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vector polarization of the recoil deuteron can be
written in the form?

P =[A(LK*+KL*)+Bi(LK*~KL*) + Ci (KX K*)]
X (@LL*+BK-K*+y|§ -K[?)~L. (1)

If the relative phase between the S and D states
is zero or 180° (the positive value of the deuteron
quadrupole moment precludes 180°), then A =0,
and for elastic scattering of unpolarized elec-
trons with no observation on the final spin state
the quantities LK*-KL* and KxK* are zero if
one-photon exchange is assumed. This is easily
seen if we write L and K explicitly in terms of
the electromagnetic form factors as?

L=GEAt (2)

K=G QOxA 3
K GMQ A/2M, (3)

where A is given, apart from multiplying factors,
by
A =@ u 4)

" ( s Pl)’ (
where p,(E,,D,) and p,(E,, D,) denote the initial
and final electron momenta. It is also easily
seen that after summing and averaging over the
electron spins we have

LK*+KL*=8G_G. (E_+E

5y Ey+E )P, XBy/2M,  (5)

which is not zero. If 6 denotes the relative phase
between the S and D states, the coefficient A is
given by

A = —(3V6) Re(D|j,| )
x tand[2 Re(D|j,|)-2~¥%D[j,|D)].  (6)

Explicit expressions for the coefficients o and
B in (1) can be found in Ref. 1. Under the assump-
tion of one-photon exchange _Q K is zero.

This note is expected to be of interest in the
context of the recent experimental study® of the
recoil-deuteron polarization to test time-rever-
sal invariance in electromagnetic interactions.*
It may be emphasized that although we do not in-
troduce in the nucleon current any T -nonconserv-
ing term like (P,'~P)F 3 in the notation of Bern-
stein, Feinberg, and Lee® (and all the particles
are treated on the mass shell), we still obtain
nonzero polarization for the recoil deuteron if
there is a difference of phase between the S and
D states of the deuteron. The possible origin of
this phase difference is clearly beyond electro-
magnetism even if it exists. The negative result
of the experiment® could either be due to the ab-
sence of T nonconservation and the zero value of
the phase difference 6 or due to an accidental
cancellation of the two effects.
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Partial interaction rates have been measured for the muon capture reaction p~ + 180
— 5N*+n +v leading to the excited states at 6.323 MeV (37), 5.270 MeV (1), and 5.299
MeV (*). The total observed transition rate to excited states of 1N is in good agree-
ment with predictions attending recent calculations of the total capture rate. The distri-
bution of the excitation among the three levels is very similar to that observed from the

photoproton and photoneutron reactions on 0.

Comparison of calculations with measured nu-
clear capture rates of muons within the frame-
work of the universal Fermi interaction has
proven rather difficult. Interpretations are com-

plicated either by molecular effects, in hydro-
gen, or by nucleon-nucleon interactions, in all
other nuclei. The success of the giant-dipole

model in reconciling theoretical'™ and experi-
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mental®;® capture rates of muons by %0 is well
known. Aside from the total capture rate itself,
however, the only evidence for the validity of the
model as applied to u~ capture was the small
likelihood of capture leading to particle-stable
states of *N.7-°

Largely to encourage a search for further ex-
perimental evidence for the model, Raphael,
Uberall, and Werntz made detailed calculations
of final-state distributions following n~ capture.
We report here the observation of the capture
rate to the 3~ (6.323-MeV) level®® of !°N at ap-
proximately the high intensity predicted. We
furthermore observe a significant number of
transitions to the even-parity levels of **N.
These transitions are predicted in the simple
electric-dipole-capture models. However, they
are also observed!!-!? in the photoexcitation of
160‘

The experiment was performed in the meson
cave at the Berkeley 184-in. cyclotron. A muon
beam defined by a 4-in. square counter telescope
was stopped in a 2-in.-thick water target. The
target was viewed at 90° by a Ge(Li) detector.
Beginning 200 nsec after each muon stopping a 2-
usec gate was generated. Gamma rays detected
by the Ge(Li) detector during this gate were ana-
lyzed in a 1024-channel pulse-height analyzer.
To reduce background from decay electrons a
plastic scintillator in anticoincidence was placed
between the water target and the Ge(Li) detector.

