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Investigation of Excited States of P" with the Si"(P, q)P" Reaction
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Some previously unknown properties of excited states of P" were investigated by studying the p rays
from the reaction Si"(P,p)P". A coincidence spectrum taken at the resonance proton energy E„=1177 keV
reduced the maximum possible branching ratio of the decay of the 2.23-MeV level via the 1.27-MeV level
to 0.8'Po. Spectra taken at the E„=1694-keV resonance yielded decay schemes for the unbound level at
8.93 MeV and the bound levels at 4.78, 5.12, and 5.66 MeV. Angular-correlation measurements at the same
resonance led to the assignment of J~=5/2+ to the 4.78-MeV level. y-ray linear-polarization measurements
at the resonances at E„=1204, 1322, 1509, and 2187 keV verified experimentally the even-parity assign-
ments for the levels at 3.29, 3.41, 3.51, and 4.26 MeV and the virtual levels at 8.45 and 8.75 MeV. By
comparison of the polarization results with results of earlier triple-correlation measurements, the unique
values 8= —0.41~0.03 and b= —0.32+0.04 were obtained for the M1-E2 mixing ratios of the 3.51-+0
and 4.26 —+ 0 transitions, respectively.

I. INTRODUCTION
' 'HE excited states of P" have been the subject of

numerous experimental and, theoretical studies.
For work done before 1962, the read. er is referred, to the
review of Endt and, van der Leun. ' References to sub-
sequent work can be found in the paper by Harris and,
Breitenbecher, ' which gives a summary of measured,
properties of the bound levels and. a comparison of these
properties with some recent model calculations.

Except for the 4.78-MeV level, the spins of all levels

up to 5.01-MeV excitation energy have been d.eter-
mined. In the present work. , angular-correlation mea-
surements were performed on the p rays from the
Si"(p,&)P" reaction at the E„=1694-keV resonance in
ord.er to determine the spin of the 4.78-MeV level. The
analysis of the data also yield, ed, multipolarity mixings
for several transitions. The need for more d,ata on
dynamic properties was pointed out by Harris and
Breitenbecher. Spectra were taken at the 1694-keV
resonance, therefore, in order to obtain branching ratios
for the decays of the 4.78-, 5.12-, 5.66-, and 8.93-MeV
levels. A re-examination of the d,ecay of the 2.23-MeV
level was also conducted. at the 8„=1177-keV resonance.

A number of even-parity assignments had been made
for levels below 5-MeV excitation by arguing that
significant amounts of E1-M2 mixing are unlikely.
Even parities are also favored, by most mod. el calcula-
tions. ' Recently, however, there have been d,emon-
strated. some clear cases of mixed, E1-iV2 transitions
for 2s-1d shell nuclei, including decays of at least three
virtual levels of P" itself. ' ' Hetigeri et a/. ' recently
verified. experimentally the even parity of the 3.29-,
3.51-, and 4.26-MeV levels in a Si"(He', d)P" stripping
experiment. However, Table 4 of Ref. 5 ha, s parentheses

*An element of the Once of Aerospace Research, U. S. Air
Force.' P. M. Endt and C. van der Leun, Nucl. Phys. 34, 1 (1962).

~ G. I. Harris and D. V. Breitenbecher, Phys. Rev. 145, 866
(1966).' H. Van Rinsvelt and P. B.Smith, Physica 30, 59 (1964).' H. Van Rinsvelt and P. M. Endt, Physics 32, 513 (1966).' M. Betigeri, R. Bock, H. H. Duhm, S. Martin, and R. Stock,
Z. Naturforsch, 21a r 980 (1966).

around, the l=2 entries for the 3.29- and, 3.51-MeV
levels, indicating that the determinations were not con-
clusive in these two cases. ' In the present work, the
even parities of the 3.29-, 3.41-, 3.51-, and, 4.26-MeV
levels were verified by measuring the linear polarizations
of y rays at the E„=1204-, 1322-, 1509-, and 2187-keV
resonances.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with the 2-MeV
Van de Graaff accelerator of the Aerospace Research
Laboratories. The proton beam was deQected, onto the
target with a 30' analyzing magnet. The targets, which
averaged. about 2-keV thickness for 1.5-MeV protons,
were prepared by evaporation of elemental silicon onto
thin tantalum backings. The targets were enriched, to
78.4'Po Si". Typical beam currents of 5 pA were used.
Additional d.etails of the beam transport system may be
found. in Ref. 2.

