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Incoherent Electron Scattering from the Nucleons in Beryllium and
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The electron scattering at high momentum transfer has been measured from the nucleons in Be, in C,
and from the free proton. The data yield the cross section of the average nucleon and of the neutron in
relation to that of the proton. o „/o.„( )tzis found to be 1.16&0.3 at 500 Mev and 135';it decreases, as expected,
for smaller angles and lower energies. If the assumption is made that meson-exchange effects and interactions
in the final state are not important, the form factors obtained indicate an apparent root-mean-square
radius of the neutron's magnetic-moment distribution of (0.53&0.15) X10 " cm. rt is possible that the
apparent small size of the neutron in Be and C is due to the neglect of meson-exchange effects and inter-
actions in the final state. The present result is smaller than a neutron size, given by Yearian and Hofstadter,
who compared the cross sections of deuteron and proton and found equal sizes for neutron and proton.
If one accepts the latter result, the present experiment can be used to yield a measure of the above neglected
effects.

For further details, we may refer to a review article4
on electron scattering (especially to its Secs. IIIb2,
IIIc, and VI), where references to several preliminary
measurements of incoherent scattering in deuterium,
helium, and beryllium' are also reported. We may also
call attention to a study of deuterium similar to ours. '

At high energies and large angles, that is, for large
momentum transfers (zt), the incoherent scattering is
much larger than the combined elastic and inelastic
level-scattering from the nucleus because the latter
are greatly reduced by hnite-size eGects. 4 Furthermore,
the scattering from individual protons and neutrons at
high values of q is due almost exclusively to their
magnetic moments, and the charge scattering from the
protons contributes only a small amount. As pointed
our previously, 4 the scattering from the neutron would
be expected to be about half as large as that of the
proton, if the neutron and proton have similar distri-
butions of the density of their magnetic moments.
This follows because the scattering is proportional to
the square of the magnetic moment at large q values.
On the other hand, a larger neutron cross section would
imply either (1) that the magnetic cloud of the neutron
is smaller than that of the proton, or (2) that in the
special range of q values studied, because of an unknown
complicated structure in the neutron, its form factor
has variations leading to larger values than that of the
proton. The latter type of behavior could occur if the
density distribution goes through a value of zero at a
distance at which the experiments have a high sensi-

tivity.
It was the purpose of this work to study the inco-

herent electron scattering from beryllium in order to
determine the cross section of the neutron. Some time

I. INTRODUCTION

'

~ LECTRON scattering from free protons has been
~ studied previously. ' ' From the measured cross

sections, the electric and magnetic structure of the
proton have been determined. ' It is now of interest to
investigate the scattering cross section of the neutron.
Since free neutrons are unavailable in sufficiently large
densiti. es, it is necessary to use neutrons bound in a
light nucleus.

In elastic scattering (from which nuclear sizes may
be determined) and in inelastic scattering, in which a
nuclear level is excited, the electron is scattered
coherently by the nucleus as a whole. In the incoherent
scattering to be discussed in this paper, the incident
electron is scattered primarily from a single nucleon
which recoils and is emitted from the nucleus. Electrons
scattered in this process appear in the energy spectrum
near the free-proton peak which occurs, for not too
small incident energies and scattering angles, at a
distinctly smaller energy than the electrons scattered
from the whole nucleus. Thus they may easily be
distinguished from the latter. Owing to the internal
motion of the nucleons, the incoherently scattered
electrons have a wide energy distribution, reflecting
the momentum distribution of the nucleons. The center
of this wide peak is shifted to lower energies with
respect to the free-proton peak by an amount corre-
sponding in order of magnitude to the root-mean-square
momentum of the various nucleons in the nucleus.
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Fxo. 1. Energy spec-
trum of the incoherently-
scattered electrons of
500-Mev incident energy
at 135' from the nu-
cleons in Be and C.
Both targets have equal
numbers of nucleons per
cm2. The ordinate gives
counts per 1.065)&10"
nucleons/cm', per 3.75
)& 10"incident electrons
(=600 microcoulombs),
per solid angle 4.95
X 10 ' and per 1%
energy interval. The
second peak on the low-
energy side is caused by
electrons which have
produced pions in their
scattering process, The
polyethylene peak is
given in a scale corre-
sponding to the same
carbon content as in the
carbon target.
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ago, Chambers and Hofstadter' made a preliminary
examination of that nucleus, which shows that the
method is feasible with beryllium, where there is a
well-known loosely-bound neutron. The cross section
corresponding to this neutron might be expected to
show up at the peak of the incoherent continuum. The
idea was then to determine the scattering cross section
of the neutron as the difference between the values for
Se' and "Be'." If the scattering is truly incoherent,
"Be"'can be considered to be —,

