed resonances in the range E =

1.95 - 2.91 MeV. In addition, the resonance proton energies,

for which no errors are quoted, are from 4 to 10 keV lower

than those given here, while the resonance strengths tend to

be an order of magnitude lower than the present values. For

these reasons no detailed comparison is made between the

data of ref. and the present results.

The energy region up to E =2.1 MeV overlaps the energy
P 2 i 28^

range studied by others [refs. ' ' ]. Hubert et al. show a



TABLE 2

Coaparison of present resulti with other (p(r) d*ta

•

Ep
(keV)

1211.45 •_
1954.4 •

1962.9 •_
1967.9 •_
1973.8 *
1983.7 •_

1984.5 •,
2005.0 *

this work

0.09

O.S

0.5

O.S

0.3

0.5

0.5

0.3

(* 2008)
2070.4 *

2076.9 •_
2092.4 *_

2093.9 •,

2097.5 i

0.5

0.5

0.5

0.5

0.5

(2J*or r /r
P Y(eV)

9.7 ^ 0.7

0.6

0.7

0.4

0.9

0.6

0.9

?.7

<0.3

6.1

0.4

0.7

2.3

1.4

p
(keV)

1213.7 *_

1955.9 •,
1964.1 *_

1970.0 •,
1975.6 •,

1986.0 ^

2006.7 •

2010.5 ^

2073.5 •,
2080.0 *_

2096.6 *

2101.0 ^

Ref.2)

(2J*

1.0

1.3

1.4

1.3

1.3

1.3

1.2

1.3

1.2

1.4

1.2

1.4

"77

9.7

0.8

0.7

I . I

1.3

1.9

2.0

0.5

6.6

0.3

3.0

1.7

r b > E
p(keV)

1213.6 •_

1952 •.

1962 *_

1971 *_

1980 *_

1983 *_

2004.6 ^

Re

0.6

2

2

2

2

2

1.3

f . 3>

(2J*i )r r / r b )

P f(eV)

9.7

0.9

0.8

I . I

1.4

0.8

2.1

Ep
(k«V)

1212.4 •,

1954.3 •

1962.8 ^

1967.8 j»

1973.8 ^

1984.5 •,

2006.0 •

2009.9 •,

28

(2J*

0.7

1.2

1.2

1.2

1.2

1.2

1.3

1.3

)

Or r 17 b )

J> Y
(eV)

9.7

0.9

0.7

0.6

0.8

1.6

2.0

0.7

a)

b)
From table I.

Strengths renoraalized to (2J*I)T r IT - 9.7 eV at £
PT P

1211 keV. Errors about • 30 I for refs.2>28). not quoted for ref.3>.



weak resonance at E • 2010 keV. This could not be positive-
P

ly identified in the present measurement although the data

do not exclude the existence of a resonance near 2008 keV

with strength <0.3 eV. This resonance is also reported in

ref. , but not in ref. . Table 2 shows for the region of

overlap a comparison of the proton energies and strengths
2 3 28)obtained in the present work with the data in refs. ' '

34 34
The reaction S(p,p) S has been studied by Bruynesteyn

9)
[ref. ] up to E =2.25 MeV. Column 6 of table 1 shows

the energies of the (p,p) resonances which can be associated

with the (p,y) resonances observed in the present investiga-

tion. In several cases the precise correspondence between

the (p,Y) and the (p,p) resonances is not clear. The (p,p)

resonance at E = 2103 keV does not appear in the (p,y) yield,
P

while the (p,y) doublets at 1984 keV, 2092-2094 keV and pro-

bably also 2121-2125 keV are not resolved in the (p,p) work.

These considerations cast some doubt on the J assignments

and the r values deduced from the (p,p) measurements in the
p it

above mentioned cases. These J assignments have therefore

not been included in table 1.

A survey of states of Cl up to E =11 MeV has been made
18) X 32 35

by Goss et al. , who used the reaction S(ot,p) Cl. Column

7 of table I shows the excitation energies obtained from the

(a,p) work. In the energy range under consideration all

except one of the levels (at E • 8654 _+ 4 keV) excited in

the (a,p) reaction can be associated with a ( P , Y ) resonance

to within the combined experimental errors. It is worth noting

that the (p,Y) measurement shows about four times as many

levels as the (a,p) work in this range. This is due only in

part to the lower resolution (= 20 keV) of the (a,p) measure-

ment, and illustrates the relatively unselective nature (at 17



least for low spin states) of the (p,"y) reaction for exciting

levels in comparison with other reactions.
33 35 29)

A recent investigation of the S(a,d) Cl reaction
has revealed a level of Cl at E - 8.84 •_ 0.03 MeV with

If •

presumably J " 17/2 . Such a high spin precludes any attempt

to identify this level with one of the resonance levels ob-

served in the present work.

5. Summary and conclusions

34 35Knowledge of the S(p.Y) Cl excitation function has

been extended up to E "2.91 MeV. The decay schemes of 38

of the 84 observed resonances have been studied, and limits

on the spins and parities of these resonances deduced. A

combination of precise proton and y-ray energy calibrations

has made it possible to determine a Q-value for this react-

ion to a greater precision than hitherto published.

These measurements demonstrate that although the proton

energy range 2 to 3 NeV has been comparatively neglected in
34 35the S(p,Y) Cl reaction, in fact there are many strong,

sufficiently isolated resonances that are suitable for po-

pulating bound states of interest in Cl. Perhaps one rea-

son for the neglect of this energy range has been the diffi-

culty of making suitable targets, since most of the sulphur

compounds usually used to form a stable target either are

difficult to handle, or give rise to an unacceptably large

neutron background at energies E > 2 MeV. The present work

demonstrates, in confirmation of the conclusions reached in
8)

ref. , that Ag_S targets made according to the technique

described in sect. 2 can overcome these difficulties.