Singles spectra of y rays were recorded, with an 8 in.
long by 8-in. diam. NaI(Tl) crystal, and with a 2 cm'
Ge(Li) detector. In each case, the detector was placed,
at 55' relative to the beam direction in ord, er to reduce
the effect of angular distributions on the relative
intensities of various p rays. The Ge(Li) detector
spectra were limited to 20-keV resolution by the channel
wid, th required, to cover the entire spectrum in a 512-
channel analyzer. This resolution still resulted in
sufficiently accurate values for the transition energies
to greatly facilitate the determination of the corn-
plex d,ecay scheme of the 8.93-MeV resonance level
(E„=1694 keV).

Triple-correlation measurements were obtained for
two geometries by recording coincid, ence spectra in the
8 by 8 in. NaI(Tl) detector at angles es ——0', 30', 45',
60', and 90 relative to the beam direction. In geometry
I, the spectra were required, to be in coincid, ence with a
primary y ray observed in a 5 by 5 in. NaI(Tl) detector
at et=90' to the beam direction and /=90' to the

6 The spin of the 3.29-MeV level is erroneously tabulated as ~
in Ref. 5.
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plane of motion of the 8 by 8 in. detector. In geometry
II, a similar coincidence gate was established, with a
second 5 by 5 in. detector at 8&——135' and /=180'. In
the notation of Ref. 2, these geometries are described,
respectively, as (8&,8s,it) = (90,V,90) and (135,V,180),
where V denotes the variable angle of the set.

Linear polarizations of p rays were determined by
means of a Compton-scattering polarimeter, which is
described in greater detail elsewhere. r The scatterer was
a 2 by 2 in. NaI(T1) crystal, mounted at 90' relative to
the proton beam direction, i.e., directly above the Si"
target. Scattered y rays were observed in two 5 by 5 in.
NaI(TI) crystals. Whenever a coincidence occurred
between pulses in the scattering crystal and, one of the
final detectors, the sum of the pulses was record, ed. in
one of the halves of the memory of a 512-channel
analyzer, according to which final detector produced
a pulse.

The final detectors were mounted so as to subtend, a
mean scattering angle of 60' from the initial p-ray
d,irection at the center of the 2 by 2 in. crystal. The
final d,etectors were separated. by an azimuthal angle
of 90'. Thus, one detector would, observe y rays
scattered in the (p,y) reaction plane, and the other one
those scattered normal to this plane. At regular intervals
d,uring the experiments, the whole polarimeter was
rotated through 90' about a vertical axis in order to
interchange the roles of the two final detectors. This
removed. a major contribution of spurious asymmetries
due to small errors in alignment, beam walk, or differ-
ences in detector eBliciency.

In all three types of measurements, p-ray spectra
were analyzed (stripped) using the computer program
of Graber and Watson. ' Standard line shapes available
from previous work were used for all spectra recorded in
the 8 by 8 in. crystal. For the sum spectra obtained, with
the polarimeter, new standard, shapes were generated
using some well-known (p,y) reactions yielding mono-
energetic y rays, or a few y rays of well-separated
energies. The reaction C"(p,y)N" at the resonance
energy E„=459 keV was used not only to obtain a
standard shape, but also to check for any inherent
spurious asyrrunetry of the apparatus. The 2.367-MeV

p ray corresponds to the transition from the J =-,'+
first excited state of N" to the J =~ ground state,
and is therefore not polarized. The observed ratio
iV(0')/X(90') between scattering intensities in the
reaction plane and normal to it was 0.991+0.018. A
typical polarimeter spectrum and the results of the
stripping computation are shown in Fig. 8.

III. A5'AI YSIS OF THE DATA

The angular-correlation data were analyzed. by the
same techniques that were used, in Ref. 2, which are
based, on the formalism of Harris, Hennecke, and.

' F. D. Lee and D. D. Watson (to be published).
8 H. D. Graber and D. D. Watson, Nucl. Instr. Methods 43, 35S

(l966).

where p is defined as the angle between the electric
vector of the emitted, y ray and the plane defined by the
z axis and the y-ray direction. The plus sign is used, if no
parity change occurs in the transition and the minus
sign is used if parity change does occur. The angular
distribution is given by

W(8)=P P g A„P„(cos8), (2)

where for a primary p ray

g~ul

A rr„——Q (2K+1)'~sErrps(JtLtL~'Jsm), (3)
»r.i' 1+bts

while for a secondary y ray

g yjPl o ~ ~ $ Ps e ~ ~ $ P8

r., r.,' "r.;r. "r,.z.& (1+ 8P) (1+8;s) (1+ 8,')

X (2&+1) Epsr (J&LtLt Jsrn)

Xusr(J;L;J;) hsr (J,L,L,'Jr) . (&)

In Eqs. (3) and (4), p;=0, 1, or 2 for pure I;, mixed
L; L, or pure L/ radi-ation, respectively.

