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The large discrepancy between the calculated
and experimental values is surprising. If the ex-
periments are correct, something is wrong with
the calculations of meson-molecular formation
rates, or the mechanisms (Figs. 1 and 2) sup-
posed to lead to nuclear catalysis are incorrect.

The analysis given here indicates that in liquid
hydrogen containing & 1% deuterium, all absorp-
tions of p, by protons will be from a (P p, d)
molecule. For liquid hydrogen containing & 19p
deuterium, it is not at present possible to know
the molecular or atomic states from which muons
are captured. However, even for absorptions
from (Pp, d) molecules, capture and absorption
of the muon by the He' reaction product will seri-
ously complicate the interpretation of experi-
mental data.

Work is presently in progress on an extension
of this experiment, with a smaller concentration
of hydrogen, which should allow a more precise
determination of ~D and XDD.

We would like to tj~ank Gale Pewitt, John Deahl,
and Leo Fatur for assistance in obtaining the
data, and Anna Marie Bankowski and Donna Sta-
sak for scanning the film.
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In a previous Letter' we reported the results
relative to electron pair production from a sili-
con single crystal. In this Letter we give the re-
sults relative to several measurements on brems-
strahlung from a similar target. We also com-
pare these results with the theoretical prediction
by Uberall and Schiff.

We used about the same experimental arrange-
ment described in reference 1. The only differ-
ences are that the single crystal is now mounted
within the synchrotron chamber and that the
spectrometer converter is an aluminum one;
moreover we added another counting channel, for
measuring simultaneously at two different photon
energies.

The silicon single crystal is in the form of a

half-circular plate 15 mm in diameter and 2.7
x10 ' radiation length in thickness; it is cut per-
pendicular to the axis [111]within + 4 mrad, as
determined by a Laue x-ray back-reflection meth-
od.4 A goniometric device allows the single crys-
tal to be rotated both about a horizontal and a
vertical axis; the precision in the measurement
of the angles is +0.5 mrad.

First we successively measure the numbers
N(8, k), N(8, k,) of symmetrical pairs per fixed
number of monitor units (corresponding to 10"
equivalent quanta), as a function of the angle 8
between the incident 1-Gev electron beam and
the crystal axis, and for the central values k, ko
of the photon energies. We subtract for delayed
coincidences and for background as in the pre-
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vious work. '
We choose k, = 900 Mev because, as follows

from Uberall's theory, ' the bremsstrahlung inten-
sity at such an energy has a negligible depend-
ence on 8, so that N(8, k,) may be used as a nor-
malization factor. The y-ray beam monitor units
cannot be used, because the shape of the spec-
trum depends on 8. N(8, ke) ranges from -8000
to - 12 000 counts/monitor unit.

Due to the multiple traversals of the electrons
through the crystalline target, the y-ray beam
intensity after the extreme collimation (0.8 x10 '
rad) is still rather strong: -Sx109 equivalent
quanta/minute.

On the other hand we have determined the num-
ber of pairs N(k, 8) as a function of k, for several
fixed values of e.

Some of the results obtained are shown in this
Letter. In Figs. 1(a) and l(b) we give the ex-
perimental ratio Rex'.

N(8, k)

ex N(8, ko)

(k,)

0 (k)'

where

I(8,x) =I (8,x)+I (x);

where o (k)dk is the cross section for symmetri-
cal pair production in aluminum at the photon en-
ergy between k and k+dk. The solid line in both
figures represents the value of the theoretical
ratio Rth'.

R „(8)=f(8,x)/f(8, x,),

Iz, a quantity proportional to the bremsstrahlung
intensity in the field of the nuclei of the single
crystal, has been calculated by Uberall.

Iz is a quantity proportional to the brems-
strahlung intensity in the electron field of a non-
crystalline target. ' We have'

I (8,x)=[1+(1-x) ] y (a)+I( (8/6)

+ P y (8, 6) - —;(1-x)y (6)

0
+ y (8/6)+ Q |F (8, 6),

h=1
(4)

where x =k/E, E = 1 Gev electron energy, and
5 = (mc'/2E)[x j(1 -x) ]=minimum momentum
transferred to the nucleus in units of mc.

The numerical values involved in formula (4)
are the same as those used in reference 1, with
the only difference that now we take the lattice
spacing relative to the axis [111]. We computed
the series Qk 1/1, gk 1/2 only for the case
0=0.

In Fig. 1(a) we have k =240 Mev and ko = 910
Mev. The experimental data show two symmetri-
cal peaks at the left and right side of 8 = 0 and a
central minimum in good qualitative agreement
with Uberall's calculations obtained in the Born
approximation. Formula (4) results from an in-
tegration over the angles of the emitted photon
and of the scattered electron; but the coherence

R (e)
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FIG. 1. Intensity of the bremsstrahlung produced in a Si single crystal (T=293 K) versus 8 (the angle between
the 1-Gev electron beam and the crystal axis [111]). The solid curves of the figures represent Rth(8) given by for-
mula (2), while the experimental points represent Rex(8) given by formula (1). The dashed curves are simply
drawn for visualizing the behavior of the experimental points. The statistical error (-2%) is indicated for some
points. (a) k=240 Mev; kp=910 Mev. (b) k=80 Mev; ko=865 Mev.
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effect among nuclei shows a strong dependence
on the angle of the emitted photon. ' This enables
us to explain the fact that the maximum value. of
the measured effect is larger than the theoreti-
cal one; this might be due to the enrichment
suffered by the y-ray beam in photons emitted at
small angles, owing to the sharp collimation em-
ployed.

