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~ f6 ~f2( ~ &24M g ~ ~ + 20NegAngular correlation measurements involving the reaction 0(,n ) g
leaving Ne in its first excited state, have been used to study several highly excited
states in 24Mg. The method was tested using the known 8+ state at 14.14 MeV. The re-
sults indicate that the triplet of states at 16.80, 16.55, and 16.84 MeV all have high spin
(probably 8, 9, or 10). In the analysis it was assumed that the decay proceeds by the
lowest allowed L value.

The recent discovery' of states in "Mg unbound

to n-particle decay by -7 MeV yet having total
widths ~20 keV has been received with consider-
able interest. These states (E,„=16.30, 16.55,
and 16.84), and the previously observed' state at
14.14 MeV, were found' to be very strongly ex-
cited in the reaction "0("C,n)' Mg —at forward
angles they dominate the spectrum, with differen-
tial cross sections in the center-of-mass system
of -5 mb/sr. Despite considerable effort, at

. II +qpresent a spin and parity assignment (J =8 )
has been made' only for the 14.4-MeV level.
The principal reason for the inclusive results ob-
tained to date for the triplet of levels near 16.5
MeV is that these states do not have a sufficient-
ly strong e-particle decay to the ground state of
"Ne to permit the use of conventional angular
correlation techniques. (These states decay
mainly to the 1.63-MeV 2' and 4.25-MeV 4.'
states in "Ne. ) Knowledge of the spine of these
states is particularly important, however, since
it is not clear whether their narrow width results
from unusual structure or is simply due to high
spin and consequent inhibition of the decay by the
angular-momentum barrier.

The present work was undertaken to obtain in-
formation about the spins of the three states at
16.30, 16.55, and 16.84 MeV by measuring the
angular correlation of decay n particles to the
first excited 2' state in ' Ne from aligned states
in '4Mg. This work was part of an intensive in-
vestigation of the structure of these states, in-
volving both particle-particle and particle-y an-
gular correlation measurements. A complete ac-
count of those measurements will be published
later.

Conservation of angular momentum and parity
limit the orbital angular momentum transferred
in an n decay from a natural-parity state of spin
J to a 2' state to the values L =J-2, 4, J+2.
Clearly the angular momentum barrier favors
the lowest allowed L value. In the absence of any

detailed knowledge of the structure of the states
in question it seems reasonable to assume that
the decay proceeds via I- =J-2. This assumption
can be checked in the case of the known 8' state
at 14.14 MeV, which also decays to the first ex-
cited state of "Ne. The theoretical form of the
angular correlation, assuming that the decay oc-
curs via the lowest allowed I- value, is

24where J; is the spin of the decaying state in Mg,
L is the orbital angular momentum, and Jf ——2 is
the spin of the first excited state in ' Ne. The
theoretical predictions for a number of spins are
shown in Fig. 1. It can be seen that the sum over
final magnetic substates washes out the oscilla-
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FIG. 1. Theoretical predictions for the angular cor-
relation of o. -particle decays from aligned natural-pari-
ty states of spin J to a 2' state via the lowest allowed
L, value. The predictions for odd spins, not shown
here, are approximately intermediate between those of
the adjacent even spins. The arrows indicate the an-
gles of measurement in the present work.
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tory pattern observed in transitions to spin-zero
states at angles near 90' in the center-of-mass
system, but there remains a forward and back-
ward peaking which is a strong function of the
spin. Thus, a measurement of the ratio of the
number of a particles emitted near 9, =90' to
the number emitted at 6, = 175' can, in princi-
ple, determine the spin of the initial state.

Thin self-supported films of SiO, about 30 p, g/
cm' thick were bombarded with a beam of 36-
MeV "C"ions from the University of Pennsyl-
vania tandem accelerator. n particles leading to
states in "Mg were detected at 0' with respect to
the beam by a position-sensitive detector placed
at the focus of a magnetic spectrometer. ' (This
geometry ensures that only natural-parity states
are populated. ) The resolution, limited primari-
ly by target thickness, was 120 keV full width at
half-maximum. n particles from the decay of
the aligned states thus produced were detected in
time coincidence by an array of four surface-bar-
rier detectors. These were placed at laboratory
angles of 55', 75', 170' and -170'. Two detec-
tors were employed at +170' principally to check
the position of the beam spot, since the theoreti-
cal angular correlations are a rapid function of
angle near 180'. In all cases the numbers of
counts in the 170 detectors were equal within
statistical errors.