The expression for B„,„in Eq. (1) for aprimaryy ray is

g~yl

I~rrm, Z gK(LlLl )Exp (J1L1L1Js'res) (5)
&iri' 1+bts

and for a secondary y ray

$]Pl ~ 0 ~ $ Os ~ ~ ~ $ Ii - e

Z
Lll~i''' riLi~'''here' (1+8]s)' ' (1+8 ) ' ' ' (1+8 )

XEpsrs(JtLtLt'Jsru). usr(J;L;J;)

Xrisr(L, L,')hsr(J, L,I.,'Jr) . (6)

The coefficients E&ps, Epsr', usr, hsr, and, rr„ in Eqs. (3)
to (6) are tabulated in Ref. 10. The P and 8, are the
population parameters of the magnetic substates and
the multipolarity mixing ratios, respectively. The
P„(cos8) and P„s(cos8) are Legendre polynomials.

~ Q. I. Harris, H. J. Hennecke, and D. D. Watson, Phys. Rev.
U9, 81113 (1965).

'OD. D. Watson and G. I. Harris, Nuclear Data (to be
published).

Watson. ' It is also convenient to use this formalism in
the analysis of polarization data. Formulas for the
polarization in terms of the coefficients of Ref. 9 are
developed in a paper by Watson and Harris, which also
gives tables of numerical values of the codBcients. "

The linear-polarization distribution of a y ray emitted.
at an angle 8 to the proton-beam direction (z axis) can
be expressed as

W(8,$)=W(8)+g P P cos2$8, P„'(cos8), (1)
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and, scattered, radiation, respectively, and P is the
brompton scattering angle. In the present work, effective
va, lues of p, taking into account finite size effects, were
obtained by numerical integrations over detector and
scatterer volumes. The results of these calculations are
shown in Table I. Effective values of p at other energies

(&)
were obtained by interpolation.

The degree of linear polarization is defined as

W(8,90')—W (8,0')
P 8)=

W(8,90')+W (8,0')

Q P g B„„P„s(cos8)

Q P Q A„P„(cos8)
IV. RESULTS

1. Decay Schemeswhere the sign convention is the same as in Eq. (1).P (8)
is related to the numbers of scattered quanta $«and
F& observed with a Compton polarimeter by a d.etector
located in the plane defined by the emitted y ray and
the s axis and a detector perpendicular to this plane,
respectively. The relationship is

A coincid. ence spectrum was taken at the 1177-keV
resonance, gated by the primary y ray feeding the
2.23-MeV level. A small peak appeared in the spectrum
at 1.27 MeV, presumably due to a weak primary tran-
sition to the 6rst excited state. There was no indication
of a peak at 0.96 MeV, the energy difference between the
irst two excited. states. The upper limit of the branching
ratio of the decay of the 2.23-MeV level to the 1.27-MeV
level was reduced from its previous value of 3%%ur

to 0.8'%%.

The 8.93-MeV virtual level, corresponding to the
1694-keV resonance, was assigned J =P+& by Van
Rinsvelt and Endt. ' Branching ratios for the decays of
this level and. of some levels fed. by this resonance were
obtained. from a number of spectra taken with the 8
by 8 in. crystal. The transition energies were accurately
determined by a Ge(Li) spectrum, shown in Fig. 1, to
aid, in stripping the NaI(Tl) spectra. The resulting
branching ratios for the 8.93-MeV level are shown in
Fig. 2, and are compared with those of Van Rinsvelt
and Endt4 in Table II. The discrepancies concerning
transitions to the 3.51-, 4.26-, 5.01-, and. 5.66-MeV
levels are probably due primarily to the limited accuracy
of energy determinations in a NaI (Tl) spectrum and the
problems in stripping this spectrum which contains Qve
pairs of unresolved, 7 rays.

The recently discovered 5.12- and, 5.66-MeV

+J. +I l =pP(8) .
Ei+K&

The polarization analyzing power p for "point" de-
tectors and scatterer is given by"

sinsp

ko/k+0/&o —sin'P
(9)

where ko and k are the wave numbers of the incoming

TmLE I. Polarimeter analyzing power
as a function of y-ray energy.

