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The spins of the Mg24 states at 12.74-, 12.85-, and 12.97-MeV excitation, which are
populated in the Na®(p, ary)Ne?? reaction, have been determined to be 2%, 27, and 27,
respectively, from a-vy correlation measurements. The correlation is measured sim-
ply by observing the 1.63-MeV y ray at 0°, and analyzing the y-ray line shape in terms

of the possible spins of the Mg24 states.
INTRODUCTION

Several prominent resonances are observed in
the Na® +p reaction corresponding to compound
states in Mg? which have unassigned spins and par-
ities.! In the particular region of interest in Mg
around 13-MeV excitation, there are several decay
channels open. For example, decays through the p,,
bp., ¥, 0y, and @, channels are all energetically
allowed. However, double-correlation measure-
ments on these decay radiations have so far been
unable to determine some of the Mg?* level spins.

The present paper describes a new technique
which can be used in general to measure the triple
angular correlations in (q, by) reactions as recent-
ly reported by Krone, Cockburn and Stark.? This
technique has been applied to the study of the
Na?3(p, ay)Ne®® reaction and has resulted in the de-
termination of previously unknown spins of the
12.854- and 12.966-MeV levels in Mg?¢. Briefly,
the method relies on the Doppler shift of the de-
tected y rays to determine the direction of the
emitted particle. The relationship between the ob-
served y-ray line shape and the particle-y corre-
lation, or in this particular case, the a;-y corre-
lation, is developed fully in the appendix.

EXPERIMENTAL METHOD AND ANALYSIS

Angular distribution measurements of the 1.63-
MeV vy rays resulting from the Na* (p,ay)Ne?® reac-
tionwere made at each of the resonances studied.
These measurements were carried out solely to
limit the allowed ranges of the orbital and channel-
spin mixing parameters that were later used in
the line-shape analysis. The target for the angu-
lar distribution measurements consisted of Na?®
evaporated onto a gold backing. A thin gold over-
lay on the target reduced the chemical reaction of
the sodium with other elements. The target thick-
ness was typically 8ug/cm? The target chamber
was designed to permit direct cooling of the target
backing. The targets were mounted at 45° to the
proton beam to reduce the angular dependence of
the target absorption. The y rays were detected
with a 5 in.X5in. collimated, shielded NaI(TI) crys-
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tal, and the y-ray yields were extracted using stan-
dard y-ray-stripping computer techniques. The
angular distributions were analyzed using the chan-
nel-spin formalism of Ferguson and Rutledge.?

For the Doppler-shape measurements, it was
important to detect as much of the angular-corre-
lation effect as possible. Since this effect will be
diminished by any attenuation of the nuclear re-
coil, thin targets were constructed so that most
of the nuclei recoil into vacuum. This was accom-
plished by evaporating NaBr onto a 10- ug/cm?-
thick foil. The resulting y-ray line shape is affect-
ed by the slowing down of the recoiling nuclei in
the target material and the carbon foil.

This effect was small and was taken into account
as described in the appendix. A 15-cc Ortec coax-
ial Ge(Li) detector was used and had the required
energy resolution to observe the Doppler-broad-
eded y rays. Its resolution was determined to be
~4,5 keV full width at half maximum (FWHM) for
1.333-MeV y rays from Co®°, Conventional modu-
lar electronics were used for amplifying and stor-
ing the detector signals in a 4096-channel analyzer.
A Co® source was used to calibrate the spectrum
to better than 0.2%. For the present measure-
ments the detector was placed at 0° to the beam
axis. As shown in the appendix, this choice sim-
plifies the analysis of the experimental pulse-neight
distribution.

