
VOLUME 7, NUMBER 3 PHYSICAL. REVIEW X, ZTTERS AUGUST 1, 1961

ratios measured at CERN at 16' lab production
angle by Cocconi et al. ' are reasonably consistent
with the trend of our measurements at production
angles of 13' and 20'.

A more complete account of this work will be
published elsewhere.

We wish to acknowledge the invaluable coopera-
tion of the AGS staff and operating crew which
made this investigation possible.

*On leave from Max-Planck Institut fur Physik, Mun-
ich, Germany.

)This work was performed under the auspices of the
U. S. Atomic Energy Commission.

iSimilar investigations have been carried out at CERN:
L. Gilly, B. Leontic, A. Lundby, R. Meunier, J. P.
Stroot, and M. Szeptycka, Proceedings of the 1960
Annual International Conference on High-Energy Physics
at Rochester (Interscience Publishers, Inc. , New York,
1960), p. 808; G. von Dardel, R. M. Mermod, G. Weber,
and K. Winter, Proceedings of the 1960 Annual Inter-
national Conference on High-Energy Physics at Roches-
ter (Interscience Publishers, Inc. , New York, 1960),
p. 837; V. T. Cocconi, T. Fazzini, G. Fidecaro,
M. Legros, N. H. Lipman, and A. W. Merrison, Phys.
Rev. Letters 5, 19 (1960).

The 44' and 20 experiments were performed by

S. J. Lindenbaum, W. A. Love, J. A. Niederer,
S. Ozaki, J. J. Russell, and L. C. L. Yuan. The
9' and 13' experiments were performed by W. F.
Baker, R. L. Cool, E. W. Jenkins, T. F. Kycia,
D. Luers, and A. L. Read.

3The Cerenkov counters are described in D. A. Hill,
D. O. Caldwell, D. H. Frisch, L. S. Osborne, D. M.
Ritson, and R. A. Schluter, Rev. Sci. Instr. 32, 111
(1961);T. F. Kycia and E. W. Jenkins, paper pre-
sented at the International Conference on Nuclear
Electronics at Belgrade, Yugoslavia, May, 1961 (un-
published), and Brookhaven National Laboratory Report
BNL-5493 (unpublished); S. J. Lindenbaum and L. C. L.
Yuan, in Methods of Experimental Physics (Academic
Press, Inc. , New York, to be published), Vol. 5A, Sec.
1.5.1; and S. J. Lindenbaum, W. A. Love, J. A.
Niederer, S. Ozaki, J. J. Russell, and L. C. L. Yuan
(to be published).

4H. J. Halama, Brookhaven National Laboratory
Accelerator Development Department Internal Report
HJH-1 (unpublished), and private communication.

SJ. B. Cumming, G. Friedlander, J. Hudis, and
A. Poskanzer (private communication).

~E. D. Courant (private communication).
These remarks are based on the results of the

IBM-704 program BEAM written by E. D. Courant
[Brookhaven National Laboratory Accelerator Develop-
ment Department Internal Report EDC-36 (unpublished),
and private communication] .
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It has been pointed out by Bernstein, Lee, Yang,
and Primakoff, i that the two members F+ =I+ & of
the hyperfine doublet ground state of a p. -mesonic
atom with nonzero nuclear spin I could exhibit
different disappearance rates A+ as a consequence
of the possible spin dependence of the interaction
responsible for muon absorption. In particular,
the now currently favored "universal" V-A inter-
action would lead to A+& A . Bernstein et al. i
made the implicit assumption that atomic proc-
esses inducing transitions between the two states
E+ were negligibly slow. With this assumption,
they predicted that a logarithmic plot of the time
dependence of the electron rates from negative
muons stopped in a monoisotopic target of non-
zero I should exhibit a positive curvature, cor-
responding to the superposition of the two expo-
nentials characterized by A+ and A . Experi-
mental detection of such a curvature could serve

as a proof of the spin dependence of the absorp-
tion interactions but would give no clue to its
more detailed nature.

It was subsequently pointed out' that, at least
for the targets of experimental interest, the as-
sumption of a negligibly slow transition rate be-
tween the two states F+ is not a valid one. It was
shown that the magnetic interaction between the
"core" (=nucleus+muon) of the mesonic atom
and its outer s electrons provides a sizeable con-
version rate R between those two states. An ex-
plicit calculation for the case of »Al' was pre-
sented in reference 2, made under the assumption
that only the 3s (conduction) electrons of this tar-
get would effectively contribute to R. The magni-
tude of R so calculated was comparable to that of
the difference IA -A+I = IAAI. As was empha-
sized in reference 2, this parent-daughter rela-
tionship would lead to a negative curvature in the
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experiment proposed by Bernstein et al. if the
state I disappeared faster, which is precisely
the prediction of the V-A. interaction for a nucleus
with positive magnetic moment p,l.