E„( eMV) p

0.178
0.176
0.173
0.169
0.164
0.158
0.146
0.131
0.112

1.0
1.5
2.0
2.5
3.0
3.5
40
$$
5.0

'~ M. Subvert, P. M. Kndt, and A. M. Hoogenboom, Physica 25,
659 (1959).

» A. F.Litherland, E. B, Paul, G. A. Bartholomew, and H. E.
Gove, Can. J.Phys. 37, 53 (1959).
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3/2
TABLE II. Branching ratios of the decays of the 8.93-MeV level.

5.66
5.1 2
4.78
4.26

3.5'I
3,29
3.'13

2,23

1 l I

76 20 4 43 4 18 3567 33

1

I I I I I

77 23 64 20 16
L

5/24

3/2+

- 3/2+
5/2+
1/2+

5/2+

"—3/2+

TransItIon
energy
(MeV)

8.93
7.66
6.70
5.80
5.42
4.67
4.15
3.92
3.81
3.27

Final-state
energy
(MeV)

0.00
1.27
2.23
3.13
3.51
4.26
4.78
5.01
5.12
5.66

22
6

33
7

(2
20
12

17~1
8~1

36~1
6~1
5~1
7~1

11+2

6~1
5&1

Branching ratio ('%%ue)

Van Rinsvelt Present
and Endt work

O.OO
p31

——1/2+
a Reference 4.

Fro. 2. Decay scheme of the 8.93-MeV level of P", corresponding
to the E„=1694-MeV resonance of the Si'0(p, y)P" reaction. The
level energies are shown in MeV.

levels4" —'5 are fed, by the 1694-keV resonance. The
5.12-MeV level decays to the 1.27- and 2.23-MeV levels
with branching ratios of (67+9)% and (33&9)%,
respectively. The large uncertainties stem from the
complexity of the spectrum at the 1694-keV resonance.
The 5.66-MeV level decays strongly to the 1.27-MeV
level. No other d,ecay modes were observed.

The 4.78-MeV level has been known since the in-
elastic-proton-scattering work of Endt and, Paris in
1957."A later P"(p,p')P" experiment indicated that it
might decay strongly to the 3.13-MeV level. "The level
is fed by a number of Si"(p,y)P" resonances, but usually
rather weakly. ' '8 Its d,ecay scheme was d.etermined, in
the present work from the coincidence spectra, of triple-
correlation measurements at the 1694-keV resonance.
The transition energies involved, were found, from the
Ge(Li) spectrum. Contributions from the tails of higher

energy p rays included in the coincidence gate had to be
taken into account. These corrections were obtained

by calculating the fraction of a standard, -shape spectrum
for each energy falling in the window, and. multiplying
this number by known branching ratios of expected,
coincid. ent 7 rays. Branching ratios obtained, in the
analysis of the singles spectra at the 1694-keV resonance
as well as branching ratios obtained. for various bound.
states in previous work were used, .

A small peak seen in the coincid, ence spectra, corre-
sponding to a 3.51-MeV transition, could only partially
be accounted. for by coincidences with the tail of the
5.42-MeV transition which feeds the 3.51-MeV level.

"P. Kossanyi-Demay, R. M. Lombard, and G. R. Bishop,
Nucl. Phys. 62, 615 (1965).

'4 G. M. Crawley and G. T. Garvey, Bull. Am. Phys. Soc. 10,
526 (1965};G. M. Crawley, thesis, Princeton University, 1965
(unpublished) ."S.Cujec, W. G. Davies, W. K. Dawson, T. B.Grandy, G. C.
Neilson, and K. Ramavataram, Phys. Letters 15, 266 (1965).

P. M. Kndt and C. H. Paris, Phys. Rev. 106, 764 (1957).
"T.Wakatsuki et al. , in Proceedings of the Kingston Conference

(University of Toronto Press, Toronto, Canada, 1960), p. 971.
"G. I. Harris and L. W. Seagondollar, Phys. Rev. 128, 338

{1962).

The remainder is presumably due to a weak. decay of
the 4.78-MeV level to the first excited level. A strong
1.49-MeV transition to the 3.29-MeV 1.evel probably
corresponds to the p-ray peak observed, in the proton-
scattering work, which was thought to indicate a decay
to the 3.13-MeV level. "Other decay modes are to the
ground, and, second, excited states. The branching ratios
to the ind, icated. levels are as follows: ground state,
(43~2)%; 1.27-MeV level, (4&2)%; 2.23-MeV level,
(18&2)%;3.29-MeV level, (35&2)%.