The efficiency of our detector was determined
by using the muonic Ko x rays from Pb. Tar-
gets of three different thicknesses of Pb were
used to permit correction for y-ray absorption.
The targets, each made of lead foil uniformly
dispersed between thin sheets of Lucite, were so
constituted and spaced as to have the same total
stopping power and dimensions as the water tar-
get. The muonic x rays were detected in prompt
coincidence with the muon stopping. The 6.130-
MeV !0 line was used for in situ energy calibra-
tion and stabilization.

Background was measured by analyzing the y-
ray spectrum from the detector, uncorrelated
with stopping muons, but during the beam pulse.
In the energy region of interest the only back-
ground y observed was the 6.130-MeV !¢0.

In the course of the experiment two Ge(Li) de-
tectors were used. In the early part of the exper-
iment we used a coaxial detector of nominal in-
trinsic volume of 35 cm? that gave an energy res-
olution of about 30 keV at 6 MeV. After we had
accumulated about half our final data, a reason-
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ably large, higher resolution detector became
available. This was a planar detector having a
volume of about 12 ¢m® and a resolution of ap-
proximately 12 keV at 6 MeV. The data shown in
Fig. 1 were taken with this planar detector.

All experimental results are based on the ob-
served intensities of the double-escape (de) peaks
(E},—l .022 MeV). With the planar detector 29
+1 Ko x rays from lead were detected per 10°
stoppings in lead. Assuming a yield of 0.913 K«
X rays per u~ stopping in lead,'* we had an effi-
ciency for detecting lead Ka x rays of (3.17+0.11)
X10-5. The efficiency of the coaxial detector was
greater, (4.32+0.24)x1075. On the basis of the
analysis by Cline!® we assumed the efficiency to
be independent of energy over the range of inter-
est. This analysis indicated that for the size of
detectors we were using the de-peak detection ef-
ficiency goes through a broad maximum in the
neighborhood of 6 MeV. An extrapolation error
for our range of energies of more than 10
seems unlikely.

The area under the broad 6.322-MeV (de) y
peak (5.300 MeV) was determined by subtracting
from the total area under this peak an average
“base-line” area. The area under the sharp
5.269-MeV peak was determined in the same way.
The 5.298-MeV peak area was obtained by first
subtracting the 5.269-MeV peak area and then
finding the net area of the remaining broad peak.
This contribution is small (Fig. 1), but about 23
standard errors above background.

The variations in widths of the peaks are com-
pletely consistent with the known level-lifetime
limits and the slowing-down time.!® That is, the
6.323- and 5.299-MeV levels, having lifetimes on
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FIG. 1. Pulse-height spectrum of y rays following
K~ stoppings in an H,0 target. The peak labeled “bkgd”’
disappears after background subtraction. The designa-
tion de indicates (E7—1.022) MeV.
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the order of 10~ sec,!” decay while the !*N nu-
cleus is still recoiling. However, the 5.270-MeV
level, with a lifetime on the order of 10~1° sec,!”
is sufficiently long lived that the !*N nucleus has
already slowed down before decay. The slowing-
down time for the 15N nucleus is approximately
10-!2 sec.'® The observed Doppler broadening of
the short-lived levels is somewhat larger than
would be expected if one assumed only recoil
from an 80-MeV neutrino. The additional contri-
bution to the broadening can be attributed to the
recoiling neutron. (A 3-MeV neutron, for exam-
ple, has the same momentum as an 80-MeV neu-
trino. Each independently can produce here a
Doppler broadening of about 60 keV full width.)
Analysis of the shape of such Doppler-broadened
peaks has been proposed by Grenacs Lal.‘“ as a
means of determining the angular correlation be-
tween nuclear orientation and the direction of
neutrino emission. Analysis of the 6.322-MeV
peak shape is in progress and will be reported
elsewhere together with a more complete discus-
sion and description of the experiment.

