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The form of the h.p-decay interaction was studied by using lambdas produced by stopping E mesons in
the Berkeley 30-in. propane-freon bubble chamber. A selected sample of 59 A p decays were analyzed in the g
rest system, and 50 of these were further studied in the laboratory system. The results show that a pure ten-
sor interaction can be ruled out with 98% confidence, and for mixtures of vector and axial vector,

~
CA/Cv

~is greater than 0.7 with 95% confidence. Scalar and pseudoscalar, either alone or with small admixtures of
tensor, cannot be ruled out. Pure axial-vector and V&A are consistent with the data.

INTRODUCTION

'HE results presented here are from a further
analysis of the h. ~p+e+ f events used in finding

the Ap branching ratio. ' E mesons from the Bevatron
were stopped in the Berkeley 30-in. heavy-liquid bubble
chamber' filled with a mixture of 24% propane and 76%
freon CFBBr by weight. Of the events used for determi-
ning the branching ratio, 59 satisfied the more stringent
criteria that were applied. The analysis was done in
both the laboratory and h. rest systems. The data show
that a pure tensor interaction can be ruled out with 98%
confidence, and for mixtures of vector and axial vector,
~C~/Cv~ is greater than 0.7 with 95% confidence.
Equal amounts of scalar and pseudoscalar, either alone
or with small admixtures of tensor, cannot be ruled out.
Pure axial vector and V~A are consistent with the
data.

With unpolarized lambdas, our statistics were too
small to find the sign of CA/CI from the lepton spectra.

SELECTION AND MEASUREMENT OF EVENTS

curvature measurements by using the theory of Behr
and Mittner' or by total shower length, was accurate
to 37% at best. Center-of-mass reconstruction therefore
depended strongly upon accurate measurements of the
proton momentum. For this reason, all events with
protons which did not stop in the chamber were elimi-
nated. The direction of the proton and the A are also
very critical input parameters in the reconstruction. To
ensure that the ptoton-A angle was reasonalby well
determined (to approximately 5 deg), a cutoff of 0.5 crn
was applied both to the h length (I.A in Fig. 1) and to the
proton length I-„.

Fifty events were identified by electron curvature,
and nine by 6 rays. Each Ap event was measured at least
twice and spatially reconstructed. Mean values of the
quantities calculated from the diferent measurements
of each event were used, which electively increased the
measurement accuracy.

In addition to the Ap decays, a sample of 770 normal
(A. ~ p+Ir) decays were measured and fitted to give
more information about the validity of assigned errors
and to provide a lambda-momentum spectrum.The Ap decays used to study the interaction were

identified by one of two scanning criteria: Either the
electron track displayed a characteristically high curva-
ture, or had a 5 ray greater than 1 cm. The degree of
curvature required for acceptance was de6ned by con-
structing a radius vector from the A-decay point to a
point along the neagtive track and requiring the radius
vector to pass through a maximum value before reaching
the end of the track (Fig. 1). The events identified by
8 rays were required to have an electron track longer
than 15 cm. A description of the scanning criteria and
background studies is given in Ref. 1.

The momentum of the electron, as determined from

Lp

FIG. 1. Example of an R „
event. The radius vector R
from the point of decay to a
point on the electron track
passes through a maximum
value.
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ANALYSIS OF THE FORM OF THE
A.p INTERACTION

The A. momentum could not be calculated from pro-
duction kinematics, because of formation of the A's on
heavy nuclei. The conservation of energy and mo-
mentum at the Ap-decay vertex gave a zero-constraint
situation with two solutions for the Ap momentum.
Since there mas no way of choosing between the two
solutions, they were treated with equal weight. For
about 40% of our events, complex solutions occurred,
owing to measurement errors. Usually this happened
because the proton or electron transverse momentum
was measured to be greater than the maximum theo-
retical value of 163 MeV/c. For these cases, the meas-
ured quantities were adjusted according to their errors

by a least-squares procedure until the discriminant
became zero, and a single real solution was obtained.

In the A rest system, the parameter most sensitive
to the form of the Ap-decay interaction is the kinetic
energy of the proton T„* (see, for example, Ref. 4).
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FiG. 3. Transverse-momentum distribution of 544»rmal ~
decays selected from the sample of 770 measured events by apply-
ing cutoffs on Lg and L„.The broken line is the I'g distribution of
1200 Monte Carlo events normalized to 544. The x~ probabliity
for obtaining a worse fit is 30 jo.
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FIG. 2. Proton transverse momentum and angle C between the
proton and electron in the plane transverse to the h line of Bight.
The h. is shown moving along the positive s axis before decay. The
x, y plane corresponds to the A transverse plane.

However, the distribution of T„ is independent of
interference eRects between V and A, and therefore
cannot be used to determine the sign of C~/CT.