Q'= Q (W,—W,*)'c0,',
g —I' —

q a
(10)

where 8', and, 8'* are experimental and, calculated
values of the correlations, co, is the inverse of the
standard. deviation of 8', 3 is the number of observa-
tion points, I' is the number of population parameters,
and, q is the number of mixing ratios varied, . The mixing
ratios resulting in the lowest Q' values (d,esignated as
7t') for each case are shown in Table III. Projections

2. Angular-Correlation Measurements

Angular-correlation measurements were performed. at
the 1694-keV resonance in ord, er to d,etermine the spin
of the 4.78-MeV level. As a result of these measure-
ments, the spins of all levels in P" up to 5.01-MeV
excitation energy are now known. Triple-correlation
analyses were carried, out on the following cascades:
p —+ 4.78 —+ 3.29, r —+ 4.78 ~ 2.23, and. r ~ 4.78 —+

3.29 —&1.27. An attempted, analysis on the cascade
r —+ 4.78 —+ 0 failed. because of difhculties encountered.
in separating the contributions of the 4.67-MeV
primary to the 4.26-MeV level from the 4.78-MeV peak.
Similarly, the cascade r~4.78~1.27 could not be
analyzed. successfully, since the 3.51-MeV peak was
rather weak, and the ground-state decay of the 3.51-
MeV level accounted, for about half of it.

Searches for best fits were made for the triple-correla-
tion data on the r —+ 4.78 —+ 3.29 and, r —+ 4.78 —+ 2.23
cascades for J(4.78)=—,', ss, ss, and rs. The goodness of
fit was given by the parameter Q', defined in Ref. 2 as
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ar-correlation analysis at the 1694-keV resonance. The abbrevsatsons T.'
n T.C. and A.D.

d angular distributions, respectively.
ABLE

Cascade

r —+ 4.78 —+ 3.29 T.C.

r —+ 4.78 —+ 2.23 T.C.

r —~ 4. /8 —+ 3.29 —+ 1.27 T.C.

r ~ 4.78 —+ 0.00 A.D.

r —~ 4.78 mean

J(4.78)

6.07

1.41

1.35

1.39

1.39

0.87

0.93
1.64
1.62
1.65
1.83

0.75
0.38
1.39
2.18

—0.10+0.10
2 0 p 6+1.6

4 6 g p+4 0

—0.02~0.04

—0.47~0.05

—0.18+0.10
2 5—0 6~1'0

11.0 O.
p+"

0.40 p. y6

—0.02+0.08

—0.35+0.14
0.16+0.08
0.15+0.07—0.17~0.08—0.10~0.10

0.03+0.05—0.19+0.03
0.03~ 0.05—0.25+0.05

—0.13+0.15
16.0 y1..0+
0.05~0.06—1 70 0 40"0'

—0.47~0.06

—0.05~0.15
7.0 4.p+"

0.12~0.20
p+3.0

0.18~0.11
p+0. 6

—0.30~0.12
0.05—1.80—0.49—0.49

—0.01+0.12
0 4 +R.3

—0.32~0.08
0 55p 00&026

—0.28~0.10

~~' values obtainable for all pos-showing the minimum ~ va
rimar and secondary mixing ratiossible values of the primary

(478) =-'. In
Fi . 7 the theoretical predictions resu ting wiFig. , e

d to &' in the spin--,' case areratios which corresponu o
m ared with the experimental correlations.

en to result in unacceptably arge va ues

can be obtained for these spins& ut signi
a ain obtained, with spins ~ an

'
h th transition—+ 3.29-+ 1.27, wit e

4.78 ~ 3.29 unobserved, , was analyzed, wit

20

f the ' surface are shown in Figs. 5and, —,'. Projections o e
6 for the two mixing ratios obtaine or e

.78 —+ 3.29 transition in the above analysis.
and experimental correlations are compared

' 'g.re in Fi . 7.
d, T ble III it is seen that acceptable

1 f both spin —' and —', . Qs minima at very arge
values o 3 can ei, '

ra iof 8 b ignored. since the mixing ra io
3.29~ 1.27 transition is known to be 3=-

i detector made0 02.' The arrival of a 40 cm Ge(Li d~ ~

'
utions of theit possi e o m'bl t easure the angular distri u

'

mount of4.15- and . - e4 78-MeV rays in a reasonable amoun
The resence of the 4.26- and, 4.69- e-MeV raystime. e presen

to lar e errors ifake these measurements subject o gma e
NaI(T1) detectors are used. An impn im rovement in the
target coo ing ec1' technique permitted use of beam currents
upto p, , ur40 A further facilitating the measuremen s.