In Fig. 1(b) we have k = 80 Mev and ko = 865 Mev.
In the measurements shown in this figure the
localization of the central minimum is very cri-
tical. The spacing between the two maxima is
about 2 mrad and the curve is very sharp, while
the goniometric device has an angular repro-
ducibiLity of + 0.5 mrad. We then proceed in the
following manner. For small angles we have

8 = {8 '+ 8 ')"'
v

I (x,s)

Vo- I

t

60-

40-

where 8~, 8„are the angles of rotation of the
crystal about a horizontal and a vertical axis,
respectively.

After a preliminary approximate alignment of
the crystal axis with the electron beam, we ro-
tate the crystal about a horizontal axis until we
find a relative minimum, for which we put 8I, = 0.
We then rotate it about the vertical axis by an
angle 58v=8v =~ mrad, to fend the absolute
minimum for which we put 8„=0 (remember that
the effect has an axial symmetry).

In Fig. 1(b) we plot the values Rex obtained by
rotation about the horizontal axis (crosses) ver-
sus the angle

30-

20-

10-

0,2
I
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g (g E+ g +2)1/3
v

and the ones obtained by rotation about the ver-
tical axis {circles) versus 8 =8~.

Since the error 48/8 is very small for ~ 8I,/8„
«1, we have good angular resolution for the
crosses near the maxima.

The analysis of the data plotted in Figs. 1(a)
and l(b) shows that the central minimum does
exist, even if less marked than the theoretical
one, especially as far as Fig. 1(b) is concerned.
At this date we do not know if this difference be-
tween theory and experiment really exists or if
it is due to insufficient angular resolution of the
experimental arrangement. A better goniometric
device is under construction for a more precise
analysis of the effect.

At these energies it seems that the correction
to the Born approximation near the minimum is
smaller than the one predicted by Schiff, ' accord-
ing to which the central minimum would be com-

FIG. 2. Intensity of the bremsstrahlung produced in
a Si single crystal (T= 293 K) versus x =k/E (the frac-
tional energy of the photon with respect to the electron
energy E =1 Gev). The solid curve represents I(X,8)
given by formula (3) for 8 =6 mrad. The dash-dot line
represents the same quantity for a noncrystalline tar-
get [H. Bethe and W. Heitler, Proc. Roy. Soc. (London)
A146, 83 (1934); Wheeler and Lamb, reference 4]. The
experimental points represent the quantity (5). The
circles are relative to 8=6 + 0.5 mrad, while the
crosses are relative to 0 = 1+0.5 mrad.

pletely washed out for k =100 Mev.
In Fig. 2 we plot the quantity f(x, 8) given by

formulas (3) and (4), as a function of x, for 8=6
mrad (solid curve) and the bremsstrahlung inten-
sity from a silicon noncrystalline target for com-
parison (dot-dash curve). We also plot the ex-
perimental quantity

XX(n, 8)/o (n),

574



Vox.UMs 4, NUMBER 11 PHYSICAL REVIEW LETTERS JUNE 1, 1960

where ~ is a normalization factor, so chosen that
the experimental value is coincident with the
theoretical one at 900 Mev. The data for 6 mrad
confirm that the collimation operates an angular
selection of the yhotons. For 8 = 1 mrad we do
not draw the theoretical curve because at these
angles the dependence on 8 is very strong, and
for the experimental data we have 0 =1+0.5 mrad.

The preceding experiments ~' have shown a de-
pendence on 0 of the bremsstrahlung intensity
without showing any central minimum. We think
that this is due to insufficient angular resolution
with respect to the low-energy detected photons.

We thank Dr. G. Barbiellini for the collabora-
tion given in this work.
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The long-awaited measurement of the rate of
absorption on protons could conceivably use

hydrogen in any form, but there are technical
advantages in working with liquids, as in bubble
chambers. However, many yhysicists have ex-
pressed pessimism about the utility of such an
experiment, because in liquid H, muons form
p - p, -p molecular ions in addition to p - p, atoms.
We shall show here how it is nevertheless yossi-
ble to interpret the observable rate of muon
absorption in liquid hydrogen in terms of the
basic pnp, v interaction. The main problem is to
calculate the rate for the process

(p-u p)-n+~+p-
in terms of the muon absorption in atoms; be-
cause of the extreme spin dependence of the
V-A interaction, ' this requires knowledge of the
orientation of proton and muon spins as well as
the overlap of their wave functions at the instant
of absorption. Almost all of our remarks will
ayyly to solid as well as to liquid hydrogen, and
we will confine ourselves to the case of isotopic-
ally pure (H'), .

The only two bound orbital states of the p - p -p
system' are a para 1sog ground state with rota-
tional angular momentum L =0 and binding en-
ergy 2771 ev, and a 1sog ortho state with L =1
which is ~ =148 ev higher. The formation of
these states by electron ejection in a co11.ision of

a p - p, atom with an H, molecule is respectively
an EO or F.l process, and hence the ratio of the
formation rates is of order'

Para/Ortho-k 'a '-2x10 4,
e p

(2)

=2.7x10ioD sec ~. (4)

(Here n is the number density of electrons in a
bubble chamber, n =3.5~10 cm, and ke
= [2me(~ -EH)]~, where ~ = 148 ev, and EH
=15.6 ev is the electron separation energy in

H, .) It is also possible that the p - p, -p forms
"ordinary" atoms or molecules with electrons

where ke is the wave number of the ejected elec-
tron. Actually, detailed calculations' show this
ratio to be less than 3 x10 ', so virtually all
p - p. -p's are formed in the ortho state.

It seems furthermore that the p - p, -p's formed
in the ortho state stay there during the few micro-
seconds of muon lifetime. If we define the ortho-
para electric dipole transition matrix element
to be

l(PI JpRIO) I =-ea D,
P

then the rate for de-excitation accompanied by
ejection of an electron from a hydrogen molecule
in a collision is

(u (0-P) =16mn m a 'e~D2/3k
e e e p. e
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