' of the C" nucleus.
In the foregoing we have implicitly made the assump-

tion that meson-exchange e6ects do not contribute
appreciably to the area under the inelastic Be and C
peaks. While real meson production is observed in the
left-hand peak of Fig. 1, virtual meson production and
meson exchange may add to the area under the right-
hand peak. We will discuss this problem later (Sec. IV).

II. APPARATUS AND EXPERIMENTAL METHOD

This experiment has been performed with the Stanford
linear accelerator as the source of electrons, by using
the standard arrangement described in reference 4,
Sec. IVb. The incident electron beam was analyzed
magnetically so that the energy band was 1% wide.
The electron current was measured by a large Faraday
cup placed behind the target and integrated by a
vibrating-reed electrometer with a feedback arrange-
ment. Seam currents up to a maximum value of 4+10"
electrons per pulse (=4X10 ' amp) were used (60
pulses per second).

The targets of Be and C (graphite) were plates of
equal weight/cm', namely, 683 mg/cm'= 408)& 10"
nucleons/cm'. The comparison proton peak was meas-

ured in a polyethylene plate. A CsBr crystal was used

as before to adjust the position and shape of the beam

spot. The targets could easily be replaced by each
other with the beam spot remaining fixed. In all cases
the target angle was set at half the scattering angle.

The scattered electrons were analyzed by the 36-in.
double-focusing magnetic spectrometer'4 and counted
in a standard manner with a fluorocarbon Cerenkov
counter (index of refraction. =1.27). The energy accept-
ance slit was made 1%%u~ wide and the angular aperture
was approximately 2' in the plane of the beam and 8'
in the perpendicular plane. As has already been dis-

cussed in reference 4, the use of this Cerenkov counter,
in connection with the discriminator setting high enough,
eliminates meson counting, and a confirmation of this
fact comes from the absence of counts when the
spectrometer current is reversed. In the latter case,
positive mesons would have been detected in approxi-
mately equal numbers compared to the negative
mesons accompanying the scattered electrons.

In order to increase the accuracy of comparison, the
data from Be and C were taken alternately at each
spectrometer setting. In almost every run at least one
free-proton peak from the polyethylene target was

taken, and the carbon background could easily be
subtracted by using the measured data in carbon. We
made no special attempt to determine absolute values
of the cross sections, since we related all our results to
the proton cross section. The relative cross sections,
obtained for the free proton at different angles and

energies, are in good agreement with Chambers arid

Hofstadter. ' The absolute value is somewhat less than
that calculated in their work. The reason 'for this hag
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not been investigated, but is probably connected with
the high bias setting of the discrimination mentioned
above.

III. RESULTS

(a) 500 Mev, 135'

Figure 1 shows the energy distribution of the 500-3Lev
electrons scattered at 135'. These data form the main
ob3ect of the experiment. The peak on the right repre-
sents the electrons scattered incoherently from the
nucleons, while the peak to the left represents those
electrons that have scattered while producing mesons
and consequently have lower energy. 4

The incoherent peak to the right is the one that will

interest us in these experiments. This peak has been
measured on several occasions with good statistics. The
absolute counting rates were reproducible to within

6%, and the relative values between Be, C, and CHs
agreed with each other to better than 2%.

In this figure we see clearly the shift of the maximum
in relation to the free-proton peak. The shift is some-
what larger for C than for Be. Furthermore, one
notices that the momentum distribution of the nucleons
in C is slightly broader than in Be. These features are
also observed in the measurements taken at smaller
angles and lower energies.

