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surface amI decreases almost linearly up to the range
value.

4The following checks were performed: (i} changiug
the etching or cleaning procedure of the collector sur-
face; (ii) changing the threshold energy of the electrons
detected from 0 eV up to 15 eV by means of a properly
biased control grid located between the collector and
the Channeltron input, so as to detect preferentially the
less deeply implanted 3 U. No measurable difference
in decay rate was found, while differences of up to 570

were found with unclean collectors, e.g., for Pt with
traces of hydrocarbons on the surface: ~(0 eV) =+2.588
+0.006) x 10 1 min 1 and &(15 eV) = (2,445 + 0.029) x 10 1

min
1J. Friedel, Anu. Phys. (Paris) 9, 158 (1954), and

Nuovo Cimento, Suppl. 7, 287 (1958).
E. B. Boyce, Phys Rev. 164, 929 (1967).
M. A. Blokhin, V. P. Satchenko, I. Y. Nikiforov,

J'. Phys. (Paris) 32, C4-211 (1972).
It D. ay be noticed that the relative variation of

&(11~U) between the two extreme cases studied here,
namely, Mn IA=(2.6613+0.0020}x10 1 min ] and
Pd [A=(2.5269+0.0030) x10 ' miu '] amounts to (5.2
+ 0.2) Vo.

9C. Kittel, Qlantgm Theory of Solids (Wiley, New
York, 1963), p. 358.
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The cross section of the reaction He+@ 0+v + (ppn} has been measured in the re-
gion of the first resonance for various values of the recoil momentum. An anomaly is
observed for high values of this momentum and a tentative explanation is suggested.

The experiment described in this Letter was
performed in order to understand how pion photo-
production on a quasifree nucleon in 4He is af-
fected by the proximity of the other nucleons,
near the a(1236) resonance. '

The centr'al idea of this experiment was to com-
pare the photoproduction cxoss section

y+'He-p+11 +(ppn),

for' a given r'ecoll momentum P& of the residual
(ppn) nucleus, to the elementary one y+n -p+11,
because in these reactions we could easily detect
the two emitted products.

For low values of I'~ the probability of finding
the neutron far enough from the A —1 other nu-
cleons is large, and the nucleus may be described
correctly by the independent-particle model.
Thus, we may think that the impulse approxima-
tion is valid. In this model we have —P„=P„
where P, is the momentum of the target neutron
before the interaction. Then the cross section for
tile ReRC'tloll (1) Rs R fllllct1011 of 'tile 111VR1'iRllt

mass Q of the proton-pion pair can be accurately
predicted from the cross section for the elemen-
tary reaction and the nucleon momentum distribu-
tion t (P,).

As we were interested in looking for a depar-
ture from the predictions of this model, we de-
cided to study the photoproduction at high values
of I~.

Our experimental setup permitted us to deter-
mine Q and P„by measuring the pion and the pro-
ton four-momenta in two magnetic spectrometers
when the proton, the pion, and the photon lie in
the same plane. The spectrometer for the pion
could analyze a maximum momentum of 400 MeV/
c and had a momentum acceptance of 69o. The
cox responding figures for the px'oton spectrom-
eter were 700 MeV/c and 12%. The particles
were detected in each focal plane by a counter
telescope consisting of two plastic scintillators.
The particle identification was made by means
of the energy losses and by the difference in time
of flight. The target was 0.65-g/cm' liquid heli-
um. The low counting rate of this coincidence
experiment requix'es the use of a high-intensity
photon beam with a duty cycle as high as possible:
The Saclay linear accelerator facility offered us
these conditions. m The bremsstr ahlung beam in-
tensity was measured by a Wilson-type gas quan-
tameter. %e estimate that the systematic error
in absolute value is less than 10%.

The kinematics of (1) are governed, in the lab
frame, by the following equations:

v Pp +P~+P~y (2)

V +%4„=P +I +M „+T +E

~h~~~ ~4H, and ~». are the ground-state mas-
ses of 'He and 'He; (1, 1'), (P„P,'), and (P~,
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TABLE I. The experimental conditions and the mea-
sured cross sections.
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FIG. 1. Kinematics of the reaction y+4He p+g
+(happ) in the lab frame. (v, vo), (P~,p~o), (P&, p& ) are
the four-momenta of the photon, the pion, and the pro-
ton. Ps is the recoil momentum of the (pps) residue.
~~ is the angle between Pz and the photon, In the im-
pulse approximation, the initial nucleon momentum Po
=-Pa

E (1+Z /2M. „,)
1+Ps ~~/Ms&~

(4)

The missing-mass spectrum obtained in 'He(p,
2p) reactions' does not extend above 30 MeV. As

a result, for a value of Ps = 50 MeV/c, Ps~~ = 0,
and changing E„from 0 to 30 MeV increases P„
by only 8 MeV/c. The experimental resolution

P~') are the four-momenta of the photon, pion,
and proton. T~, E~, and P~ are, respectively,
the kinetic energy, excitation energy, and recoil
momentum of the three-nucleon system (Fig. 1).