For each event the position of the n particle at
0, the energy of the decay e particle, and their
time difference were recorded on magnetic tape
using a PDP9/ND3300 computer-analyzer sys-
tem. ' The subsequent data reduction and extrac-
tion of the experimental angular correlations
were performed off line using the same comput-
er.

Angular correlations for decay n particles
leading to the 2' state in "Ne were obtained for
each state in "Mg observed in the 0 spectrum.
Apart from statistical uncertainties in the num-
ber of counts, an additional experimental error
arises from the contribution of the background.
This background consists of both broad states
and relatively narrow discrete states which are
not separated by the experimental energy resolu-
tion at 0 . In thi:s second category is a 6' state
at 16.59 MeV which is strongly excited at forward
angles in the reaction '2C("0, n)"Mg. In the re-
action used in the present work the cross section
at 0' for this state is known' to be =20% of that
of the 16.55-MeV state. There is also a state at
16.48 MeV which is evident in the spectrum of
Ref. 1 and which is unresolved from the 16.55-
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FIG. 2, Experimental anisotropies for the 14.14-,

16.30-, 16.55-, and 16.84-MeV states in ~4Mg. Also
shown are the theoretical predictions for spins 4-12.

MeV state in our 0' spectrum. We have attempt-
ed to evaluate the contribution of the background
both by varying the energy width of the window
set on the 0' spectrum during data reduction and

by obtaining experimental anisotropies for rela-
tively flat portions of the 0' spectrum. The ex-
perimental errors (which are not necessarily
symmetric about the best value) include. the un-
certainty in background subtraction.

The experimental results are presented in Fig.
2 as the most probable value of the experimental
anisotropy and an estimate of the error. The an-
isotropy is defined as the ratio of the average
number of counts observed at e&,b=+170' to the
average of the numbers of counts observed at
e&, b-—55' and 75', corrected to the center-of-
mass system. For each state, the observed
yields at the two forward angles were found to be
equal within statistical errors, in agreement with
the theoretical predictions shown in Fig. 1. The
theoretical predictions for the anisotropy seen in
Fig. 2 were obtained by evaluating Eg. (1) at the
center-of-mass angles corresponding to the an-
gles of measurement (hence the slightly different
prediction for the 14.14-MeV state). No correc-
tion has been made for the population of magnetic
substates with M c 0 due to the finite solid angle
of the 0' detector. This effect cannot be calculat-
ed explicitly without knomledge of the mechanism
of the reaction leading to states in "Mg. Howev-

er, similar experiments' involving the reaction
"C("C,2o. )"0 in which the population of the M
=+1 substates was treated as a free parameter



VoI.UMz 26, NUMszR 20

indicate that the population of these substates is
only a fear percent of that of the M =0 substate.
This would result in a, negligible depression of
the predicted anisotx'opy.

For the state at 14„14MeV, which is known2 '
to have 4"=8', the xesults of the present work,
shown in Fig. 2, are in very good agreement with
the predicted value for spin 8. This indicates
that the assumption of the lowest allowed I. value
dominating the e decay is justified, at least for
this state.

The x'esults fox' the tx'1plet of states neax' 16.5
MeV are also shown in Fig. 2. All three states
clearly have high spi.n. Since these states must
have natural parity, ' the results for the triplet
are consistent with/"=8', 9, or 10', although
~ =7 and 11 are not definitely ruled out. The
somewhat laxger erxor bars on the 16.30-MeV
state reflect both pooxer statistics and a larger
contribution from the background. In addition,
for the 16.30-MeV state the e particles emitted
at e»b =75' are partially obscured by a proton
group from the decay of ' Mg* to the fix'st excited
state of "Na. Its contribution (about 25%) was
estimated from corxelation spectra at neighbox-
ing angles measured previously. '

For the 16.84-MeV state it +as also possible to
obtain a, lower limit on the experimental anisot-
ropy of the angular correlation for 0. decay to
the 4' state in owe. The results are consistent
Kith the sp1Ils suggested above.