18



An added incentive for pursuing the study of the
34 35

S(p,Y) Cl reaction to higher energies is provided by the
possibility of observing analogue resonances of states in

S. At present the state of knowledge about bound levels

of S is not sufficiently advanced (with the exceptions of

the levels at E • 1.99 and 2.35 MeV, analogues of the 35Cl

resonances 6»19'20> at E • I2N and 1513 keV respectively)

to make discussion about such analogue resonances fruitful,

but it can be expected that this situation will change in the

near future as more experimental dsta become available. The

present results are used in the analysis of angular distri-

bution measurements, leading to spin assignments for reso-

nance and bound levels of Cl, and of a resonant absorpti-

on measurement at the E =2.79 MeV resonance, which are pre-

25) p

ser.ted in paper II
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CHAPTER 2

INVESTIGATION OF THE REACTION J*S(».>MnCI

III). A«|uUr i i i if ibalitm •nri f itMtnt ••••tptian

Abstract: Angular distributions have been measured at four S(p,t) Cl resonances,

at E • 8.63, 8.64, 8.95 and 9,08 MeV, giving spin-parity assignment* J • 111',

(3/2,5/2), 3/2 and 3/7, respectively. Spins and parities have been determined

for bound states at T.% • 3.92, 4.11, 4.85 and 5.16 HcV, as J* • 3/2*. 7/2*,

(1/2,3/2), 7/2 , respectively. Branching and nixing ratios have been obtained for

the decay of the states at E - 3.92, 4.11, 4.35 and 5.16 MeV. Transition strengths

are presented for the first three of these. Comparison of the experimental data

with published intcnscdiate-roupling and shell-model calculations provides inform-

ation on the configurations of the E • 3.92, 4.11 and S.I6 HeV levels.

A resonant absorption experiment at the E -2.79 MeV resonance gives for the

resonance width I • 65 • 20 eV, and alto determines ihe partial widths r r and
- T P

r . This experiment supports recent absolute yield measurements of the strength

of the J* - 7/2", E - 1.21 MeV resonance.

1. Introduction

In the preceding article , hereafter referred to as

paper I, a description is given of the measurement of the

excitation function of the reaction S(p,y) Cl for proton

energies E • 1.95 - 2.91 MeV. The present article describes

angular distribution measurements on some of those resonan-

ces that populate bound states of Cl for which the spins

and parities were not known. Sect. A describes a resonant

absorption experiment at the E - 2.79 MeV resonance.



2. Experimental procedure

2.1. ANGULAR DISTRIBUTIONS

The general experimental set-up has been described in

paper I. The angular distributions were measured with the

60 cm coaxial Ge(Li) detector, with the exception of the
3

measurements at E • 2.79 MeV, in which the 120 cm detect-
P

or was used. The detector was mounted on a turntable centred

on the target, and movement of the detector was controlled

by a Laben-70 computer. All angular distributions were mea-

sured at five angles in the order 0°, 60°, 30°, 90°, 45°.

This sequence was repeated many times for each measurement

to reduce the cumulative effect of target deterioration or

electronic drift.

The reaction yield was monitored by a 10 cm x 10 cm 0

Nal scintillator. The Ge(Li) detector position was changed

after a preset charge was deposited on the target, chosen so

that the measuring time was about 60 min. per five-angle

sequence. At each point the Ge(Li) spectrum and monitor

counts were stored on magnetic tape. After each five comple-

te sequences the off-resonance monitor background was mea-

sured and used to correct the final monitor totals, to which

the angular distributions were normalized.

The eccentricity of the system was checked by measuring

the angular distribution at the E - 925 keV, j" - l/2~ re-
17) 34 35 ^sonance ' in S(p,y) Cl. Eccentricity corrections were

less than I X.

In the analysis of the angular distributions the sign
2)

convention of Rose and Brink was used for the y-ray mix-

ing ratio, 6. Spin hypotheses were tested by calculating the

22



2 I 2q u a n t i t y x " rr l w . [ I ( 6 . ) - W ( 6 . ) ] , w h e r e 1 ( 6 ) i s t h e n > e a -
N £ 1 1 1

sured distribution; the u. are the weights of each measure-

ment; W(6) • aQ[l+Q A,P2(cos8) • Q^A^P^cosS) ] is the dis-

tribution function, including the geometric correction fact-

ors Q- and Q,, and N is the number of degrees of freedom in

the fit. In the analysis a was fitted to the data, A and

A. being calculated for a given spin sequence and value of
2

the mixing ratio 6. In this way, x is obtained as a functi-

on of 6 for each spin sequence tested. Spins were rejected

if x did not fall below the value corresponding to the O.I Z

KXX

1OO

Fig. I. Plots of X VB arctg * for the angular distributions of primary transitions

used to obtain resonance spins.
23



confidence level for any value of 6.

2.2. RESONANT ABSORPTION

The principle of the resonant absorption measurement and
3 A)

the analysis of Che data have been discussed elsewhere '

In the present experiment resonant absorption was used to
35excite the Cl state at E - 9 08 MeV, corresponding to the

proton resonance at E -2.79 MeV.
P 5)

The apparatus was as described in ref. , except that the

Y-rays transmitted through the absorber were detected with

a 10 cm x 10 cm 0 Nal scintillator instead of a Ge(Li) de-

tector. The absorber consisted of an 8.5 cm diameter bottle

of CC1, and a 15 cm thick layer of NaCl. The latter material

was packed into the collimator slit, which measured 15 cm

long x 0.085 cm wide x 10 cm high. The number of Cl

nuclei/cm2 was (2.95 +, 0.10) x I023.

In the calculation of this number the imperfect packing

of the NaCl crystals was taken into account.

3. Angular distributions

For the purpose of presenting the data, the measured dis-

tributions were fitted with the function

W(6) = a^[l+A'P2(cos8) • A'P,(cos8)]. The experimental dis-

tribution coefficients Al and Al, corrected for the finite

detector geometry, are listed in table I. This table also

gives, for each transition studied, the initial and final

spins and the deduced y-ray mixing ratios. Figs. I and 2 show
2

the x vs arctg 6 plots for some primary transitions and

some transitions between bound states, respectively.
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TABU I

Swaury of the result! of Che angular distribution aeaauremanti, shoving the spins add paritia* of the etates,
tha experimental angular distribution coefficients, corrected for finite eolid angle, and r-ray mixing ratios.

E 1 * E £
(KaV)

9.08 - 0

9.OB * 1.76

9.OB • 3.92

8.95 - 0

8.95 - 1.22

8,6*, - 0

B.63 - 1.76

8.63 * 4.11

8.63 - 4.3S

8.63 * 5.16

5.16 » 1.76

5.16 - 3.16

4.35 - 2.65

4.11 - 0

4.11 -» 1.76

3.92 -> 0

J w

X

5/2

5/2

5/2

3/2*

3/2*

(3/2.5/2)

7/2"

7/2"

7/2"

7/2"

7/2"

7/2"

9/2"

7/2*

7/2*

3/2*

»

3/2*

5/2*

3/2*

3/2*

1/2*

3/2*

5/2*

7/2*

9/2"

7/2*

5/2*

7/2"

7/2*

3/2*

5/2*

3/2*

1

-0.243

0.555

-0.43

-0.19

0.12

-0.12

-0.387

0.43

0.11

0.60

-0.23

0.52

-0.34

0.46

0.56

0.07

_• 0.0!!