The observed y-ray yields are shown in Table
I. What fraction, if any, of the observed level
populations are not direct but result from cas-
cading we cannot say. Within the limits of ener-
gy range (up to 7.5 MeV) and resolution of our
measurements we have no evidence of other ex-

cited !N levels (nor for higher production-thresh-

old final products such as ¥N* or !5C*). For ex-
ample, neither the 3.924-MeV transition (from

the 9.223- to the 5.299-MeV level) nor the 7.300-
MeV transition to the ground state is observable

above background.

Column three gives the absolute yield of y rays
per 1~ stop on '%0. In addition to the counting
statistics, the error quoted includes also uncer-
tainties due to corrections for gate widths and
delays, u~ stoppings in scintillators and target-
container walls, and detection efficiency. Each
of these corrections contributed an uncertainty
of about 3%; these uncertainties have been com-
bined quadratically with the counting uncertainty.
The partial capture rates A, are determined by
multiplying the absolute y-ray yields by the total
u~ disappearance rate, A =iy +Ap, Where )4
=(0.97+0.03) x10° sec™*,® and Ap =(0.4549 + 0.0002)
X 10% sec™*'?%; A, is the total absorption rate and
Ap is the decay rate.

The coaxial detector resolution was inadequate
to allow separation of the y rays from the 3* and
§+ levels. The results show, therefore, only the
sum of these. In addition, an insufficient amount
of background data was taken with the coaxial de-
tector, so all background corrections were based
on the planar detector results and on the assump-
tion that the relative background was the same
for both detectors.

The measured transition rate to the 3~ level
of ®N, (2.50+0.23)x10* sec™!, can be compared
with theoretical values of 5.2x10* sec™! and 3.0
X 10* sec™! obtained, respectively, from the cal-
culations by Balashov et al.? and by Raphael,
Uberall, and Werntz.® We are not aware of theo-
retical predictions of the transition rates to the
3% and 3" levels. Their presence suggests a more
complicated initial interaction than a single-parti-

Table I. Observed y-ray yields.

Ey Y rays per g~ Ac %1078 Branching ratio
JT (MeV) stopping in %0 (sec™} xc/xa
Planar detector (4.306%10° p~ stoppings)
%+ 5.269 0.0161+£0.0025 0.0089+£0.0014 0.092+0.014
‘%+ 5.298 0.0127£0.0054 0.0070£0.0030 0.072+0.031
%_ 6.322 0.0445+0.0055 0.0246 £0.0030 0.254+£0.031
Coaxial detector (2.917x10° u~ stoppings)

%++%+ 0.0178+0.0039 0.0098 £0.0022 0.101+0.023
%— 0.0460£0.0052 0.0254+£0.0029 0.262+0.030
Average of coaxial plus planar detectors
g7 +1" 0.0232£0.0042 0.0128+0.0023 0.132£0.024
%_ 0.0452 +0.0042 0.0250 £0.0023 0.258+0.024
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cle, single-hole (first-forbidden electric dipole).Z°
These levels are also observed along with the 3=
level following giant-dipole-resonance photoexci-
tation.!*"!% The photoabsorption experiments all
have results similar to ours in the sense that the
predominant excitation observed is the 3~ level.
The two even-parity levels, é+ and %+, are also
produced by giant-resonance photoexcitation, but
for the final state *N*+p with somewhat less
probability than observed here. On the other
hand the branching ratios to the mirror levels of
180* +n are quite similar to those we observe.

It would appear, therefore, that the experimen-
tal picture of muon capture in !0 is very similar
to that in photoexcitation, and that successful
theoretical interpretation of one, particularly
with regard to the even-parity levels, would also
explain the other.
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these measurements. We would also like to ac-
knowledge the encouragement of Professor H.
Uberall and the support and interest of Profes-
sor B. J. Moyer and Professor A. C. Helmholz.
One of the authors (R.V.P.) would like also to
thank Dr. C. M. Van Atta for his interest and sup-
port during the course of this work.

tWork done under the auspices of the U. S. Atomic
Energy Commission.