Thus, the curvature experiment could possibly
provide the as yet missing evidence that the V-A
interaction governs muon capture. Some prelim-
inary experimental evidence from Chicago, indi-
cating the actual observation of negative curva-
ture in Al and P, was discussed at the 1960 Roch-
ester Conference. ' Subsequent more refined meas-
urements performed in this laboratory indicate,
however, that this preliminary "evidence" was
due to spurious instrumental effects, the nature of
which is now understood. This situation leads
to the following questions: (a) Granting that muon

capture is governed by the V-A interaction, what
modification of the plausible rate calculation in
reference 2 can account for the nonobservation of
negative curvature? (b) Granting that a modified
(and presumably reliable) rate calculation can ac-
count for this, what modification of the experi-
ment originally proposed by reference 1 would
lead to an observable negative curvature, thus
confirming V-A 'P The present note purports to
answer these questions.

(a) Conversion rate calculation. The problem
of the transition rate between the states E+ of in-
terest, separated by an energy e, is entirely anal-
ogous to that of an M1 transition between two nu-
clear states, the "core" playing here the role of
the nucleus. However, the radiative transition
rate R' is here readily calculable'.

R ' = -', o. 'm 'I/(2I+ 1)e', (1)

while the conversion coefficients (that would yield
R) are not available for the very soft (s & 1 kev)
photons in question from standard tables. ' We
must, as was done in reference 2, estimate the
rate Rz at which the magnetic hyperfine inter-
action be ween the "core" and an electron of the
mesonic atom leads to electron ejection:

R = ,'mn 'R'e '-Iu (0) I'lu (0) I'p (k),ns ~ks ' ns ks
(2a)

R
npul ~kp
='wo. 'R'e '(33/2)l f u r 'u r'drl'p (k),0 np kp E

(2b)
R

np~, ~kp

= -',~~-'R'q '(69/10) I f u r 'u r'drl'p (k).0 np kp E
(2c)

The approximation in the above expressions con-
sists in taking the proper nonrelativistic limits,
neglecting retardation effects and dropping con-
tributions from nuclear magnetic moments. The
rates in (2) are already summed over the elec-
trons of the pertinent atomic shells, assumed to
be filled; the total conversion rate is clearly

R=QR (3)

where the sum is taken over all ionizable shells
(nlj); ionizable means that the "edge" E &. lies

nip
below the available energy

e=E(Z,) -E(F )

=-,'o. 'm 'm '(u jy, )(2I+1)/IZ
p eff ' (4)

R =0.16R
np~kp

' ns~ks' (5c)

Here, S = inner, V, = outer Slater screening con-
stants. These estimates are straightforward gen-
eralizations to off-diagonal matrix elements of
Goudsmit s semiclassical hyperfine formula, jus-
tified by Fermi and Segre via the JWKB method. '
For the shielding of the emitted s electron, the
remarks of Rose are pertinent. In reference 2,
R was calculated from (2a), assuming that only
the 3s electrons of Al (magnetic Ml shell conver-
sion) could be ejected. Inasmuch as e(A1) =260 ev
while E2s ——88.60 ev (exp. L& -edge of Mg"),
this assum~ption was in error. Using (3), (4), and

(5), one finds:

R, =3.2x10 sec ' for $3Al"

(Z ' = 12, S = 4.15, V, = 120 ev) .
(6)

The numerical value (6) far exceeds that calcula-

where Zeff =Zeff /Z taken from p capture. The
replacement of Z' by Zef f corrects for the finite
nuclear size. For a completely general discus-
sion, see Bohr and Weisskopf.

We estimate Rn, the conversion rate for a given
shell n, by the following approximate expressions
valid for Ie-V, I«Z "/2:

I u (0) I '=4Z '(Z ' -S)'/n', I u (0) I'p (k) =4Z',
ns ' ks F.

(5a)

where Z'=—Z -1, the charge of the mesonic atom
core, and

I f u r 'u r dr I'p (k) =Z "(Z' -S)'/9n', (5b)0 np kp E

so that
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ted in reference 2, viz. , R = 6.2 x 10 sec . It is
two orders of magnitude larger'2 than I b, A I and
this fact, as we shall show later, accounts for the
absence of observed negative curvature in Al. For
»P' the situation is entirely similar.

R» lb, A I is not restricted to Al and P but holds
quite generally for odd-Z nuclei of interest through-
out the periodic table. This is due to the fact that
whenever s conversion can occur, it does so at a
rate that greatly exceeds I b.A I (specifically dis-
regarding nuclei with anomalously small p.I).
Since Rn increases with Z more rapidly than does
IAA I -Z ff', it is sufficient to show this for the
lowest Z at which a particular n, s shell can first
be ionized, Thus, for Z&9, conversion occurs
first at Z ='5; for,a", R,=1.7x10' see ', 4A
=5x10' sec '. For 9 &Z &15, 2s conversion al-
ways occurs; for 9F",R2s=2.9x10' sec, 4A
=1.1x10' sec '. For 17~Z&39, 3s conversion
always occurs; for»cl", R3s=7.5x10' see
AA=2. 3x10' sec '. For 39 &Z675, 4s conver-
sion always occur s; for» Y ', R, =4.1 x 10' s ec ',
LA=2.8x10' sec '. Since the observable effects
will be shown to decrease as 1/Z, we do not con-
sider very high values of Z.