^ 0.014

^ 0.02

Z 0.02

*_ 0.03

_• 0.02

•_ 0.007

• 0.02

_• 0.02

*_ 0.03

*_ 0.06

*_ 0.05

•, 0.03

_• 0.25

^ 0.03

•_ 0.02

i

0.05

0.03

0.05

0.02

-0.02

-O.OI

0.012

-0.01

0.02

-0.08

-0.08

-0.02

-0.00

-0.23

0.05

-0.01

_• 0.02

*_ 0.02

2. 0.03

• 0.02

•, 0.04

«, 0.02

•_ 0.008

•, 0.02

*_ 0.02

^ 0.04

^ 0.07

*_ 0.06

*_ 0.04

*_ 0.25

^ 0.04

_̂  0.01

4

-0.089

-0.11

0.002

0.39 _̂  0.05

0.34 *_ 0.02

0.011

0.06

0.184

-0.60

0.00

-0.4*

0.018

0.00

0.16

0.21 *_ 0.02

a)

^ 0.009

^0 .02

_• 0.009

or 8.2 2. 0.7

or 5.0 * 0.4

_• 0.003

^ 0.02

_• 0.014

^ 0.10

*_ 0.03

^ 0.20

^ 0.012

•_ 0.10

*_ 0.02

or "2°!,o

Sign convention is that of Rose and Brink

I*



3.1. RESONANCE SPINS

3,2.2. The E =2.79 MeV, E =9.08 MeV resonance. Figs.
P x 2

l(a) and (b) show that J • 5/2 gives x values below the

0.1 2 confidence limit for both the r -» 0 and r > 1.76 MeV

transitions. Both transitions exclude J - 7/2, whereas

J = 3/2 is excluded by the r •* 1.76 MeV transition.

3.2.2. The E =2.33 MeV, E =8.63 MeV resonance. The x 2

P x

plot for the r •* 1.76 MeV angular distribution, shown in

fig. l(c), allows both J - 3/2 and 7/2. The J - 3/2 soluti-

on can be rejected because of the (10 ^ 3) X branch to the

J* • 9/2* level at 3.94 MeV. The spin J - 9/2 was also test-

ed. It was rejected because the minimum x obtained was

X2 - 2300.

The x plot for the r •+ 4.35 MeV transition is shown in

fig. 2(d). Lornie et al.6) show that J*(4.35) - 9/2~. With

this value, the mixing ratio found for the r •+ 4.35 MeV

transition is 6 = 0.18 +̂  0.01. The transition strengths so

implied require the resonance parity to be negative, so

J (E =2.33 MeV) * 7/2 . This spin agrees with the assign-

ment made on the basis of the resonance decay scheme in

paper I.

3.2.3. The E =2.66 MeV. E =8.95 MeV resonance. The
p x

r •* 0 and r -*• 1.22 MeV angular distributions together allow

only J = 3/2 for the resonance spin; see figs. 1(d) and (e).

The mixing ratio for the r •+ 1.22 MeV transition, combined

with the branching ratio of (24 + 8) X and the resonance

strength of 2.4 *_ O.f eV imply an M2 strength >3 W.u. for

the case of negative resonance parity. This is sufficiently

strong to rule out negative parity , so JT • 3/2*.
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3.1.4. The E = 2.64 MeV, E =8.64 MeV resonance. T h e

r x

spin of this resonance is restricted to 1/2, 3/2, 5/2 on the

basis of its decay scheme (see paper I). The spin J * 1/2

can be rejected since the A' angular distribution coefficient

for the ground-state transition is A' ° -0.12 +_ 0.02 (see

table 1). Of the other possibilities, only J a 3/2 gives a
2

X value below the 0.1 1 confidence level [fig. !(£)], but
2

the minimum value obtained, x = 4.6, implies that the data

errors were underestimated for this measurement, and the

distinction between J D 3/2 and 5/2 is not sufficiently

strong for a definite assignment to be made. Hence, J =

(3/2,5/2).
3.2. BOUND STATE SPINS

3.2.1. The E =3.92 MeV level. This level is populated

by a 9 % branch from the E =2.79 MeV, J =5/2 resonance
P 2

(see paper 1 and sect. 3.1.1). The x plot for the r -»• 3.92

MeV transition [fig. 2(a)] allows only J = 3/2, in agreement
8)

with the less certain assignment by Lee and Watson

The angular distribution of the 3.92 -+• 0 MeV transition

allows two possible values for the mixing ratio, 6 = 0.21

+ 0.02 or 5 = -20 ._. Both of these values, when combined
9)

with the lifetime T • 7 *_ 2 fs [ref. ], exclude negative

parity, so j"(3.92) - 3/2*.

3.2.2. The E ~ 4.11 MeV level. This level is excited at

x 2

the E ° 2.33 MeV resonance, and the x plot for the primary

transition is shown in fig. 2(b). Only J • 7/2 is consistent

with the data. The parity is assigned positive on the basis

of the (52 ĵ  3) Z ground-state transition and the lifetime

[ref. *] of 70 +̂  16 fs. The pure L - 2 character of the
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ground-state transition is confirmed by the angular distri-

bution data, which give 6 - 0.00 +_ 0.J0. Hence, Jn(4.1l) -

7/2*. The mixing ratio of the r -* A.II MeV transition (6 -

0.06 *_ 0.02) implies a primary M2 strength of |M(M2)|2 > 0.2

W.u.

MM

100

10

1

\ • \ll \

0 )

1
urn

-so* -40* o* «o* so* -eo* -40* o* «o* ao*
•rctg 6 arctg t

Fif.. 2. Plota of x vs arctg 6 for the angular distribution! of primary transitions

used to obtain spins of bound states.

3.2.3. The E = S.16 MeV level. This level is also popu-
X 2

lated at the E "2.33 MeV resonance. The x plots show that
P 2

both J • 3/2 and 7/2 give acceptable x values [fig. 2(c)].

However, the J - 3/2 solution can be rejected since the cor-

responding mixing ratio, <S • -0.12 + 0.01, implies an unac-
ceptably

7/2.

7) large degree of octupole mixing. Hence, J(5.I6)
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Fig. 2(c) shows two minima for J(5.16) • 7/2, correspon-

ding to 6 - -0.61*°*Q£ and 6 - -O.I9*g'°J. The angular dis-

tributions of the 5.16 •*• 1.76 and 5.16 •+ 3.16 MeV transitions

both exclude the second solution and result in a primary

mixing ratio of 6 • -0.60 *_ 0.05. This value is too large for

an M2/EI mixture, since it would imply an M2 strength greater

than 85 W.u., whereas it gives an E2 strength greater than

2.6 W.u. Since the resonance has been shown to have negative

parity, J (5.16) = 7/2 . This result is in disagreement with

the tentative 1 « 2 assignment made by Graue et al. , who
P 34 35

investigated the S(r,d) Cl reaction, and with the 1 = 2

assignment of Doll et al. ' who studied the Ar(d,t)35ci

reaction. A possible explanation is that neither of the last

two measurements resolve possible excitation of the neigh-

bouring level 1 3 ) at E = 5.21 MeV with J = (3/2,5/2).