t ' 45' andAngular distributions were measured at. 0,

10 1 —~4.78

Q2

I

60 90
t I

-90 -60 -30 0
1

30
-1tan 6

e r -+ 4.78 —+ 3.29Pro ections of the Q' surface for the casca e r ~
t the 1694-keV resonance for J(4.78) =$.

t

6p 9p-9O -6O -3p p 3g
tan" $

-+4.78 —+ 2.234. Pro'ections of the Q~ surface for the cascade r
at the 1694-keV resonance for J(4.78) = ~5
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=4.78 I

3.29 = 1.27

10 10

J
-90 '

6p o
ta. "

q

60

PIG. 5. Projections of the Q2 surface for th
3.29-1.27 .t th. 1694-k.v ~

s(478 329) 005
'v "-'"'""f" J(478)=4 '"d

90'90, and the data were analyzed with J(4.78) = s and s7.

The results are shown in Table III F
unlikel a@—-'un e y a4iiixture of 2 -pole radiation in the 4.78-MeV
p ray is implied by the range of values of 8s which 've

a good 6t to the d,ata.
o 2w ic give

The last entries in Table III show the Q' minima
obtained for the mixing ratio of the 4.15-MeV
when the he three triple-correlation analyses and. the
angu ar-distribution analysis were folded together. Be-
fore folding, the individual Q' projections were normal-

.00. Each pro~ection was weighted. by the
number of d,egrees of freed. om

'
th

anal sis.
in e corresponding

ana ysis. Spin ~ is seen to result in a signihcantl 1an y ower

The resonance strength of Ref. 4 and, the branchin
ratio of thee 4.j.s-MeV transition d,etermined, in the

e rane ing

I

-90 -60 30
l

0 30 60
tan

ProJections of the Qs surface for the cascade q ~ 4 78

~(4 78 ~3.29)-—1.80.
. 7 at the 1694-keV resonance for J(4.78)= ~ an

r„(L~'2) = 1.2X10-' eV,
I„(M2)=3.7X10-' eV,
I'm(E3) =1.3X10—' eV,

I' (M3) =3.8X 10 ' eV.

present work imply a width I',= (0.047~0.014) eV f»
this transition. In the angular-distribution measure-
ments, a Doppler shift of about 8 keV was observed, be-
tween the spectra at 0' and 90' for both the 4.15-
the 4 ~~-.78-MeV transition. It can be concluded, from this
evidence that the 4.78-MeV transition has a width

F~)0.02 eV.
Let I'„(EL) and I'„(AIL) be the extreme sin le-

particle mod, el estimates of the wid, th assuming EI.ing an

then
ranstttons. For the 4.78-MeV transition hsi ion we ave
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TABLE IV. Properties of the resonance levels used in the polari-
zation measurements. Column 1 lists the level energies in MeV,
column 2 the energy leveis (in MeV) to which the resonance
decays, and column 3 the branching ratios of the decays in percent
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E&.1322 keV
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2

o +
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9.40

2

1.27
2,23
3.29
3.51
4.26
0,00
1.27
2.23
3.51
4.26
1.27
2.23
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6.4
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7
27
32
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5
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xL Reference 3.
b Reference 19.
o J.Walinga, H. A. Van Rinsvelt, and P. M. Endt, Physica 32, 954 (1966).
& Reference 2.
e G. I. Harris, H. J. Hennecke, and F. W. Prosser, Jr. , Phys. Letters 9,

324 (1964).

FIG. 8. Polarimeter spectrum accumulated at the 1322-keU
resonance with the Anal detector at @=90'.The total fitted spec-
trum includes the contributions from some relatively weak p-rays,
whose partial spectra are not shown in order to avoid cluttering
the drawing. The energies are labeled in MeU.

Therefore J(4.78)= 7s is also ruled out on the basis of the
wid. th of the 4.78-MeV transition. Furthermore, J = 5~—

for the 4.78-MeV level would, require an 352 transition,
and thus an enhancement by at least a factor of 50 over
the Weisskopf estimate. Thus the 4.78-MeV level must
have J =~~+.

3. Polarization Measurements

The properties of the resonances used, for polarization
measurements are shown in Table IV, and the results
of the polarization analysis in Table V. Table VI
suxnxnarizes the known properties of the bound levels
of P". The theoretical values Pth were calculated using
the previously known properties of the P" levels and
their d,ecays as well as the properties d,etermined, in this
work. The uncertainties in the values of I'th reQect the

uncertainties in the known mixing ratios. The un-
certainties indicated, for the experimental values I',
are based, on the uncertainties of the y-ray intensities
given by the stripping program.