Since the angular correlati. ons for 0. decays
from high spin states to the 0', 2', and 4' states
in "Ne all peak at 180', examination of the 0
spectra, in coincidence with decay a paxticles ob-
served at e), b

——170' provides an effective way of
suppressing background in order to measure
bxanching xatios. The spectxa observed at 0 in
singles and in coincidence with transitions detect-
ed at I.70'to the "Ne ground, l.63-MeV (2'), and
4.25-MeV (4') states are shown in Fig. 3. All
members of the triplet clearly show branches to
the 2' and 4' states in ' Ne. Inspection of the
spectrum 1n coincidence with gx'ound state decays
shows that only the 16.55-MeV state possesses
any detectable ground-state bx aneh, although at
least some of the counts in the peak can be attrib-
uted to the 16.59-MeV state, W'bile there is
structure in other regions of the spectrum net
16.30- and 16.84-MeV excitation, there are no
identifiable peaks coxresponding to these gxoups.
An upper limit for a ground-state bxaneh from
these states was obtained by assuming that the
counts obsex'ved at the expected position of the
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FIG. S. Spectra of 0, particles observed at 0' in sin-
gles and ln coincidence with decay A s detected at ey~b
= 170 leading to the ground state and first and second
excited states of Owe, xespectively. The arrows mark
the positions of the three states at 16.80-, 16.55-, and
16.84-MeV excitation in Mg.

relevant peak formed the top of a peak arith the
same line shape as the peak in the singles spec-
trum. In order to corx'ect for angular correla-
tion effects (since the observations are only at
one angle) it is necessary to know the spin. The
limits given &vere calculated for spin 10. For the
16.84-MeV state, we find that the ratio of 2' to
0 decays 1n the centex' of mass 1s 7.0. Th1S ls
in disagreement with the value of 2.5+ 1.0 report-
ed for this quantity in Ref. 4. For the 16,30-MeV
state the ratio of 2+ to 0+ decays is ~4.5. This
is not inconsistent with the value of 11.4+ 4.8 re-
pox'ted 1n Ref. 4.

The results of the pxesent work shou that the
states strongly populated at forvrard angles in the
reaction 0( C, G) Mg ln the region of excitation
14~E,„~17 MeV in Mg have Z~ 8. It is inter-
esting to note that thi. s was the motivation of the
original work' —to search for high-spin states as
stxong narro% peaks superimposed on a back-
ground of low-sp1n states. One member of the
triplet at 16.30, 16.55, and 16.84 MeV is probab-
ly the 10' member of the ground-state rotational
band, predicted to be at about 17 MeV. '

In conclusion, the xesults of the present study
demonstrate that parti. cle-particle angulax corre-
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lations are a useful spectroscopic tool even in
cases where the decay is to a state of nonzero
spin. Plans to extend measurements of this kind

to other highly excited states produced in heavy-
ion-induced reactions are under way.

The authors wish to acknowledge many useful
discussions with R. Middleton, - H. T. Fortune,
and J. D. Garrett.
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(1)

(2)

Here

A new model is described for the interaction between a moving charged particle exe-
cuting any two-dimensional motion and an infinite, homogeneous, linear dielectric. The
model is based on the exact solution of the self-consistent integro&ifferential equation
of molecular optics. The main results are illustrated by application to the Cherenkov
effect.

Consider first a particle of charge e that moves on a trajectory r = r, (t) in the plane z = 0 in vacuo.
The Fourier frequency transforms [with kernel (1/2n) exp(i~t)] of the electric and the magnetic fields
that are generated by the particle may readily be derived by the use of the retarded potentials. It was

shown by Asby and Wolf' that in each half-space z ~ 0 the fields have the following angular spectrum
representation:

E("&(r, &u) = ff '„e("&(p,q; o&; ~~) exp[ih(px +qy + mz) ]dpdq,

H("& (r, cu) = ff „h("&(p, q; &u; ~~) exp[ih(px + qy + mz) ]dpdq.

h = 4)/c,

+(1-p'-q')"' if p'+q' ~1,

+i(p'+q'-1)"' if p'+q'~ 1;

and the complex spectral vector amplitudes are given by

e "' (p, q; u&;~) = s'& x[s" xf(p, q; u)) ]

h "&(p q (u ~~) =-s '& xf(p, q; o&),

with

(3)

(4a)

(4b)

(5)

(6)

f(p, q; o&) = (e/cm)(h/2v)' f „V(t') exp(i[u&t'-h(px, '+ qy, ')]}dt'. (7)

In Eq. (7) x, ', y, ' are the coordinates and V(t') the velocity of the charged particle at time t'; c is the

speed of light in vacuo. In (5) and (6), s('& are the unit vectors (p, q, +m); the positive or negative

sign on f(' and in +m in (1) and (2), and the symbol & or & in the arguments of e("& and h("&, are taken

according as the field point r is in the half-space z &0 or z &0, respectively.
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