3.2.4. The E =4.85 MeV level. Meyer et al. 1 4 ^ restrict

the spin of this level to J = 1/2, 3/2, 5/2+. The J* = 5/2+

value can be excluded on the basis of the (4.A + 1.8) %

branch to the level from the E =2.21 MeV, j" = l/2~ reso-

nance (see paper I). Hence J(4.85) = 1/2, 3/2.

4. Resonant absorption

4.1. EXPERIMENT

The collimator angle at which the dip in the intensity

transmitted through the absorber should occur was calculated

from the reaction kinematics as a • 82.8 .

The transmission of the 9.08 MeV y-t&ys from the E =

2.79 MeV resonance was measured in 0.2° steps over the range

81.0° to 85.0° with the apparatus described in sect. 2.2.
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Fig. 3 shows the intensity of the 9.08 MeV radiation (correc-

ted for background) transmitted through the collimator, plot-

ted as a function of the collimator angle. The data points

were fitted with a Gaussian function. The resonance angle ob-

tained from the fitted curve is a " 8 2 . 7 ± 0 . 2 and the ab-

sorption integral is A • 0.081° +_ 0.013°. The error in a is

determined by the error in the absolute alignment of the col-

liroator slit, which is much greater than the statistical er-

ror, • 0.03°.

1.05

1.OO
uJ
i -
Z
Q
UJ
Nl

O9O

0.85

35,'Cl EM=9.08 MeV
Aa=0.081°i0013#

\ T

81° 82* 8 3 '
COLLIMATOR ANGLE

8 4 * 85*

Fig. 3. Intensity of the 9.08 MeV Y-rayi transmitted through the CCl^ - NnCl abtorber,

Plotted vs col lima tor angle. Solid line la th« reiult of fitting a Crnmian

function plus a linear background; x2 - 1.2.
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-4.2. ANALYSIS

In ref. it is shown that the relation between the ab-

sorption integral and the relevant resonance parameters is

given by the expression A • Jti(dE/da) TF(no ) where r is

the total width of the level; n is the number of absorber
2 2

nuclei per cm ; o » (gA /2TI)r /T; X is the y-ray wavelength;

° °
g is the statistical factor and r the partial width for

"̂ o
the ground-state transition. The energy dispersion at the
resonance angle was (dE/da) • 345 eV/degree. The function

F(no ) is discussed in ref,3).
o

In the present experiment it is possible to estimate r

directly from the absorption dip shown in fig. 3. The instru-

mental width, calculated from the collimaCor dimensions, is

W » 100 +_ 5 eV, and the energy distribution of the radiati-

on passing through the collimator can be regarded, to a first

approximation, as Gaussian. The width of the fitted curve in

fig. 3 is W » 185 +_ 30 eV. The justification for fitting the

data with a simple Gaussian instead of a convolution of a

Gaussian with a Breit-Wigner curve is that the statistics,

and the number of points in the dip, are insufficient to make

a real distinction between the two functions, as shown by
2

the value x "1.2 obtained for the fit. The quantities of

interest, the total width and the area, are reliably estima-

ted by the simpler procedure. By applying the method of

McEwen and Daniell for estimating a Breit-Wigner width

in the presence of Gaussian errors, and remembering that the

Breit-Wigner function is itself a convolution of the emissi-

on and absorption lines, the value obtained for the resonan-

ce width is T - 65 *_ 20 eV. The broadening due to thermal

motion is 9 eV and so this correction can be neglected. The

partial widths can be obtained with the aid of the resonance
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spin, J * 5/2 (sect. 3.1.1.) and the ground-state branching

ratio, which gives Ty » (0.60 +_ 0.03K (see paper I). The
1/ O

reaction S(P,P'Y) 3*S is also resonant at Ep - 2.79 MeV

(see fig. 4), and from the intensity of the 34g 2.13 -• 0 MeV

Y-ray in the spectrum one obtains r IT • 0.121 ^ 0.008.

150

100

50

WS(P.PY) 3 4S

Ey-2.13 Mev

2790 2792
Ep(keV)

2794

Fig. 4. Viold of the MS(p,t)35Cl and 3*S(p,p*t)3*S reaction* at the E • 2.79 HeV

resonance.

These data, together with the absorption integral* give

r - 2.3 • 0.4 eV, r - 0.2B + 0.05 eV and r - 6 2 + 2 0 eV.
Y - Pi ~ P

With this information the resonance strength can be calcu-

lated as (2J+DT r IT - 13.4 + 2.2 eV. This should be com-

n —
pared with the value of 16 + 2 eV obtained from a measure-

ment of the resonance Y~ray yield (see paper I ) . As described32



100

10

0)

01

RESONANT ABSORPTION
EK=908 MeV
Aa=0 081° 10013°

eV

0 2 04 06
rv/r

0 8 10

Fig. 5. Plot of T und S - r r IV vs r IV, evaluated for the measured value of the
P T 1

absorption integral An- Also shown is the value of S • S delemined from

a measurement of thp resonance yield. The broken lines define the widths of

thr error b.mds of S and S . The shaded area is the region of overlap of S
and S

exp

in paper I, the latter value is based on the strength

(2J + 1 K r /T - 9.7 _+ 0.7 eV for the E -1.21 MeV resonance,

which clearly gives much better agreement with the resonant

absorption result than the older strength standard of

21 + 3 eV at E -1.21 MeV. This is shown graphically in
~" P

fig. 5, in which r and S = r T /?, derived from the expres-

sion for the absorption integral, are plotted vs. I" /r. Also

shown is the experimental value of r T /T = Sfi = 2.7 +^0.3

eV obtained from the y~ray yield. The overlap of the error



bands of S and S indicates that the measured resonance
exp

strength is about the maximum value consistent with the re-

sonant absorption measurement. Normalization to the 21 *_ 3

e\ strength of the E • 1.21 MeV resonance would give S •

5.8 ± 0.6 eV, and no overlap would be obtained.

5. Summary and discussion

5.1. EXPERIMENTAL RESULTS

S.l.J. Angular distribution. Table 2 shows the spins,

parities and branching ratios of the bound states discussed

in sect. 3 and also the branching ratios of the new level

at E => 5.72 MeV. Table 3 lists transition strengths for the

decay of the levels at E • 3.92, 4.11 and 4.35 MeV. The

lifetimes required for these calculations were taken from

refs.9'10).