The 1.63-MeV Doppler-broadened y-ray peak
was extracted from the pulse-height distribution
with the aid of a computer program. The output
from this program was the y-ray line shape after
background subtraction, together with the corre-
sponding error spectrum. This background was
determined by fitting a polynomial up to third or-
der inthe channel number to the background on both
sides of the peak. The procedure used to analyze
the Doppler-broadened y ra-’s involved computa-
tion of the line shape for various possible spin as-
signments of the Mg?* compouhd state and then fitt-
ing the experimental data in terms of X2, The line
shape was computed using Eq. (A9), and the detec-
tor resolution was taken into account by folding in
a Gaussian peak about each point in the theoretical
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TABLE I. Summary of results for the angular correlation measurements. 6, 6,, and 6, are the mixing ratios for
channel spin and orbital angular momentum of the proton and @ particle, respectively. The multipolarity mixing ratio

63 for this case is zero.

Possible assignment

from Ratio X%min/X?

Resonance angular from tan~'6, tan~'6; tan™'s, Present Previous
(keV) distribution Doppler shape analysis (deg) (deg) (deg) assignment assignment
1091 1- 0.25 0 -2.5 2* 2%

2% 1.0
1210 2- 1.0 50 10 27
3* 0.05
1254 1* 1.0 20 1* 1*
27 0.61
3* 0.23
4~ 0.01
1328 1* 0.008 45 0 2=
2 1.0
3* 0.008
4= 0.02
1458 3~ 1.0 5 -30 3~ 3~
4* 0.09

pulse-height distribution. Equation (A9) contains
the angular correlation in terms of the coefficients
A ,, which were computed for each given spin se-
quence. Only those spin sequences and those val-
ues of the channel spin and orbital-angular-momen-
tum mixings of the protons and « particles were
considered that were consistent with the angular
distribution measurements. For each permiss-
ible spin sequence, the mixing parameters were
varied through the allowed range of values to find
the parameters giving the best fit to the Doppler-
broadened y-ray line shape.

For all the resonances investigated, the orbital
angular momenta of the protons and @ particles
are limited to small ] values from a comparison
of the reduced widths to the Wigner-limit value.
This was taken into account in the analysis of both
the angular distribution and triple-correlation da-
ta by restricting the possible orbital-angular-mo-
mentum mixing parameters to small values.

RESULTS

The states studied in the Mg®* compound nucleus
vary considerably in their properties, and there-
fore can be described best by discussing each of
the resonances separately. The results for the
five resonances studied are summarized in Table L

1091-keV Resonance

Decay at this resonance proceeds mainly through
the p,, o, and @, channels. Previous studies of
the o, angular distribution* failed to identify the
spin of this state because of interference between
the 1091- and the 1136-keV resonance. Angular

distribution studies using the Ne?°(q, y )Mg?* reac-
tion® and the Ne?%(q, a,y)Ne?® reaction® have more
recently resulted in an assignment J"=2" for a
state at E,=12,740 MeV in Mg®*, The decay
through the a, channel requires this state to have
natural parity. The present angular distribution
measurements eliminate the possibilities J"=3"
or 4°, The best fit to the Doppler line shape re-
sulted, when assuming J"=2%, in agreement with
the Ne® + o reactions.

1210-keV Resonance

The reaction proceeds through all channels ex-
cept the @, channel. The proton capture cross sec-
tion is very small with the measured resonance
strength wy less than 0.8 eV.! No previous at-
tempts have been made, therefore, to measure the
angular distribution of the capture y rays. A tenta-
tive assignment of J" =3* has resulted from a
study of elastic scattered protons” from Na?3. The
uncertainty of the assignment was subject to ques-
tion, because it was difficult to resolve the 1210-
and the 1204-keV resonances in the elastic scatter-
ing curve. Reexamination of the original data of
Ref. 7 indicates that both resonances have an equal-
ly low yield for proton-elastic scattering. This,
combined with possible interference effects, makes
an unambiguous interpretation difficult. This prob-
lem does not arise in the case of the (p, ay) re-
action, for which the 1210-keV resonance shows
a much higher yield than the 1204-keV resonance.
The absence of decay through the o, channel sug-
gests that this state has unnatural parity. Analy-
sis of the present measurements shows that as-
signments J"=1* and 4~ are incompatible with
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FIG. 1. Doppler-broadened y-ray line shapes at E,
=1254 keV. The solid curves are the theoretically calcu-
lated line shapes for various J" of the Mg?* compound
state. The circles represent the experimental points,
with the diameter representing the uncertainty of the da-
ta.

the angular distribution measurements. A good
fit to the Doppler-broadened y-ray line shape re-
sulted only for the J"=2" choice.