From Eq. (7) and the selection rules for electro-
magnetic transitions it is seen that changing the parity
of one of the levels between which a transition occurs
changes the sign of the polarization of the correspond. ing
7 ray, but does not change the absolute value of the
polarization. As a result it was only necessary for most
transitions of interest to accumulate suQicient statistics
to d,etermine unambiguously the sign of the polarization.

The experimental polarizations of the 2.02-MeV
y rays observed at the 1204- and 2187-keV resonances
show that the 3.29-MeV level must have even parity.
The somewhat large uncertainty at the 2187-keV reso-

TABLE V. Summary of the linear polarization analyses. Levels are identified by their energies in MeV. Column (a) lists the energy in
MeV of the p ray whose polarization is considered. Column (b) gives the parameters varied in the analyses and their resultant values.
Properties not listed in column (b) had the values shown in Table VI.

Cascade

8.45 ~ 3.29 —+ 1.27

8.45 —+ 3.51
8.45 —+ 4.26 —+ 0.00

8.45 —+ 4.26 ~ 1.27
8.57 ~ 3.51 —+ 0.00

8.75 ~ 3.41 ~ 1.27

9.40 -+ 4.43 -+ 3.29 —+ 1.27

5,16
2.02
4.94
4.19
4.26
4.19
4.26
2.99
5.06
3.51
2.14
5.34
2.02

Pth

+ (0.89+0.01)
+ (0.65+0.02)
+ (0.73+0.06)
+ (0.57w0.03)
& (0.72a0.02)
+ (0.63+0.03)
~ (0.07~0.04)
% (0.43+0.04)
a (0.72w0.02)
w (0.72+0.02)
a (0.75+0.02)
& (0.32+0.02)
+ (0.69+0.01)

P,,„
+0.68+ 0.39
—0.54~0.11.
—0.79~0.41

—0.42~0.24

+0.46~0.22
—0.49+0.21
—0.88~0.25
+0.65+0.23
—0.51~0.29
—0.22+0.35

m. (3.29) =+
m. (3.29) =+
x (8.45) =+

s (8.45) = +i
82= —0 32 j

(4.26) =+
2r(3.51)=+
tl&

———0.41
2r (3.41) =+
-(8.75) =+
n (3.29) =+
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TABLE VI. The properties of the bound levels of P".Under p0, y&, y&, and p4 are listed the branching ratios of decays to the ground
state, 1.27-, 2.23-, and 3.29-MeV levels (in percent) and the mixing ratios of these transitions. Additional levels have been observed at
5.53, 5.77, 5.89, 6.05, 6.18, and 6.24 MeV. The uncertainties in the level energies refer to the last decimal place. An asterisk in the
reference column indicates that some of the properties listed were determined in the present work. /Note added fN proof: The results
of very recent high-resolution Ge(Li) measurements at Utrecht show that the properties listed for the 4.633-MeV level (taken from
Ref. 2) belong, instead, to the 4.590-MeV level. The 4.633-MeV level has most probable spin values of $ or $. (P. M. Endt, private
communication) g.

Energy
(MeV)
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1.265w3
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3.413~5

3.505+5

4.188+5
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nance resulted, from poor counting statistics. Operation
of the accelerator 10% above its rated voltage gradually
led, to beam instabilities which mad. e it necessary to
stop the experiment. Ad, d.itional verification of the
even parity of the 3.29-MeV level resulted from the
5.16-MeV transition at the 1204-keV resonance, after
the resonance parity had been d,etermined through the
study of the 3.51-MeV level. The presence of a 4.94-
MeV transition of comparable intensity made the
determination of the intensity of the 5.16-MeV p ray
subject to a larger error than would. otherwise be the
case. This is reRected. in the large uncertainties of I',
in Table V for the 4.94- and, 5.16-MeV transitions at
the 1204-keV resonance.

At the 1509-keV resonance, the polarization of the

2.14-MeV p ray emitted, in the transition from the
3.41-MeV level to the first excited, state shows that the
parity of the 3.41-MeV level is even. The 5.34-MeV
primary p ray was then used. to confirm the tentative
even-parity assignment to the resonance mad, e in
Ref. 19.