L. L. Foldy and J. D. Walecka, Nuovo Cimento 34,
1026 (1964).

%y. V. Balashov, V. B. Beliaev, R. A. Eramjian,
and N. M. Kabachnik, Phys. Letters 9, 168 (1964);
see also W. Balashov and R. A. Eramjian, At. Energy
Rev. 5, 3 (1967).

SR. Raphael, H. Uberall, and C. Werntz, Phys. Let-
ters 24B, 15 (1967).

‘Mannque Rho, Phys. Rev. Letters 19, 248 (1967).

5M. Eckhouse, thesis, Carnegie Institute of Technol-
ogy Report No. NYO-9286, 1962 (unpublished).

8J. Barlow, J. C. Sens, P. J. Duke, and M. A. R.
Kemp, Phys. Letters 9, 168 (1964).

'R. C. Cohen, S. Devons, and A. D. Kanaris, Nucl.
Phys. 57, 255 (1964).

§J. P. Deutsch, L. Grenacs, P. Igo-Kemenes, P. Lip-
nik, and P. C. Macq, Nuovo Cimento 52B, 557 (1967).

9A direct indication of a resonance phenomenon

798

would be observation of the associated discrete parti-
cle-unstable levels of ¥N. Evidence for this would be
the emission of monoenergetic neutrons from 1*N fol-
lowing ™~ capture in 180, As yet no neutron spectrum
measurements have been reported for u~ capture in
60, However, since this paper was submitted, “rela-
tively good resolution” measurements are reported in-
dicating line structure in the neutron spectra follow-
ing p~ capture in 328 and *’Ca [V. Evseyev, T. Kozlow-
ski, V. Roganov, and J. Wojtkowska, Phys. Letters
28B, 553 (1969)].

YEnergy levels and y-ray energies (rounded to the
nearest keV) are taken from the compilation by C. M.
Lederer, J. M. Hollander, and I. Perlman, in Table of
Isotopes (John Wiley & Sons, Inc., New York, 1967).
Recent precise measurements for 60 and 1°N, respec-
tively, may be found in C. Chasman, K. W. Jones,

R. A. Ristinen, and D. E. Alburger, Phys. Rev. 159,
830 (1967), and R. C. Greenwood, Phys. Letters 27B,
274 (1968).

R. 0. Owens and J. E. E. Baglin, in Proceedings of
the International Nuclear Physics Conference, Gatlin-
burg, Tennessee, 12-17 September 1966, edited by
R. L. Becker and A. Zucker (Academic Press, Inc.,
New York, 1967), p. 337.

2John T. Caldwell, S. C. Fultz, and R. L. Bramblett,
Phys. Rev. Letters 19, 447 (1967).

13, Murray and J. Ritter, J. Phys. Soc. Japan Suppl.
24, 724 (1968); K. Murray (Naval Research Laboratory,
Washington, D.C.), private communication.

14M. K. Sundareson (Carlton University, Ottawa, Can-
ada), private communication. This number is based
on the calculation of a cascade in the field of a finite
nucleus. We are grateful to Professor Sundareson for
supplying us with this as yet unpublished result.

155, E. Cline, IEEE Trans. Nucl. Sci. NS-15, 198
(1968).

E. K. Warburton, K. W. Jones, D. E. Alburger,

C. Chasman, and R. A. Ristinen, Phys. Rev. Letters
14, 146 (1965).

175, J. Korka, J. Hertel, and T. W. Retz-Schmidt,
Nucl. Data 2A, 347 (1966).

181.. Grenacs, J. P. Deutch, P. Lipnik, and P. C.
Macq, Nucl. Instr. Methods 58, 164 (1968).

A, H. Rosenfeld, N. Barash-Schmidt, A. Barbaro-
Galtieri, L. R. Price, M. Roos, P. S6ding, W. J.
Willis, and C. G. Wohl, Rev. Mod. Phys. 40, 77 (1968).

2A configuration-mixing model for u~ capture in 160
has recently been reported by G. E. Walker, Phys.
Rev. 174, 1290 (1968). Although this paper is con-
cerned with explaining transitions to the particle-sta-
ble states of 16N, the model may also be expandable to
interpretation of our results.