There are five unmeasured quantities, i.e.,
P„, E„, and v', which are coupled by the four
equations (2) and (3); hence, one of them remains
undetermined. The recoil-momentum component
perpendicular to the photon direction, P», is
well known. For the two other quantities deter-
mined experimentally, one can choose v'-P~~~
and v —E~- Ts, where P„~~ is the component of Ps
parallel to the photon beam. The uncertainty in

P~ ~~
does not strongly affect P„—which is the

quantity of interest —provided that the direction
of P„ is judiciously chosen. Assuming E„=0
and making a choice of Pz, Q, and &u (the angle
between the pion and the photon in the pion-nu-
cleon c.m. frame), we determine the correspond-
ing values of P„and P~. For one set of P„and
P~, if Es is different from zero, Q, &u, and P»
remain the same; then changes in P„~~ and v

are given by
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Q&&~ is the invariant mass of the three-particle sys-
tem: the pion, the proton, and an unobserved nucleon
with a momentum equal to P& (m is the nucleon mass).

E&0 is the energy of the photon inducing the reaction
when E& =0. The end-point energy of the bremsstrah-
lung spectrum was chosen about 100 MeV above E&0.

Experimental cross sections.

also introduces uncertainties into the kinematical
quantities; and for P~= 50 MeV/c and Q =1206
MeV, we have b,Ps = 15 MeV/c and b, Q = 7 MeV.
The measured cross section must be compared
for the same set of final states of the residual
nucleus. For this purpose, the end-point energy
of the bremsstrahlung spectrum was always set
at 100 MeV above the photon energy E~ calculated
with Ez 0 The E y0 values are indicated in
Table I.

If we assume the impulse approximation and
the independent particle model, as represented in
Pig. 2(a), and neglect all rescattering phenomena,
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F16. 2. Diagrams for the (V,ps ) reaction. (s) One-
nucleon process; (b} twc-nucleon process. P~ is the
initial momentum of the pair involved in the photopr'o-
duction process, and P& is the momentum of the detect-
ed nucleon.

F16. 2. The differential cross-section values F(Q)
=dc/WsdQ~ PJI de of the reaction 4He(y, pIr ) for 8s
=90 and a&=90'. (This means that the recoil Ps vector
occurs on the same side of the photon beam as the emit-
ted pion. ) The scud lines correspond to the calculation
cutillled iI1 Sects 2,1 cf Ref, 1 (s resBstjc sillgle-parti
cle wave function and optical-parameter set III were
used}„The dashed curves are obtained by multiplying
by the normalization factors 1.26 for Ps = 60 MeV/c in
(s), snd 2.1 for Ps=200 MeV/c in (b).

MeV/c). All our results are summarized in
Table I. H appears that for P„=50 MeV/c the
experimental points are mell fitted by the theo-
retical cross section apart fxom a normalization
factor of 1.25 (dashed curve). This factor can be
easily explained by uncertainties in parameters
used for the calculation. This confirms that the
impulse approximation adequately describes this
phenomenon at lou values of neutron momentum.

On the other hand, for Ps =200 MeV/c the theo-
retical cross section even when normalized is
not able to reproduce the experimental results.
A structure appears for Q =1165MeV correspond-
ing to a photon energy of 315 MeV (for Es= 0).

As a guide for our investigation, we axe tempt-
ed to attribute this anomaly found at high recoil
momentum to a resonant process mith two or
more nucleons or even the vrhole nucleus. The
simplest px'ocess of this kind irivolves only a
b, (1236) and a nucleon and is given in Fig. 2(b).
In this case the resonant system is characterized
by its invariant mass Q», . Assuming that the
nucleon pair is quasifree and has an initial mo-

entum P ~~ q we obtain approximateIy

the el.oss section may be wr itten

dc (Q, ~, Ps, &s) do(Q, &u)e
(

where 8~ is the angle of the recoiling three-nu-
cleon system in the laboratory frame, and dc(Q,
II&)/dQ is the cross section for the elementary
reaction. ' To take into account the distortion ef-
fects of the nuclear potential on the pion and pro-
ton waves, we must replace N(P, ) in formula (5)
by the distorted momentum distribution 6"(P~,
Q, cI), calculated in a manner described in Ref. 1.
%e must point out that for a given value of Po
the function d"(P„Q, Ic) varies slowly versus Q.
Consequently, the maximum of the cross section
mill be px'aetically located at the value for photo-
production on free nucleons, Q =1206,' and the
width of the bump Kill have the same oxdex of
magnitude, about 120 MeV.

