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%e have undertaken a study of muon catalysis
of the fusion reaction p+d ~ He~+ @ (5.4 Mev) in

order to obtain information necessary to the un-

folding of the molecular effects on the muon ab-
sorption reaction p, + p ~n + v taking place in liq-
uid hydrogen. Such studies also serve as a useful
method of observing the molecular systems Pp p
and pp, d and of measuring the fusion rate initiated
in an s state. The yield of fusion y rays from pure
hydrogen has been measured as a function of time
relative to the muon stopping at six different deu-
terium concentrations. The present experiment
is essentially an extension of the earlier work of
Ashmore et al. '

The sequence of events leading to the fusion
process assuming dilute deuterium concentra-
tions (c«1) are as follows. '

(i) The p is rapidly slowed down and captured
into a 1s orbit about a proton. Exchange colli-
sions result in a rapid (-5 nsec) depopulation of
the triplet hyperfine level, leaving the p. p sys-
tem entirely in the singlet state.

(ii) The thermal neutroa-like pp atom then
either forms a p-hydrogen molecular ion (rate
=Xpp) or loses the muon to a deuteron (cXz).

(iii) The neutral pd atom can in turn form a
(ppd)+ molecule.

(iv) The latter, because of the small internuclear
separation, can lead to p+d fusion (Af). The Q val-
ue of 5.4 Mev can be given to a "rejuvenated" mu-
on (graf) via EO internal conversion, or to an Ml y
ray [(1 - q)Xf]. Symbolically,

PP
PP +

= (pt p)

He'+y p (bound)

= (pud)

He'+ p(recoil).

At each stage of the process, the muon can de-
cay into e+v+v (A.,=0.45x10' sec '). Direct for-

J. Rothberg, and E. Zavattini~
w York, New York

ber 4, 1961)

mation of (ppd)+ from the pp system is negligi-
ble as are processes of higher order in c.

A schematic layout of the experiment is shown
in Fig. 1. A purified 125-Mev/c muon beam [500
p /sec with (0.5kk (pions+electrons)] was brought
to rest in a specially constructed target. This
was initia. lly filled with hydrogen having a deute-
rium content of 5 parts per million (ppm). Purity
was obtained by careful outgassing of the com-
pletely closed "pure target" system, palladium
filtering, and successive cold traps at net. r liquid
hydrogen temperature. ' Deuterium was later
added in multiples of a standard concentration (co
=110 ppm). The absence of pions and electrons
was monitored by both range and time-of-flight
measurements. A duty cycle of -30 k was ob-
tained by electronically gating the optimum 75
of the synchrocyclotron vibrating target beam.
The y-ra. y pulses from the NaI counter mere se-
lected by a singLe-channel pulse-height window
which was set at 4.0-6.0 Mev, using 0" (6.13 Mev)
and C" (4.43 Mev) y rays as calibration standards.
A large background of y rays in this energy band
arises from bremsstrahlung of p, -decay electrons;
and capture y rays and p, -mesonic x rays from the
few percent of muons stopping in the high-Z tar-
get walls. These were almost completely elimi-
nated by requiring a decay electron count in the
3.5 p, sec subsequent to the detection of the fusion
y ray. The surrounding electron counters +At
subtended 60 of the total solid angle.

The data for 5-, 110-, and S000-ppm D2 con-
centrations appear in Fig. 2(a). Similar data for
220, 440, and 900 ppm were also obta. ined. Nor-
malization was based on counts of decay electrons
with muon stoppings as an additional check. Fig-
ure 2(b) shows the dependence of the time-integrat-
ed count on the D, concentration.