The lepton spectra, though dependent on the form
of the interaction and on interference eGects, are domi-
nated by the phase-space factor. This, coupled with the
poor measurability of the electron momentum, pre-
cluded a determination of the sign of C~/Cv in this
experiment.

Results independent of electron momentum were
obtained in the laboratory system from the distributions
of proton transverse momentum (P,), and of the angle
C between the proton and electron measured in the
plane perpendicular to the fi. line of Right (Fig. 2).
These quantities were sensitive to the form of the inter-
action and. had. the advantage of having no two-
solution ambiguity, and requiring no fitting.

STUDY OF BIASES AND EXPERIMENTAL
RESOLUTION

Distributions of the A.p decay parameters in the labor-
atory system were biased by the selection criteria and by

~ L. Egardt, Nnovo Cimento 27, 357 (1963).

measurement errors, and in the A. rest system also by
the two-solution ambiguity and the 6tting procedure.
To compensate for these biases, we modified the theo-
retical distributions for diferent forms of the inter-
action by a Monte Carlo program, which generated,
events under simulated experimental conditions. The
experimental results were then compared to the modiied
theoretical curves.

The program initiated each random decay in the
A rest system, according to a given matrix element. The
proton and. electron were then transformed to the labo-
ratory system by using a A momentum chosen at
random from a sample of 770 measured A decays. At
this point the chamber geometry and range-energy
relations were introduced, and the protons were required
to stop within the chamber. Cutofts were then applied
on I.„and I.q, and each event was weighted according
to the electron-detection eS.ciency curve. ' Typical angle
and track-curvature errors were assigned by random
choice on the assumption that they were normally
distributed.

The program was checked by having it produce
normal A. decays, with the "experimental" errors and
cuto6's on L„and I.g. The resulting distributions of I'~
and. C~ (the angle. between the proton and. pion in the
plane transverse to the h. direction) agreed well with
those from our measured sample of 770 A decays (see
Figs. 3 and 4).

To obtain the quantities in the A. rest system, the
same program that had been used for the kinematical
reconstruction of the real events was employed to find
the two real solutions, or a fitted single soluti. on for each
Monte Carlo event.

Monte Carlo runs were made at seven diferent
values of IC~/CvI from 0 to eo, i.e., throughout the
range from pure vector to pure axial vector. For con-
venience, the parameter I'= IC&I ICvI/ICOSI+ ICOSI
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was used, so that I'= —1.0 for a pure vector interaction,
I'=0 for V&A and I/'= 1.0 for pure axial vector. Runs
were also made using the tensor interaction and an
equal mixture of scalar and pseudoscalar. j:n each case
the induced form factors were assumed to be zero.

LABORATORY-SYSTEM ANALYSIS

For the laboratory-system analysis, 8-ray events were
excluded. The remaining 50 events were all selected on

FiG. 7. Likelihood curves from P~ and C data from 50 E,
«ent&. I'= (l&~/Cvl —&)/(lC~/Cvl+&).

the same basis, namely the E „criterion. This sample
was free from background, was selected with a high
scanning efhciency, and had an electron-detection
e%ciency that was well-determined. '

Figures 5 and 6 show the data and the modified.
theoretical curves. The likelihood curves from the I'&

TABLE I. x probabilities for diferent forms of the interaction, from P& and C data separately.

Vector V-0.33A U-0.67A
Form of interaction

V-A V-1.5A V-3A Axial vector Scalar Tensor

y~ of P~ distributions
Percentile from Pg (%)
g' of C distributions
Percentile from C (%)

26.7

4.3
23

16.7
&1

3.0
39

8.5

0.25
97

5.4 3.8 2.8
15 28
0.07 0.24 0.54

&99 97 91

2.3
50
0.75

86]

0.2
98
4.29

23

10.1
2
0.25

97
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TABLE II. Mean values of theoretical distributions of Pg and C.

Form of interaction
Vector t/'-0. 33M t/'-0. 673 V-A t/'-1. 5A V-3.4 Axial vector Scalar Tensor

Mean P&(MeV/c) from modified
theoretical distributions

Mean Pg from experiment=86&6

Mean C (deg) from modified
theoretical distributions

Mean 4 from experiment=128~7

112 108

137

102 99

128

97

126 124

93

123

103

132

and C data are shown in Fig. 7. Of the two quantities,
P~ is more sensitive to the form of the interaction, indi-
cated by the higher likelihood ratios of the P& curve.
That the maxima of these two curves do not coincide,
can be accounted for by a large but reasonable statistical
Quctuation. This is seen from the x' analysis sum-
marized in Table I and the comparison of mean values
shown in Table II. In both cases the P& data favor pure
axial vector or scalar-pseudoscalar, while the C data
favor 1/ ~A. However, C is not sensitive enough to rule
out any of the possibilities.