As a result of the spin-parity assignments made to the

levels at E = 3.92 and 4.11 MeV, the spins and parities of
35 Xall the Cl bound states up to 4.11 MeV excitation energy,

i.e. the lowest eleven excited states, are now known. In

addition the spin and parity of the level at E • 5.16 MeV

have been determined.

S.I.2. Resonant absorption* The resonant absorption ex-

periment described in sect. 4 has provided values of the

total and partial widths of the E - 2.79 MeV resonance, viz.

r = 65 + 20 eV, r - 2.3 + 0.4 eV, T - 0.28 + 0.05 eV,
- Y ~ Pi -

r a 62 HK 20 eV. The significance of this measurement lies
in the fact that it supports the results of recent absolute

18 19)yield measurements ' ' shoving that the strength of the
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TABLE 2

Branching ratios, in X, of bound states of Cl discussed in this work
Data are from the present measurements, unless indicated otherwise

E

(MeV)

3.92

4.11

4.35

4.84

5.16

5.72

a ) Ref

3/2+

7/2*

9/2" a )

(l/2*,3/2)

7/2"

6)

0

3/2+

32.0 • 1.0

.52 + 3

18 •_ 3

l.7«

5/2H

18.0

48

48

36

38

+

+

1.

4

10

4

Final level (MeV)

2.65 2.69

7/2* 3/2*

0

31 _+ 2

24 j* 3

3.00

5/2*

10 *_ 5

3.16

7/2+

69 •_ 2

54 •_ 10

Unknown
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TABLE 3

Transition strengths deduced from the angular distribution data

1

3

4

4

4

Transition

.92 •* 0

.11 - 0

.11 • 1,

.35 + 2.

a)

b)

.76

.65

b)

b)

0.21

-20

0.00

0.16

0.02

6

•

—

0.02
5
10
0.10

0.02

0.01

Type

MI/E2

H1/E2

E2

MI/E2

EI/H2

(1

(2

0

.6

.0

Strength

L - 1

.06 • 0.02

<6 x 10~4

•_ 0.4) x IO"2

•_ 0.8) x IO"5

(W.u.)

0

15

0

0

L -

.7

.8

.28

<0

2

• 0.

• 4
•Ml

* 0.
• 0.
mm

.02

2

2

10

a) 9)
Lifetime from ref. . Both values of 6 are allowed by the angular distribution
data.

b ) Lifetime from ref.l0).



E =1.21 MeV resonance is 9.7 + 0.7 eV, and not 21 + 3 eV as
P 15)

measured earlier . This has the consequence that all re-

sonance strengths measured with respect to the old value

for the K • I.21 MeV resonance must he renormalized to the
P

new, lower value. Since the reliability of the strength stan-

dard is important also from the point of view of understand-

ing isobaric analogue resonances in Cl, it seems desirable

to establish a new standard by performing a resonant absorp-

tion measurement on a suitable resonance, together with a

proton scattering measurement to give the quantity F /Y,
15) p

along the lines suggested in ref. . Such an experiment

would be less influenced by the sources of error that affect

absolute Y~ray yield measurements.
5.2. COMPARISON WITH THEORY

5.2.1. Positive pari-ty state?. The mass region around

A = 35 has been the subject of several theoretical treat-

ments. Fig. 6 shows the experimentally known positive parity

states of Cl together with two calculated level schemes.

In the calculation of Castel et al. ' d V 2 ' ̂ sl/2 a n d

Id, ,_ hole states are coupled to a vibrating Ar core. The

resulting energy levels are shown on the left of fig. 6.

On the right is the level scheme resulting from a shell-
21)

model calculation by Wildenthal et al. , in which the full

sd-shell configuration space outside a closed 0 core is

used. The level scheme shown is the one calculated from the

interaction labelled 12.5p + 0, in the notation of ref.

The experimental Cl levels in fig. 6 include all known

positive parity states and those levels for which the spin

has been restricted to at most two values, and which have

not been assigned negative parity. For the intermediate-

coupling model, nine, and for the shell model, eight of the 35



'• *"

JSI

itf ,w.< ^̂

-»••-...in

-w-
IC EXPERMCNT SM

Fig. 6. Comparison of experimentally determined positive parity states of Cl with

calculated level scheme*. Labels I.C. and S.M. refer to internediate-coupling

nodel 20> and shell-ondel calculations, respectively.

experimentally determined levels can be identified with a

calculated level on the basis of spin and excitation energy,

and the R.M.S. deviation between calculated and observed

excitation energies is 0.45 MeV for the intermediate-coupling

model, and 0.39 MeV for the shell-model calculations.

The j" - 3/2* level at E - 3.92 MeV can be identified in
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thi intermediate coupling scheme, but not in the she)2—model

scheme. Calculated and measured properties of this state are

conpared in table 4. Agreement f>r thr Ml strength of the

ground-state transition is good, even though such agreement

is not usually a feature of these calculations. The ground-

state branching is also well reproduced, but. the measured

E2 strength, although rather weak, is 100 times stronger

than calculated. The E • 3.92 MeV level is only weakly po-

pulated in particle transfer reactions [see, e.g., ref. ]

and it may be that collective motion makes an important con-

tribution to this state. A more extensive comparison between

experiment and the intermediate coupling model is given in
f 10)ref.

The j' = 7/2* level at E = 4.11 MeV can be identified as

ttu> second 7/2 level in the shell-model level scheme of

Table 4

Decay of Che 3.92 MeV level

Final lev1 M"\ .

Branch

|M(MI)|2

lM(E2)|2

(*)
(mW.u.)

(W.u.)

82

60

0.66

0

Sup.

• i

• 20

10.

o/2*;

b)

22 b >

1

Theory**

B2

43

O.OOS

1.

Exp

<0.5

<l.5

<0.B

22

c)

c)

(1/2*)

Theory*5

12

8

5,4

1.

Exp

IB •

'3.

<55O

76

•

1

0 "

c)

(5/2*)

Theory"'

3

12

1 .7

R er.
20>

b)

c)
Calculated with t • 0.21 '__ 0.02; >;ee table 3.
Strength calculated aaauming a pur* aultipole transition.
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ref. , and possibly with the second 7/2 level in the in-

termediate coupling scheme. Further detailed comparison can-

not be made as the properties of the level were not calcu-

lated in either case.