The prediction of this calculation and the ex-
perimental points are shown in Fig. 3 as a func-
tion of the lnvax'laDt mass of the ploD-proton sys-
tem for two different values of Ps (50 and 200

m

m+Q - m QQ„„,—2m=Q —m+ ——P — — — v + — p
2Q s m+Q m+Q

wllel'8 m ls tile lest 111Rss of tile pI'otoll. Q~g„values fol Ppg = 0 RI'8 glvell 1n Table L
Th t:.bt fth p t t d~f ti~ ' t. h ld tay
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cause the phase-space variations are small in
our experimental conditions. It cannot be seen at
50 MeV/c because the single-nucleon contribution
is too large. At P„=300 MeV/c (see Table I)
preliminary experimental values are in good
agreement with the 200 MeV/c one, while the
impulse approximation predictions' are smaller
by an order of magnitude.

The observed width of the structure (=35 MeV)
is determined by the convolution of the natural
width with that due to the motion of the nucleon
pairs, as shown by Eq. (6). A rough evaluation
of the latter gives about 40 MeV, showing that
the natural width must be smaller than this value.

In relation to this narrow width we have con-
sidered possible selection rules inhibiting the
decay. We note that on the deuteron (isospin
T = 0), the photon can produce only T= 1 excited
states, whereas in 'He a pair of nucleons can be
found in a T=1 state and, thus, the photon can
excite this pair to a 7=2 state. To investigate
the isospin dependence we asked Piazza, Rossi,
and Susinno to reanalyze their data on the reac-
tion y d+-n +P+P. Since they did not find any
corresponding anomaly, it is tempting to attribute
our phenomenon to the excitation of T = 2 states

which cannot decay i.nto two nucleons and there-
fore have a much longer lifetime than those ob-
served in similar two-baryon 1'= I systems such
as occur, for example, in reactions w'+d-p+p
alld p +d ~p +7l .

%e are indebted to A. Bloch and C. Lopata,
who built all the electronics used in this experi-
ment, to G. Thetu and A. Godin for the liquid-
helium target, and to all the technical groups of
the Departement, de Physique Nucleaire et Hautes
Energies. %e also want to thank -the machine
crew who provided a good electron beam during
these measurements. Finally, we wish to ac-
knowledge helpful discussions with C. Tzara
during this experiment
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Doppler-broadened y-ray transitions have been observed for the first time in the reac-
tion p + (Z, Aj (Z-l, ++ v&, which are suitable for analysis in terms of angu1ar cor-
relations between the neutrino and a de-excitation nuclear y-x'ay. The obsexved transi-
tions are interpreted in terms of y-v correlation coefficients which are functions of the
weak-interaction coupling constants.

Experimental determinations of the weak-inter-
action coupling constants in muon capture have
principally involved measurements of capture
rates to specific final states. ' The values of the
coupling constants extracted from these experi-
ments are very sensitive to the choice of initial-
and final-state nuclear wave functions. In a se-
ries of recent articles, Popov and co-workers2 '
and Qziewicz and Pikulski' have made theoretical
studies of the angular correlations between the
emitted neutrino and the de-excitation y ray which
occurs following muon capture to specific excited
nuclear states. They find that the correlations in
certain a11owed transitions are sensitive to the

induced pseudoscalar coupling C~ and, to a pre-
cision of 10@, should be independent of the nu-

clear wave functions involved Grenacs e& al 'o

have proposed a method to observe these correla-
tions in terms of Doppler broadening of the tran-
sition y ray due to the recoil of the nucleus upon
neutrino emission. Using a high-resolution Ge(Li)
spectrometer, we have observed several Doppler-
broadened transitions in '~A1 excited by muon cap-
ture in "Si. Several of the transitions, the first
such reported, are suitable for analysis in terms
of y- v correlations.

The correlation function 8'" for Nth forbidden
muon capture can be written9 in terms of the