The results from P& indicate that a pure tensor
interaction can be ruled out with 98'Po confidence. For
mixtures of vector and axial vector,

~
C~/Cv

~

is greater
than 0.7 with 95% confidence. A scalar-pseudoscalar
interaction with small admixtures of tensor cannot be
ruled out.

ratio between the various V and A theories and pure
vector is plotted in Fig. 9 as a function of I'. Figure 10
gives the x' values for a five-cell fit between the T„*
spectrum and the modihed theories. From this, with

95/~ confidence, we find that ~C~/Cv
~

is greater than
0.4. A scalar-pseudoscalar interaction, a tensor inter-
action, or any mixture of the two is quite compatible
with these results.

CENTER-OF-MASS SYSTEM ANALYSIS

The T„*spectrum for the 59 events is shown in Fig. 8,
together with five of the modified theory curves ob-
tained from the Monte Carlo program. The likelihood

FIG. 9. Likelihood
curve from T„*data for
59 events.
1'= (Ic~/Cvl -1)/

(I C~/Cv I+1)
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CONCLUSION

Results of the two analyses are consistent with each
other and with previous experiments of Baglin et al. '
and Lind et al. '

A value of iC~/Cvi =0.94 predicted by Sakurai, r

' C. Baglin, V. Brisson, A. Rousset, J. Six, H. H. Bingham et al. ,
CERN Physics Report 64-12, April 1964 (unpublished).

' V. G. Lind, T. O. Binford, M. L. Good, and D. Stern, Phys.
Rev. 135, B1483 (1964).' J. J. Sakurai, Phys. Rev. Letters 12, 79 (1964).

who assumed a Ap-decay branching ratio of 0.82)&10 ',
is just compatible with our results. However, the value

i C~/Cv i
= 0 72 given by Cabbibo' is not in good agree-

ment with our result from P~ which favors a predomi-
nately axial-vector interaction.
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It has long been known that an important mode of energy loss for cosmic-ray electrons is inverse Compton
scattering with photons of starlight. Previous calculations of (d 8/dt)„due to this process have involved non-
systematic approximations involving the form of the Klein-Nishina formula and the angular distribution of
the radiation as seen in the electron's rest frame. The present paper considers an electron of arbitrary energy
in an isotropic thermal radiation 6eld of temperature T. A formally correct expression for (d 8/dt), is ob-
tained as an asymptotic expansion in the quantity gkT/(m, c')' considered as a small parameter. The often
quoted result (d 8/dt), „cc8 is seen to be the zero-order term in this expansion. It is also seen that the energy-
loss rate changes sign at an energy 8=) k T as would be expected from thermodynamics. A derivation of the
zero-order term is given from classical radiation theory, and from this it is seen that this term also describes
the energy-loss rate due to synchrotron radiation as well as from inverse Compton scattering.

I. INTRODUCTION

'HE scattering of energetic electrons by low-energy
photons, called "inverse" Compton scattering,

has been of astrophysical interest for many years. It
was first investigated by Feenberg and Primakoff' as a
process by which cosmic-ray electrons (and protons)
would lose energy during their passage through the
galaxy. Later Donahue' applied the general method of
Feenberg and Primakoff to the case of electrons trapped
in orbits about the sun.

The result of these two papers that the mean energy
loss of an energetic electron of energy h is proportional
to both the photon energy density and to 8' was applied
by Hayakawa and Kobayashi' and by Hayakawa and
Okuda4 to the problem of the equilibrium of cosmic-ray
electrons in the galaxy. More recently, Felten and
Morrison' have considered this process as a possible

*National Academy of Sciences—National Research Council,
Resident Research Associate.' E. Feenberg and H. Primakoff, Phys. Rev. 73, 449 (1948).' T. M. Donahue, Phys. Rev. 84, 972 (1951).' S. Hayakawa and S. Kobayashi, J. Geomagnet. Geoelec. 5,
83 (1953).

~ S. Hayakawa and H. Okuda, Progr. Theoret. Phys. (Kyoto)
28, 517 (1962).' J. E. Felten and P. Morrison, Phys. Rev. Letters 10, 453
(1963).

source of galactic x rays ' and gamma rays, ' " and
Shklovsky" has proposed it as a source of x rays in
solar Rares.

In the calculations of Feenberg and Primakoff and
of Donahue the relevant cross-section formula is the
Klein-Nishina formula o.(e',x') for the scattering of a
photon of energy e' by a stationary electron through an
angle p'. In essence the scattering probability is ex-
pressed in the electron's rest frame and then trans-
formed to the laboratory frame to determine the mean
energy transferred from the electron to the photon. In
the previous calculations the full Klein-Nishina formula
was not used but rather the asymptotic forms for
e'((m. c' (Thompson scattering) and for e'))m.c'. In
Feenberg and Primako6 the two forms are used in the
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Rev. Letters 9, 439 (1962).
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