A solution for the coupled equations describing
the population of the various states is readily ob-
tained, if muon recycling is neglected. 4 A fur-
ther simplification is the neglect of the hyperfine
states in the ppd molecule which influence the
interpretation of Af.2" The fraction of y rays per
stopped muon is

12S

( nt-
n(t) =(1-q)X z ca e ' +f pd e ((n A. )(n A) (n A. )(A. A. ) (n i, }(i A. )f pd f f
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FIG. 1. Schematic layout of the
experiment. Shielding details, beam
optics, amplifier, delay, internal
time-to-height converter logic, and
other aspects have been omitted.
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Note that (la) and (1b) become independent of c
as cz ~ ~. This condition of "saturation" was
noted by Alvarez et al.' in their observation of
rejuvenated muons.

where 0. =-A~p+cA. Two time integrals are also
used:

The various rates were extracted from the data
in a somewhat decoupled manner by the following
steps: (i) The 8000-ppm curve is near saturation
and hence depends only on Xy and X~, which were
obtained by least-squares fitting using Eq. (1) in
the limit cXe ~ . More precisely, only a "fast"
and a "slow" rate are obtained. To identify the
former with X~ and the latter with X~, appeal is
made to the Carnegie experiment~ which provides
a lower limit for X . (ii) The ratio of slope to
intercept of the straight-line fits in Fig. 2(b) is
by Eq. (la), (A&&+X0)/cue and by Eq. (1b), X&&/
c~e. (iii) The lifetime of the atom (Xpp+cae
+A,0) can be inferred from the shift in time of
the centroid of the yield curves as c is increased.

Table I lists the results along with pertinent
previous measurements. '» Space does not per-
mit a detailed comparison with the large body of
relevant theoretical calculations that have been
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Table I. Experimental results.

(10~ sec )f
(10~ sec «}

pd

(X +A. }/A, (10~)
pp o e

(10~ sec «)
pp

Fusion y rays per stopped muon at saturation (9o), N (c~ —~)
I e

Rejuvenated muons per stopped muon (%), @be (c~ ~)I e

Present experiment

0.26 +0.03

5.5 +1.1

1.06 +0.11

1.4 +0.5
33 +8
31 +3

Others

&8.8, &1.9
d

&20, &0.55
-6.5~2e f

g, h

11+0.80 ~

34 +6

2.4 +0,2
2.64 +0.35

This is the mean value over about 3 psec of what is actually a composite lifetime. There is some arbitrariness
in how one chooses to infer this mean. ~~

This value is derived from an absolute calibration of the NaI counter system efficiency. A direct experimental
calibration was carried out by measuring the yield of 5.4-Mev Q —1s mesonic x rays produced by muons stopping
in a tantalum foil.

This is derived from "f~pd" n)("pd+~0) (~f+ ~0) ~ See Eq. (1a) ~

See reference 1.
See reference 7.
We have re-analyzed the Carnegie data~ using a recent result of S. S. Gershtein [J. Exptl. Theoret. Phys.

(U. S.S.R. ) 40, 698 (1961); translation: Soviet Phys. —JETP 13, 488 (1961)]who calculates the intrinsic enhance-
ment of the rejuvenation predicted to occur in large concentrations of deuterium. An increase, -1.7, is due
to the population of those (ppd)+ hyperfine levels which are more favorable to internal conversion. This results
from the exchange scattering process {pd)~ 3

+d- (pd)J &&+d, This also lowers the deduced value of ~dd. The
inequality refers to the fact that there is a transfer of an un(mown quantityof muons to impurities dissolved in the Q.

hSee reference 4.g

The Chicago group has pointed out that this value is proportional to the density of D~ in normal hydrogen. Both
the Chicago and Berkeley results for normal hydrogen agree. Whereas natural hydrogen (in water) has 150 ppm Q,
an assay of the Chicago hydrogen revealed (40 ~14) ppm. Presumably a similar correction should be applied to the
Berkeley data.

See reference 8.

~The recycling of rejuvenated muons has a negligible
ef ect on c~e ~pp and ~pd but does result in a correc-
tion of 7 Vo to Af. This can be seen from the secular de-
terminant of the coupled equations including recycling:

p. -x )(~-n)p, -~ )+q~ cx ~ =o.
pd f e pd

This provides the first order corrections:

~c~ ~(~„)
6X =i ii i

nA, (-qX for cX ).
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