The data in Fig. 1 were converted into counts per
constant-energy interval by use of the spectrometer
calibration and its dispersion characteristic. This cor-
rection is the familiar 1/E correction. In the curves
thus corrected, the area under each peak (Be, C, p)
represents the corresponding cross section, and from
comparison of the areas we may obtain the cross section

per nucleon (averaged over protons and neutrons) in
Be and C, in relation to the cross section of the free
proton. Unfortunately, there is superposed on the
incoherent peak the tail of the meson-producing electron
peak. Thus the left-hand side of the incoherent peak is
not accurately known. Because of the spatial symmetry
of the momentum distributions of the nucleons, half of
the nucleons contribute to each half of the peak. We
may take the area to the right of the center line and
relate it to one-half of all nucleons in the target.
The result obtained is (o-;„,t)A„=1.08+0.1, in Be and
(o.;„.t)A, ——1.17&0.1, in C.

The relative cross section for o~ is taken to be 15.8%
larger than the area shown in the right-hand side of
Fig. 2. This correction accounts for the number of
electrons not counted in the proton peak due to the
radiative losses (Schwinger correction and straggling
eGects). The amount lost in the proton peak due to
these causes is 25%, and the amount lost in the Be
and C peaks is 8% in each case.

Since this determination of the area depends sensi-
tively upon where one places the center line, we also
took the area after shifting the center line far over to
the right (actually to the position where the maximum
appears when we omit the 1/E correction), and we
obtained values of 0.82 and 0.96 for (o;,t)A„ in Be
and C, respectively. We believe that this is even less
than a lowest possible limit, when we allow for quite a
large distortion of the incoherent peak by the meson-
production peak and for other sects, which might
tend to falsify the true position of the center of the
incoherent peak.

By relating the measured incoherent-scattering cross
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sections of Be and C nuclei to the average nucleon, we

have not made any special assumption about the
particular nucleons in the nucleus. If we now make the
assumption that the momentum transfer is high enough
so that the nucleons may be treated as free and inde-
pendent particles, we ca~ interpret these results in
terms of individual proton and neutron cross sections.
This will be done in the discussion in the next section.

Under this assumption we can now make a second
and independent evaluation of the data, which follows
the procedure outlined in the introduction, and deter-
mine the cross section of the neutron in a d~Gerential
method between Be and C. This means that we shall
take the difference between Be and -', of C". Figure 2

shows this comparison between the experimental Be
and C data after the spectrometer correction has been
made and after the C data have been multiplied by 8/9.
This factor corresponds to 8/12 in the number of atoms.
The area between both curves gives the cross section
of one neutron in Be. By comparison with the free-
proton peak, we obtain

0. /0.„=1.16&0.1.

We may emphasize that this method is less affected
by distortion from the meson-production peak than is
the determination of the whole area for Be and C
separately. Also the need for systematic corrections is
greatly reduced.

Still another variation may be used as a third method,
wherein we obtain the difference between the Be curve
and the unreduced C curve (i.e., for equal numbers of
nucleons) and calculate in this way

0„—0„=(0.00~0.1)0~; thus 0„=(1.00&0.1)a~.

Each of the three methods described gives a somewhat
different value for 0.„/o„because of the different ways
in which the differences in shape and position between
the Be and C curves influence the results. As a weighted
average, we will take the value

0/cr„= 1.17.+0.3 for 500 Mev and 135',

with a limit of error that we consider safe with respect
to most kinds of possible systematic errors resulting
from distortion by the meson-production peak and to
the differences in the momentum distribution. The
limits of errors also include the corrections which ought
to be made for theoretical reasons (see below). The
latter fortunately are not large, at high q values, and
some of them tend to cancel each other.

The main eGects of the corrections of the cross section
are: (1) the center of the incoherent peak occurs at a
lower energy than the free-proton peak, because the
nucleon is bound and has a slightly lower effective
mass" in the kinematics of the scattering process, and
(2) the moving nucleons with different momentum

directions contribute di6erently to the total cross
section, since energy and scattering angle in the center-

of-mass system of each collision are diferent, depending
upon the momentum of the nucleon.