1254-keV Resonance

This resonance has a known value J"=1*, This
assignment was first made by analyzing the a-y
angular correlation,® later confirmed by the study
of proton elastic scattering” from Na?3, The ab-
sence of @, decay indicates the state likely to be
one with unnatural parity. None of the possible
values of J™ could be eliminated from the angular
distribution analysis. It was, however, possible
to place restrictions on the channel-spin mixing
for J7=27, 3%, and 4°. Figure 1 shows the re-
sults of the Doppler shape analysis. The best fit
to the data results with J"=1%, in good agreement
with previous results.

1328-keV Resonance

The reaction proceeds mainly through the p, and
a, channel. Virtually no information is available
about the properties of this state, since previous
investigations were restricted chiefly to the study
of processes other than the decay through the
above two channels. Also, the absence of a, decay
indicates that this state probably has unnatural par-
ity. As in the case of the 1254-keV resonance, the
angular distribution analysis could only place re-
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FIG. 2. Same as Fig. 1 at E, =1328 keV.

strictions on the possible channel-spin mixing ra-
tios for J"=27, 3" and 4°. Figure 2 shows the re-
sults of the Doppler shape analysis, showing that J"
=1%, 3%, and 4~ can unquestionably be eliminated.

1458-keV Resonance

The Na?3(p, p) reaction’” has shown a state at E,
=13.091 MeV to have J"=3". Recently, a study of
several states in Mg?!, using the Ne*°(w, y)Mg?* re-
action,® has identified a 2* state at E,=13.089
MeV, suggesting the existence of a doublet. The
present study shows that assignments of J" =1~
and 2* can be eliminated from the analysis of the
angular distribution measurements. Figure 3
shows the experimental values for the Doppler-
broadened y rays with the fits obtained with J"=3"
and 4%, The best fit to the data resulting with J"
=3~ is in agreement with the proton elastic scat-
tering data. The theoretical fit to the data is less
convincing in this case, which may signify the pre-
sence of interference effects caused by the prox-
imity of a nearby 2* state.

DISCUSSION

The method of obtaining spin and parity informa-
tion about an excited state by analyzing the Doppler-
broadened y-ray pulse-height distribution has
proved to be a useful approach. When applicable,
this approach has several advantages over the
more conventional methods used. For example,
no normalization errors are introduced, since the
correlation information results from a single mea-
surement of the Doppler-broadened line shape.
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FIG. 3. Same as Fig. 1 at £, =1458 keV.

The experimental arrangement of the detector and
associated electronics is relatively simple, requir-
ing no coincidence circuitry.

There are several ways by which the present
method can be extended. For example, the mea-
surements reported were carried out with the de-
tector placed at 0° with respect to the beam axis.
In many cases, additional information may result
by using a different detector geometry. Reactions
other than Na%®(p, ay)Ne®*® may prove to be more
sensitive to studies of this kind. Reactions having
larger @ values and a more energetic y ray would
result in a relatively larger broadening. Moreov-
er, the long lifetime of the first excited state in
Ne?° requires a correction for the attenuation of
recoil nuclei velocities in the target and support-
ing foil, Finally, any improvements in the resolu-
tion and efficiency of Ge(Li) detectors will result
in a greater sensitivity of the technique to the re-
action angular correlation.