The spectrum at /=90' for the 1322-kev resonance
is shown in Fig. 8 as an example of a typical polarimeter
spectrum. The curves represent the stripping results for
the more intense p rays and, the total fitted, spectrum.
The 5.06-MeV primary y ray at the 1322-keV resonance
has negative polarization. The 3.51-MeV level must
therefore have even parity. The 3.51-MeV secondary

"G. I. Harris and L. W. Seagondollar, Phys. Rev. 131, 787
(1963).
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TmLE VII. Mixing ratios of various transitions
in P" deters. ined in the present work.

Transition

3.51 —+ 0.00
4.26 —+ 0.00
4.78 ~ 0.00
4.78 —+ 2.23

4.78 —+ 3.29

8.93 —+ 4.78

—0.41+0.03—0.32+0.04—0.01~0.12
0.18+0.11

or —2 5-2.0~'5
0,05~0.06

or —1.70 0.4o~'
0.03~0.05

p ray to the ground state was shown to have a mixing
ratio 6= —0.41 or 8=7.1 in the angular-correlation
work of Harris and, Breitenbecher. ' The measured,
polarization of this p ray combined, with the knowledge
that the 3.51-MeV level has even parity, shows that
the smaller mixing ratio is the correct one. The large
mixing ratio would result in the value P~h ——+0.72.

Knowing that the 3.51-MeV level has even parity,
we were also able to confirm the tentative even parity
assignment to the 1204-keV resonance" by measuring
the polarization of the 4.94-MeV primary p ray from
the resonance to the 3.51-MeV level.

The polarization of the 2.99-MeV y ray shows that
the 4.26-MeV level has even parity, in agreement
with Ref. 5. With this knowledge we could calculate
the polarization expected. for the 4.19-MeV p ray,
I'g, = —0.57~0.03. The polarization expected for the
4.26-MeV 7 ray is P&h= —0.72&0.02 if 6= —0.32 and,

P,h
——+0.72&0.02 if 5=4.7. The mean of the polariza-

tions of the 4.19- and, 4.26-MeV y rays then becomes
E~h= —0.63&0.03 or P~h= —0.07~0.04, d,epending on
whether the small or large mixing ratio for the 4.26-MeV
transition is correct. In d,etermining the mean, the
polarizations were weighted by the relative intensities
of the two p rays and by the values of their angular-
distribution functions lV(e) evaluated at 90'. Our
measurements show that 6= —0.32.

The 4.19- and, 4.26-MeV transitions also give addi-
tional evid, ence that the 1204-keV resonance parity is
even. The assumption of odd, -resonance parity would,
result in a weighted mean polarization of P&h ——+0.07
&0.04 or P~q ——+0.63&0.03 when the 4.26-MeV transi-
tion has a mixing ratio 6= —0.32 or 6=4.7, respectively.

In summary, our po1arization measurements have

shown that the 3.29-, 3.41-, 3.51-, 4.26-, 8.45-, and
8.75-MeV levels all have even parities. The last two
levels are the virtual levels corresponding to the proton
resonance energies of 1204 and 1509 keV. The mixing
ratios determined in the present work are summarized.
in Table VII.

V. CO5'CLUSIONS

In their comparison of experimental results with
model calculations, Harris and Breitenbecher pointed
out that existing P" d.ata agreed best with weak-
coupling uniied, models. The present work lend, s further
support to this conclusion. The description of P" states
as 2s&~2 hole conhgurations weakly coupled. to $3' core
excitations by Crawley, ' for example, predicts even
parities for the 3.41- and. 3.51-MeV levels, and J =-',+
for the 4.78-MeV level. An alternative coupling scheme
of Crawley's, which predicts J = ss+ for the 4.78-MeV
level, is contradicted by our results.

Similarly, Thankappan's weak. -coupling calculations
based on a Si" core" predict even-parity states of spins

s, s, and s with excitation energies near 3 to 4 MeV.
These states can be identihed with the 3.29-, 3.41-,
3.51-, and 4.26-MeV levels. However, the large mixing
ratio predicted. for the transition from the 3.51-MeV
level to the ground. state is not borne out by our polariza-
tion measurements, which select the smaller of the two
possible mixing ratios of Harris and Breitenbecher. '
These weak-coupling calculations also fail, for reason-
able values of the model parameter k,20 to yield the
very small upper limit of the decay of the 2.23-MeV
level (ss+) to the 1.27-MeV level (as+) relative to its
decay to the ground state (-', +). On the other hand, this
small value is consistent with interpretations of the
2.23-MeV level as a 1d5~2 hole state.
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