Since magnetic scattering from point nucleons is
nearly independent of energy and angle, and since the
charge scattering is small for high q at large angles,
the main part of the correction in each case comes from
the change of the form factor with q. The q value for
the center of the Be peak is 3% smaller than for the
free proton; thus the form factor F' and the cross
section are about 6% larger. Since in our calculations
we used only the nucleons on the high-energy side of
the center-of-peak, which is closer to the proton peak,
we have already implicitly accounted for a large part
of this correction. Regarding the eGect of the moving
nucleons, we may note that all nucleons on the right-
hand side of the center line have a momentum compo-
nent towards the electron. Therefore, their cross sections
are slightly smaller than for nucleons at rest. In this
sense our cross section is too small by a few percent.
An accurate consideration of all these eGects could be
done by superposing the differential cross sections
calculated for each moving nucleon in the corresponding
center-of-momentum frame. Because of larger experi-
mental uncertainties, it is not worth while to make
those corrections in our data. For the diGerential
Be——,C method, these corrections are even smaller,
since the area corresponding to the single neutron is
located at a position very close to the proton peak.

(b) Other Energies and Angles

As a check of the above-described work, we may
employ a kind of counter-example which should be
useful in understanding the results. At lower energies
and smaller angles, the charge scattering becomes much
larger than the magnetic scattering. Hence, at such
values of q, the scattering cross section should be
dominated by the scattering from the protons alone.
Unfortunately, the test cannot be made uniquely, since,
at the small q values, the incoherent scattering disap-
pears because the diferent nucleons cannot be treated
as independent. Moreover, there is the experimental
difficulty that the elastic- and inelastic-level scattering
peaks are also very large in comparison to the remaining
small incoherent peak. However, it is possible to carry
out some experiments in the intermediate region, where
the magnetic scattering still contributes a fair amount,
but less than at 500 Mev and 135'.

For example, in Fig. 3, we show curves for 400 Mev
and 90'. The meson-production peak decreases quite
noticeably as one goes to smaller angles. This is one
favorable aspect of these experiments. The results of
this, as well as of a set of later measurements under
di6erent conditions, are shown in Fig. 4. The evaluation
of the data was made in the manner described for 500
Mev and 135'. The cross section of the average nucleon
shows the expected decrease of the neutron's contri-
bution as we go towards lower energies and smaller
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In the static limit, i.e., for q 0, when proton and
neutron can be considered as point particles, the form
factors have the values Fi„(0)=Fs„(0)=Fs„(0)= 1 and
Ft„(0)=0. (Here and in the following equations the
indices p and I refer to proton and neutron, respec-
tively. ) Thus the ratio of the cross sections for point
proton and point neutron is
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FIG. 3. Energy spectrum of the incoherent electron scattering
at 400 Mev, 90'. Compared to Fig. 1, the decrease of the meson-
production peak may be noticed.

angles, where it approaches the value given by the
protons alone. The accuracy of the smaller-angle meas-
urements is, in general, not good enough to make
effective use of the differential Be——,C method, al-
though in a few cases the agreement is satisfactory.

In the following discussion we shall tentatively make
the assumption that meson-exchange effects add only
very small amounts to the inelastic peaks. We shall
later discuss what happens if this assumption is not
made.

IV.. DISCUSSION AND CONCLUSIONS

For the interpretation of the experiments, we shall
introduce, as usual, "total form factors, " defined by
tr&, ~= (F&,.)'X (tr p, n) point so th

o /o„= (F '/F„')XA(8, q).

From the measured cross section o„/o.~=1.17~0.3,
we may calculate F '/F '=2.6~0.6 at, $00 Mev, 13$e
Using the known proton form factor, ' ' we obtain for
the neutron

F '=0 39&0.1 at q'=11.5)&10"cm '

We may now turn back to Fig. 4„where the cross
section of the average nucleon is plotted as a function
of A. Under the assumption that the nucleons scatter

.1.4

The cross section of the proton (mass M, Dirac
moment 1, Pauli moment It) and likewise of the neutron,
for scattering of electrons of the incident energy F at
the angle 8 (in the laboratory frame), is given by
Rosenbluth's' formula, which we may write here in the
following form:

pe')' 1.
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means the square of the momentum transfer of the
electron in the scattering process. The form factors Fj
and F2, both functions of q', take into account the
finite size of both the Dirac and the Pauli magnetic-
moment distributions. (As regards the exact meaning
of F~ and F2 and their relation to the electric and
magnetic density of the nucleon's structure, see Yennie,
Levy, and Ravenhall. ')

M. Rosenbluth, Phys, Rev. 79, 615 (1950).
' Yennie, Levy, and Ravenhall, Revs. Modern Phys. 29, 144

(1957).