The high conversion rates (R» I AA I) discussed
exclude praetieally observable effects in the time
distribution of decay events, quite independently
of the nature of the p, -capture interaction. Assum-
ing p, i& 0, the time dependence of the populations
in the E+ states is governed by the equations

n+(t) =n+(0)e +-(A, +R)t

n (t) =[n (0)+n+(0)R(R -AA) ]e

-n~(0)R(R —b.A) e +, (7)
-1 -(A++ R) t

where n+(0) are the statistical weights of the states
E~. In the limit that R» lb.AI, the time distribu-
tion of the decay events (i.e., the electron rate)
to order AA/R is

(8)

where A =n(0)aA/R. The -smallness of the ampli-
tude A together with its rapid decay ( in»A1'7, A
=2 x10 ', R '=3 x10 ' sec) accounts for the ab-
sence of observed negative curvature in»A1' and

»P '. As emphasized above, this smallness is
not restricted to these nuclides.

(b) Experiments leading to observable negative
curvature. Contrary to the study of the time dis-
tribution of the decay events, as originally pro-

posed in reference 1, a study of the time distri-
bution of capture events (capture neutrons and
gamma rays) ean lead to practically observable
spin-dependence effects and, in particular, ex-
hibit negative curvature. One has for these events
from (7), again in the limit R»b, A,

(9)

where A'=—[n+(0)AA/A p]/[1+n+(0)AA/A ap];
A P=-n+(0)A+ P+n (0)A eaP—= mean capture
rate. The striking difference between (8) and (9)
is that A' may be a large amplitude of order unity.
It is easy to see how this comes about:

When I b,A I /R «1, the muon population is for
t »R captured almost entirely from the I
state at a rate A pe . Extrapolating .back
to t =0, this would require an initial capture rateA, whereas the true initial capture rate is
AcaP Therefore I g i AcaP/A caP where A '
= [n+(0)AA/AcaP]/[I+n+(0)AA/AcaP] as in (9).
The same argument applied to decay events shows
that 4 = 0 to zeroth order in AA/R, since the de-
cay probability is the same in both I states.
Since A' decreases as 1/Z, the effect is best
studied in low-Z elements. For statistical ef-
ficiency, R should not greatly exceed A . Several
elements (e.g, ,F") appear to be suited in prac-
tice for such experiments.

%e conclude with two remarks:
(i) If one had A+/R»1, targets with I= ', (e.g. , —

,F" and, ,P") should exhibit" a p-decay asym-
metry parameter n(I) half as large as n(0), the
corresponding parameter for I= 0. With A+/R = 1,
one should see a "damping" of the precession in
the E+ state, while A+/R «1 would imply n(-,') =0.
In the ca,se of »P (A+/R =0.03), both n(2)/n(0)
= 0.5'~ and n(~)/n(0) = 0~' have been reported,
while recent Liverpool results on, F"(A+/R = 0.25)
are consistent with n(—', )/n(0) = 0."

(ii) With A+/R «1, virtually all muons should
be absorbed from the E state (assuming pi& 0).
The V-A interaction predicts A &A+,' thus on a
plot of the reduced capture rates A aP/Zeff vs
neutron excess (A-Z)/2A, such nuclei as,F',
»Na", »Al", and»P" should lie above the "Prime
akoff line. '"7 Some evidence for this has been ob-
tained recently, but a quantitative comparison
with theory does not appear possible at the present
time.

%e wish to thank Professor H. Primakoff and
Professor G. %entzel as well as J. L. Lathrop
and R. A. Lundy for helpful comments and dis-
cussions.
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At the 1960 Rochester Conference we reported'
some preliminary evidence for the observation of
a hyperfine structure (i.e., spin dependence) ef-
fect in the capture of muons by»A1" and»P' .
This effect' consists in a (negative) curvature'
K of the plot of f(t), the logarithm of the electron
rate from these targets, vs time,

K=K(0) =f"(I+f") +' at t=O,

Mg data (mostly I=0) obtained under essentially
identical conditions. In the past, C reference

(e-)=564T
) =2545

and depends on the physical rates as follows:

K =K(AA, R) = -2 i n~(b, A/A) (R n&A)/A-, (2)

150 Mev
C

Az

where n+ are the statistical weights of the hyper-
fine states F~ =I+ —,', A=n+A++n A the mean dis-
appearance rate, bA=A -A+, and R is the con-
version rate from E+ to E (assuming a positive
nuclear magnetic moment). '

We have now repeated these "curvature" meas-
urements under greatly improved conditions, and
have found that, to within experimental error, K
=0 for Al and Mg. We used the experimenta1 set-
up schematically indicated in Fig. 1. The most
essential improvements mere the following ones:

(a) Comparison of the Al target (I= -,') data with

,Pb
err

0 2 4
I I

inches

FIG. 1. Experimental setup. 1, 2, 3, 4, 5, and 6,
sqo.are scintillation counters; Ai ——4-in. Cu moderator,
A2=2-in. graphite moderator, A3 ——&-in. polythene ab-
sorber. Pb = Pb collimators. (1456) = electron coinci-
dence, (2345) = muon coincidence.
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