In ref. it is conjectured that the density of positive
35 35

parity levels in Cl - Ar above E = 4 MeV should be higher

than the density indicated by the shell-model calculations,

since they do not explicitly take account of 2n particle ex-

citations into the fp-shells. Comparison of the observed

with the calculated levels above 4.5 MeV excitation indicates

that there are about six positive parity states not accounted

for by the shell-model calculations. Clearly, it is of inte-

rest for future measurements on Cl to concentrate on deter-

mining the parameters of levels at excitation energies grea-

ter than 4.5 MeV.

5.2,2. Negative parity states. Calculations on the nega-

tive parity states of Cl have been performed by, among

others, Erne , Maripuu and Hokken , and Van Kienen

The excitation energies obtained from these calculations are

compared with the observed states in table 5. Also included

in table 5 are the two known negative parity states of the

mirror nucleus Ar. The Ar states have been assigned

1 = 3 in the Ar(p,d) Ar reaction . Their spins have

been assumed to be 7/2 on the basis of their proximity to the
- 35

7/2 states of Cl. Table 5 also shows the R.M.S. deviations

between the experimental and calculated excitation energies.

The second 3/2~ state of Cl, at E - 4.18 MeV, is known
23 26 27) X

[refs. ' ' ] to be the p,., anti-analogue state of the

j = 3/2" J*S(p,Y) Cl analogue resonance at E » 1.51 MeV,

and cannot be described by configurations of the sort con-
2

sidered by Erne", viz. Kld3/2^jx lf7/2 1/2^JT' M a r*P u u a n d
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Table 5

Coir[ i r i a o n of observed and c a l c u l a t e d t m i . u i o n e n e r g i e s
of n e g a t i v e p a r i t y a t a t c s in 35ci

J

3/2,

3/2,

7/2,

9/2,

11/2,

.1/2,

b) "If"."': ,

J5C1

4.06

4.18

3.16

5.16

4.35

5.41 "J

6.09 §)

l.M.S

see text.

(MaV)

15Ar

3.20 b )

5... b )

. deviation (HeV)

4.27

2.83

5.27

4.76

5.31

5.28

0.41

t , (He'calc.

!) ref. 2 3 > C

3.99

3.44

6.30

5.00

6.43

5.19

0.78

ref

4.

5.

4 .

i.

1 .

24)

96

35

42

64

00

c) 21)
Calculated energies from ref." have been increased by 0.03 McV
to bring the ground state to zero energy.

Kokken include 2p.,~ configurations, and place the anti-

analogue state at E = 3.99 MeV, but do not account for the

JK = 3/2 state at E = A.06 MeV. The J* = 7/2 state at
x

E =5.16 MeV discussed in sect. 3.2.4 fits well in the

level schemes of Erne and Van Hienen, indicating that it is

possibly one of the fragments of the J = 7/2 anti-analogue
27 28}

state at E = 3.16 MeV, expected ' to lie above E = 5
X X

MeV. This interpretation receives qualitative support from

the mixing ratio of the 5.16 •+ 3.16 MeV transition. If the

transition occurs mainly through the recoupling of the d .„
2 2

particles, viz. [d]Q£]1/2 J / 2 •*• [dQ]|f]7/2 )/2, then the Ml
strength should be comparatively low, since the factor

2
(g ~ g ) which enters the Ml isovector operator is small
[ref.27] for two particles in the d_,- orbit. Here, g and

39



g are the proton and neutron gyromagnetic ratios respecti-
n

vely. In fact the measured mixing ratio (table I), 6 » -0.44

+_ 0.20, is the largest E2/M1 mixing of all the bound state

transitions studied in this work. A measurement of the life-

time of the E -5.16 MeV level is required to place this

argument on a firmer basis.
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CHAPTER 3

RESONANT GAMMA-RAY ABSORPTION IN IMPfc*

208
Abstract: The level at 7064.3 ̂  0.5 keV In Ph has be«n excited in • resonant ab-

ahsorption experinrnt by Doppler shifted y-radiation froei the S(p,v) Cl re-

action at C • 1974 I.eV. Analyaii of the absorption integral gives r • IB • 3 eV

for the level width, assuming a 100 Z ground-state branch. The suitability of

this technique for measuring lifetimes of nuclear bound states in the attosecond

range is discussed.

1. Introduction

Doppler shifted radiation from proton capture reactions

has frequently been used to observe nuclear resonant absorp-

tion of y-rays in light nuclei; an extensive discussion of

the analysis of this type of experiment is contained in the

papers of Smith and Endt .In all experiments published

so far the technique has been used to measure the widths of

unbound states. In all cases the radiation was absorbed in

the same nucleide, and excited the same resonance level, as

that emitting the radiation. An exception is the excitation

ian<
3)

of a resonance level in P by radiation from a nearby (p,y)

resonance
The general possibility of exciting a state by absorption

of y-rays emitted by the decay of a different state had been
4)

considered before the advent of Ge(Li) detectors. It was

Co-authors H. Lancman and C. van der Leun
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not used, however, (except for the case mentioned above), be-

cause of the difficulties in matching precisely the energy

of the state with that of a suitable |-ray.

The present day possibility of precise determination of

Y-ray energies greater than a few MeV prompted this expe-

riment which demonstrates the feasibility of the resonant ab-

sorption technique when emitter and absorber are different

materials. Resonant absorption was observed on the state at
208

7.06 MeV in Pb. This level had previously been investiga-

ted by resonance fluorescence measurements, and the publish-

ed values for the width, r - 31 +_ 3 eV [ref. '] and T = 15 +_

8 eV [ref. ], while in disagreement with one another, indi-

cated that the level is suitable for investigation by reso-

nant absorption.
34 35

The level was excited by radLation from the S(p,-f) Cl
resonance at E = 1.97 MeV, the strength of which has been

9) Pmeasured as (2J+1)T r /? = 0.9 eV. The resonance has a 48 %
P Y 35

branch to the first excited state in Cl, with a Y~ray ener-

gy of 7.07 MeV. Measurement of the yield curve showed that

the resonance width is less than the instrumental resolution

of the Van de Graaff accelerator, about 300 eV.

2. Principle of the method

From the kinematics of the proton capture reaction, the

angle a, at which a primary photon has just the right energy

to be resonantly absorbed (see fig. 2) is given by cos a =
2 2 r

AE/BE , where AE = E -E +E /(2Mc ). In these expressions, E

is the energy of the level to be excited in the absorbing

material, M is the mass of the absorbing nucleus, E is the
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unshifted energy of the y-ray, B - \>/c where v is the recoil

velocity of the compound nucleus and c is the velocity of

light.