APPENDIX

The energy E of the y radiation emitted from an
ensemble of nuclei recoiling through vacuum can
be expressed as

E=Ey[1+@}/c)cosbs], (A1)

where v/ is the recoil velocity and 6, is the angle
between the y ray and the recoil nucleus as shown
in Fig. 4. The primed coordinates refer to the lab-
oratory system. Using the relationship between
the velocity in the laboratory system and the veloc-
ity in the c.m. system, namely,

v4cos8;=— (v,co86, —v,), (A2)
we may write Eq. (Al) as

E=Ey1-(v,cos0,-1,)/c], (A3)
where v, is the velocity of the center of mass and

0, is the c.m. angle between the « particle and the
y ray emitted at 0° to the beam axis. The yield ob-
served by the y-ray detector from events where
the « particles are emitted into the solid angle dQ
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FIG. 4. Schematic representation of the (p,a7y) reac-
tion. All primed symbols refer to the lab system.

about (6¢), and the recoiling nucleus decays with
the velocity between v’ and v’ +dv’, can be expressed
as

d’N@’, 05 04, ¢) _ dN@’)
dv'dQ2 dv’

W65, 03, @), (A4)
where dN/dv’ is the velocity distribution function
of the recoiling nuclei and W(0,, 6,, ¢) is the triple
angular correlation function with 6,,60,, and ¢ as
defined in Fig. 5. For the geometry under consid-
eration §,=0° If the y-ray emitting nuclei recoil
into vacuum, v’=v/, making dN/dv’=1, which sim-
plifies Eq. (A4) to

dN

2nd(cosb,) (&5)

= N()W(QZ) ’

where N, is proportional to the total number of y
rays emitted and W(6,) is the angular correlation

W(0,)=22,A, Py(cos,). (A6)

FIG. 5. Schematic representation of angular correla~
tion variables.
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FIG. 6. Enlarged view of target and supporting foil.

Expressing the y-ray pulse-height distribution as

<ﬂ) E= dN d(cosez)dE’ (A7)

dE d(cosh,) dE
one obtains, using Egs. (A3), (A5), and (A6),
dN _ _2mN
( o5 JaB= - . 2, A, P,(cos6,)dE, (A8)

where AE, is the full Doppler shift Ej,/c. This
can be evaluated as a function of the y-ray energy
by solving Eq. (A3) for cosf, in terms of E. An
estimate of the contribution to the pulse-height dis-
tribution resulting from y rays emitted by nuclei
being attenuated in the target can be approximated
in the following manner: assume that the reaction
takes place in the center of the target and support-
ing foil as shown in Fig. 6. The range of the re-
coil nuclei in the target material and supporting
foil defines two angles, 0,;, where i=1 or 2 for
the target or backing material, respectively, with-

in which all recoil nuclei are assumed to come to
rest before emitting the y ray. These pulses can
be approximated by a 6 function at £=E,. The
magnitude of this 6 function can be estimated by
integrating Eq. (A8) over the energy limits defined
by the two angles. The pulse-height distribution
then becomes

<@)dE= 21No 33, A, P,(cos6,)dE + Bo(E - Ey),

dE AE,
(A9)
where
B=21N, Z k—b—}'—[(cos()zl)"+1 —(cosb,,)¥*'].
- k+1
(A10)

The coefficients b, in Eq. (A10) are the expansion
coefficients of W(6,) in terms of (cosd,)*. Since
the value of B gives only an approximation to the
attenuation of the recoil nuclei in the target, this
value was allowed to vary by +15% in the program
to compute an optimum fit to the pulse-height dis-
tribution. When attenuation of the recoil nuclei is
taken into account, the Doppler shift equation used
changes slightly to

E=E[1 - (-1)/-9L Lacosly 2t

P . (A11)

where d; and «; are the thickness and the slowing
down time in the medium ¢, As a result of this
change, the FWHM of the Doppler line shape com-
puted from Eq. (A9) becomes slightly smaller than
in the case of no attenuation.
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