A(e,q)

FIG. 4. Experimental cross section per nucleon in Be and in C,
in units of the free-proton cross section for several experimental
conditions. The data are arranged along an abscissa which is
chosen for convenience and contains the experimental conditions
8 and q in such a way that 2 (H, g) is the ratio of a„/0„ for point
particles. The heavy lines indicate the cross section of the average
nucleon as a function of A in the case that the neutron has the
same magnetic form factor as the proton. (This coincides with the
case of point particles and shows that, for A=O, the average
nucleon cross section is 4/9 for Be and 6/12 for C.) The dotted
lines through the experimental points correspond to a (form
factor)s of the neutron=2. 4 (in Be) and 3.0 (in C) times that
of the proton. The errors in this figure refer to the observational
accuracy of the measurements.
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as independent particles, we obtain

aAv nucleon 1 ( Fn=—
~

4+5 XA ~inBea„9E F„' )

2.0-

I.5-

1,0
FN

= I {POINT NEUTRON)

The heavily-drawn straight line in each part of the
6gure refers to the case P„=F„.The experimental
points at large A clearly fall above this line, thus
indicating F )F„.The slope of the dotted line corre-
sponds to F '/F '=2.4 in Be and =3.0 in C. (The
dotted lines do not, of course, imply that we believe
that F /F~ is constant at all A values. )

The (form factors)' obtained for the neutron are
shown in I'ig. 5 as functions of q'. The F„ for low q
cannot be given with any accuracy, since the experi-
ments at small A are very insensitive to the cross
section of the neutron. However, the large values of the
form factor are very persistent, and this may be some
indication that the magnetic form factor at low q is in
the neighborhood of unity or slightly higher, as might
be given by a density distribution which changes sign
as a function of radial distance. We may note that an
analysis of the preliminary data of Chambers and
Hofstadter' at 600 Mev and 135' gives a value of
a „/a „=1.0&0.3.

The present data are certainly not sufhcient to make
a structural analysis of the neutron as has been made
in the case of the proton. ' ' There, FI~(q) and Fs„(q)
were evaluated separately from the experimental "total
form factor" and turned out to be nearly identical.
The root-mean-square radius was found to be 0.77
)&10 "cm for each of the two distributions.

For the neutron not only is Fr„(q= 0) =0 (zero total
charge), but from the experiments on scattering of
neutrons by atoms' it is known that the coeKcient of q',
in an expansion of FI (q') in powers of q', is also close
to zero. That makes it most probable that the "total
form factor" Ii, obtained in our experiments, is the
Ii~„ in the Rosenbluth formula and that we can thus
place Fr„—=0. (A large coefficient of q' in FI would
involve quite a complicated charge distribution in the
neutron. )

With the above assumptions, we can state that the
magnetic distribution in the neutron is apparently more
confined than in the proton but not so con6ned as to
be a point (see Fig. 5). For the rms radius of a bound

neutron we obtain

(r,„)=(0.53&0.15)X10 "cm.

This result is nearly independent of the special struc-
tural model chosen for transforming the form factor

9 See references 11 and 12 in reference 8.
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FIG. 5. Experimental (form factor)' of the neutron as a function
of the square of the momentum transfer. At large q values, the
form factor of the neutron is 2.6 times larger than that of the
proton. The limits of error given include all possible systematic
errors in the experiments. At low q values, the experiments are
not able, for essential reasons, to yield information on the neutron
cross section with any accuracy. The root-mean-square radius of
the magnetic-moment distribution of the neutron is about
(0 55&0 15)X10 r3 cm, if the density distribution is monotonic.

into (r&„); as long as we assume that the distribution is
monotonic. There appears to be little doubt that the
bound neutron and proton are different in size or shape
if the simple assumptions we have made, such as neglect-
ing meson exchange, prove to be justified.