It has been shown by Melkonian et al. and Smith and

Endt that the information about the level is contained in

the absorption integral. If the absorption cross section is

expressed in the pure Breit-Wigner form, i.e. without inclu-

ding the effect of the thermal motion of the absorbing nuclei

then the absorption integral can be written ' as

A Q - iit(dE/da)^rF(noo) (I)

where (dE/da) - pE sin a , T is the level width, n is the
. 2 2number of absorbing nuclei per cm , o • (gX /2v)T /r whereo o

g is the statistical factor for the ground-state transition

from the level, \ is the wave-length of the incident y~ray

and r is the partial width for the ground-state transition.
° 12)

The function F(no ) can be expressed in hyperbolic

° I)
Bessel functions and is shown graphically in ref. . If the

level in question is a bound state, r /r is simply the ground-

state branching ratio, and if this and the spins of the exci-

ted and ground states are known, the width is obtained from

eq.(l).

In general, the value of F so found needs to be corrected

for the Doppler broadening arising from the thermal motion

of the absorber nuclei. A procedure for making this correct-

ion is described in ref. .
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3. Energy measurements

In order to calculate a, the expected angle where resonant

absorption would occur, it was necessary to measure the exci-

tation energy of the Pb level and the Cl Y~ray energy

to higher precision than was available in the literature.

3.1. EXCITATION ENERGY OF Pb LEVELS.
208

The energy of the 7.06 MeV level in Pb, a member of a

doublet, was measured in a resonance fluorescence experiment,

using the Doppler broadened 7.12 MeV >-rays from the

F(p,aY) 0 reaction at E = 2 MeV. The radiation from a

CaF target was scattered from a lead plate 15 cm x 12 cm x

1.5 cm, placed so that the incident radiation made an average
o

angle of 90 with respect to the proton beam. The scattered

radiation was detected at 90 by a 60 cm Ge(Li) detector
208

shielded from t_he target by 30 cm of lead. The Pb spectrum

was simultaneously calibrated with the Fe(n,y) Fe Y-rays

of 7632.2 • 0.2 and 7646.6 +_ 0.2 keV, respectively. These

were obtained by the capture in Fe of neutrons from an Am-

Be source . Fig. 1 shows a portion of the spectrum, with

the peaks due to the lead doublet and the Fe (n,>) calibrati-

on peaks.

After correction for the nuclear recoil, the resulting ex-
208

citation energies for the two states in Pb are 7064.3 +^0.5

and 7084.4 +^0.5 keV, respectively. These energies are sig-

nificantly lower than the values 7071 +_ 2 and 7091 +_ 2 keV

obtained by Swann , but the energy of the higher state is in

agreement with the value 7084 *_ 2 keV obtained by Scholz et al.

45



3.2. GAMMA-RAY ENERGY IN 35C1.

The "v-ray energy of the transition to the 1.22 MeV state in

35C1 at the proton resonance E • 1.97 MeV was measured with

the 60 cm3 Ge(Li) detector mounted at 90° to the beam direct-

ion. The target consisted of Ag_S made from sulphur enriched

to 94 % 3 4S. As before, a Fe(n,y) Fe spectrum was accumul-

ated simultaneously with the Cl spectrum to provide the ca-

libration. The y-ray energy derived from the measurement is

E - 7068.0 + 0.8 keV.
Y —

Fig.

6 5 70
ENERGY (MeV)

Spectrum from the 208Pb(Y,y)208Pb reaction at E

75

• 7.12 ^ 0.07 M«V.
19 16 ^

The Y-ray source was the F(p,af) 0 reaction at E • 2.0 IteV.

Also ihovn are the calibration peak* fron the Fe(n,y) Fe reaction.

The peak labelled Fe(Y,v) ariiea froa reaonanea scattering fro* a level

at 6.11 MeV in S*Fe.

3.3. THE RESONANCE ANGLE
208 35,

From the "w"Pb excitation energy and the ""Cl >-ray energy

the energy difference AE to be supplied by the Doppler shift
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(see sect. 2) is AE •» -3.6 _• 0.9 keV. The resonance angle cor-

responding to AE is a • !06° +_ 4°. The energy dispersion at

this angle is |dE/da| - 221 eV/degree.

120 cm' O«(Li)

TANTALUM

LEAD ABSORBER ^ \ C J

Fig . 2. Schematic representat ion of the geometry of the targe t , absorber, c o l l i -

mator and d e t e c t o r . The tantalum p l a t e l at the rear end of the - l i t are

to prevent resonant absorption in the edges of the a l i t opening.

4. Absorption measurement

4.1. SET-UP

The radiation from the AgjS target was collimated by two

machined lead blocks 10 cm high x i5 cm long x 5 cm thick. The

width of the collimator slit was 0.4 cm, corresponding to an

angular width of 1° (see fig. 2). Tantalum plates 0.3 cm thick

were set into the blocks at the rear end of the slit to avoid

complications arising from resonant absorption in the edges of

the collimator itself. The absorber consisted of a lead plate

1.6 cm thick placed in front of the slit.

The spectrum of the radiation passing through the absorber
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and slit was measured with a 120 cm Ge(Li) detector mounted

immediately behind the collimator. During the experiment the

reaction yield was monitored by a Nal detector.

4.2. MEASUREMENT.

The measurement consisted of accumulating Ge(Li) spectra at

0.5° intervals over the range 101° to 109° with a target cur-

rent of about 60 uA. Data taking and movement of the collima-

tor and Ge(li) detector were under the control of a Laben-70

computer which was programmed to split the measurement into a

number of short runs of about 6 min duration at each angle,

the complete angular range being measured 21 times over a pe-

riod of about 50 h.

4.3. RESULTS

Fig. 3 shows the transmission intensity, corrected for back-

ground and normalized to the monitor, plotted against collima-

tor angle. The solid curve is the result of fitting the data

with a Gaussian function plus a linear background. The centre

l 10

070*

RESONANT ABSORPTION
E..7OC

i6i' ior wsr io
COLLIMATOR ANGLE

Fig. 3. Transmission of the 7.06 HeV Y-rays through the lead absorber and the slit.

The solid curve ia the result of fitting a Gaussian function plus a linear

background to the experimental data. The dip minima occurs at 105.20° *_

0.08° and the absorption integral is A - 0.26° *_ 0.05°. The value of the

normalised x for the fit is 0.68.
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of the absorption dip occurs at 105.20 •_ 0.08 and from the

area above the fitted curve the absorption integral is

A - 0.26° •_ 0.05°.
a 208 5)

The spin of th"e Pb level is J"\ , so the statistical
factor is g • 3. The ground-state branching ratio is given

as I' IV • I by Swann , as found from a resonance fluores-
o

cence measurement. With these data eq.(l) gives r = 18 + 3 eV.

The Doppler broadening in lead at room temperature is only

3.6 eV and the correction to the calculated width is negligi-

ble.