However, since we have compared the cross sections
of bound nucleons with that of the free proton, we are,
of course, making the special assumption that the
internal structures of neutron and proton are not
affected by the fact that they are bound in a nucleus
and thus are under the influence of the nuclear forces.
Moreover, we have made the assumption that meson-
exchange effects are unimportant. We may judge how
well this assumption holds by the comparison of these
results with those in the deuteron, ~ where the neutron
and proton are under the influence of the strong nuclear
force only a small fraction of the time and where the
neutron size is essentially equal to that of a free proton.

It may thus be pointed out that the real use of
experiments such as this one will probably be to tell
what happens to the neutron when it is bound within a
nucleus as compared with its free behavior. When
related to the deuteron results, we may say that there
are probably meson-exchange eGects in Be and C and
that these account for the apparently smaller neutron
size.
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The equations of motion for the amplitudes of short-lived (E+ ) and long-lived (X ') neutral X mesons
in an absorber are simpli6ed for the case of dominance of the decay term. For the case of a thick absorber,
a simple relation between the intensities of scattered and unscattered regenerated E+, at zero degrees,
results; the relation is sensitive to the E+ —E' ' mass difference.

HE phenomenon of regeneration of the short-
lived neutral E meson in a beam of long-lived

neutral E's is a crucial test of the particle-mixture
hypothesis of Gell-Mann and Pais'; what we wish to
show here is that it also permits a rather direct deter-
mination of the diGerence in mass of the two particles.

The process has been studied theoretically''; pre-
liminary experimental veri6cation of the basic ideas
involved has been obtained by Lederman et al.4 and by
Fowler, Lander, and Powell, ' and others.

The theory of the process is independent of the
questions of whether or not charge conjugation (C),
parity (I'), or time reversal (T) are valid symmetry
operations. ' '

For the short-lived and long-lived particles, respec-
tively, we adopt, following Lee and Yang, the names
E+' and E '. Otherwise the notation used is that of
reference 3.

First, we observe that, in most, if not all, circum-
stances E+' decay predominates over absorption
processes, so that it is a good approximation to set

considerably:
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where
Pyck (rt —rt')

2I.(1/2r+)+t (~+'—~-'))

The initial conditions have been taken as n+(0) =0,
n (0)=1, and 1/r has been neglected in comparison
with 1/r+. If we now confine ourselves to thicknesses
(L) large compared with the E+" decay distance, we
can drop the first term, and we have, for the E+'
intensity emerging from the absorber,

I ~+(L) I'=
I
~ I" ""+""

This refers to the unscattered regenerated E+'. The
E+' intensity regenerated by scattering through an
angle p at depth x is, in the same spirit (evaluated at
~=0),

27T+
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(This is precisely what makes the regeneration so
small. ) With this approximation, the solutions for the
amplitudes (n+,n ) of E+', K 'in the absorber sim'plify

* This work was done under the auspices of the U. S. Atomic
Energy Commission.

' M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955).' K. Case, Phys. Rev. 103, 1449 (1956).' M. L. Good, Phys. Rev. I06, 591 (1957).
'Lande, Lederman, and Chinowsky, Phys. Rev. 105, 1925

(1957).' Fowler, Lander, and Powell, Bull. Am, Phys. Soc. Ser. II, 2,
236 (1957}.' Lee, Yang, and Oehme, Phys. Rev. 106, 340 (1957).

To evaluate the scattered E+' intensity emerging from
the absorber at & =0, we must multiply Eq. (3) by the
probability of escape of the regenerated E+' without
decay or further scattering, and must integrate with
respect to x. (This gives the contribution of single
scattering. The particles scattered as E ' can of course,
rescatter into E+, and so on. Thus double and higher-
order scatters can contribute also. For the time being,
we consider only single scattering. ) The scattered E+', '

being incoherent with the incident beam, decays with
essentially the exponent of the first term of Eq. (1),