The value of V obtained in this experiment is much less

than the 31 _+ 3 eV found by Swann f but it is in agreement

with the result of Knowles and Khan , who find T = 15 + 8 eV.

(The error in the latter value has been inferred from the data

of ref. ) The reason for the discrepancy between our result

and that of Swann is not clear. A possible explanation would

be that there is another level near 7.06 MeV, the two levels

being separated by less than about 6 keV and so remaining un-

resolved in a resonance fluorescence experiment. In our mea-

surement a separation of 6 keV implies a separation of 30

between the corresponding absorption dips, which is much grea-

ter than the range of the present experiment, so that a postu-

lated second level would not be detected. On the other hand

the same argument should be applicable to the result of

Knowles and Khan, where the agreement is much better.

It can be shown that our value for F does not critically

depend upon the assumption of an exactly 100 1 ground-state

branching ratio. Fig. 4 shows the behaviour of T as a functi-

on of T /r, for A «• 0.26° + 0.05°. The width of the band re-

o a —

presents the error in T introduced by the error in A . Near

r /r » I, r is comparatively insensitive to r /T; taking
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r /r • 0.8 changes r by about 12 X, which is less than the
o
experimental error. Since it is very unlikely that P /V is

is less than 0.5 and, according to Swann's analysis , it

is probably greater than 0.8, the residual uncertainty in the

branching ratio does not seriously affect the value of V ob-

tained.

01 02 03 04 OS 06 07 OS 09 10

Fig. 4. Plot of r vs. r /r for A - 0.26 • 0.05 . The broken curves give the error
o a —

limits for V arising from the error in A ; other sources of error are negli-

giblc in comparison.

5. Summary and conclusions

34 35

A narrow Doppler shifted Y-ray from the S(p,y) Cl re-

action has been used to observe resonant absorption by the
208

7.06 MeV level of Pb. Measurement of the absorption inte-

gral gives for the width of the level F • 1 8 ^ 3 eV, corres-

ponding to a mean life T = 37 +_ 6 as.

The present measurement demonstrates that it is feasible50



to use resonant absorption of capture r-rays to measure Life-

times of bound states of stable nucleides of the order of

-15 -18

10 to 10 s, subject to the obvious condition that the

states have a strong ground-state transition. This extension

of the traditional resonant absorption measurements has be-

come possible partly because of the possibilities offered hy

Ce(Li) detectors for precise y-ray energy measurements, ne-

cessary to salvo the practical problem of where to look for

the narrow resonance dip, and partly because of the larpe

amount of dat.i that has appeared in recent years concerning

proton capture resonances. The latter consideration means

that it is comparatively simple to determine whether or not

then- is a capture y-ray transition suitable for exciting a

particular nuclear level. This should nearly always be the

case for excitation energies in the region 5 to 9 McV, m

v.fw of the fact that many hundreds of narrow proton resonan-

ces are known in sd-shell nuclei, and that the capture of

•i-rays from these resonances vary in energy over a range of

typically 10 to 20 keV for observation angles between 0 and

180°.

A significant feature of the absorption method is that it

can be applied to quantities of the order of a few grams of

the material under study, allowing measurements to he extend-

ed to enriched isotopes.

The important advantage of using the (p,y) reaction as a

source of >-rays is the very high resolution that can he ob-

tained, which makes it possible to resolve states separated

hy a few tens of electron-volts. This is in contrast to other

sources, for example bremsstrahlung or Doppler broadened

(p,ay) radiation, where the resolution is limited by the re-

solution of the detector.
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SAMENVATTING

Dit proefschrift beschrijft in hoofdzaak de bestudering van
de eigenschappen van aangeslagen toestanden van de kern 35C1,
die ontstaan door resonantievangsr van protonen in -''S kernen.
Gegevens over de structuur van een kern in een aangeslagen
toestand kunnen verkregen worden door de gammas traling te be-
studeren die uitgezonden wordt wanneer die toestand vervalt
naar een toestand van lagere energie, of wanneer deze gevormd
wordt vanuit een energetisch hogere toestand. De eigenschappen
van de straling die uitgezonden wordt wanneer een kern van een
bepaalde toestand in een andere overgaat, geven informatie
over het verschil in structuur van deze toestanden. Zo maken
metingen van gammastraling, tezamen met kennis van de structuur
van een van de toestanden, het mogelijk conclusies te trekken
ten aanzien van de structuur van de andere toestand.

Een voordeel van de protonvangstreactie is dat een groot aantal
eindtoestanden bereikt kan worden. Door het kiezen van geschikte
resonanties is het mogelijk speciale toestanden uit te zoeken
voor gedetailleerder bestudering. Hoofdstuk ' beschrijft onder-
zoek van resonanties in de reactie 3l<S(p,Y) 35C1 met protonener-
gieën van 2 tot 3 MeV, een gebied waarin tot nu toe weinig be-
trouwbare gegevens bekend waren.

Hoofdstuk 2 beschrijft metingen van hoekverdelingen bij enige
resonanties die in hoofdstuk 1 besproken zijn, die gebonden toe-
standen in 'Cl voeden waarvan de eigenschappen nog niet bekend
waren. Deze metingen maken het mogelijk conclusies te trekken
betreffende de structuur van deze toestanden berekend zowel met
behulp van het schillenmodel als met het model van intermediaire
koppeling. Deze berekeningen aan 35C1 werden door anderen uit-
gevoerd.

Hoofdstuk 2 bevat bovendien een beschouwing van een meting van
resonantieabsorptie van gammastral ing in een 35C1 toestand op
9 MeV. De meting geeft niet alleen de partiële breedtes van de
resonanties voor proton- en gammaverval, maar geeft ook aanlei-
ding tot belangrijke conclusies over de absolute ijking van
resonantiesterktes in de 3uS(p,^)35Cl reactie.

Hoofdstuk 3 behandelt een ander aspect van resonantieabsorptie
van gannnastraling. Hier wordt de 3*S(P,Y) 3 5C1 reactie gebruikt
als bron van gammastraling die een toestand in 208Pb aanslaat.

53



Het principe van deze meting, en van dio in hoofdstuk 2 be-
schreven, is dat de energie van gammastra ling uitgezonden
tijdens het verval van een resonantietoestand, enigszins af-
hankelijk is van de richting waarin de straling uitgezonden
wordt. Door de richting te kiezen is het mogelijk de gamma-
straling precies de goede energie te geven en zo een gewenste
toestand aan te slaan door absorptie van de straling. In het
onderhavige geval wordt deze methode gebruikt om de levens-
duur te meten van een 7 MeV toestand in 20ePb.
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