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The study of electrons scattered inelastically from the deuteron has been extended to 600 Mev. Data at
500 Mev were reported in an earlier paper. Results are presented for seven scattering angles between 45°
and 135°. A comparison of the deuteron’s cross section at these angles with the corresponding free proton
cross sections permits a determination of the form factor associated with the magnetic moment distribution
of the neutron. Two different methods of analyzing the data are described, and the rms radius of the neutron
for an exponential density distribution of the magnetic cloud can be shown to lie between the limits of
0.75X 107 cm and 0.95X 1078 cm. The rms radius of the neutron may be taken to be (0.804-0.10)X 10713
cm and is very close to the value found for an exponential model of the magnetic cloud in the proton.

I INTRODUCTION

N a previous paper! we have described a method of
studying the internal magnetic structure of the
neutron. The method involves electrons of high-energy
scattered inelastically from the deuteron. The work
reported there was done primarily at a bombarding
energy of 500 Mev. The conclusions of that paper were
that (a) the neutron’s magnetic moment distribution is
spread out (i.e., the neutron is not a point), (b) that
within experimental error the neutron has the same
magnetic form factor as does the proton, and (c) that
the possible difference between the two form factors
cannot be larger than can be represented by the rms
sizes of 0.90X10~% cm (neutron) and 0.80X10~% cm
(proton).?~® In addition to these conclusions, there were
some other observations regarding the theoretical back-
ground of this problem. All of the conclusions of the
earlier paper will be discussed again later in this paper.
In this paper we shall report data taken with the
same apparatus at a bombarding energy of 600 Mev.
We have also continued the analysis of the earlier 500-
Mev data.! We now have a fairly complete angular
distribution at 600 Mev; that is, we have investigated
the electrons scattered inelastically from the deuteron
(electrodisintegration) at laboratory angles from 45°
to 135°.

Since this paper is essentially a continuation of our
earlier one, we shall describe the experimental arrange-
ment and general method only briefly.

In this experiment we wish to probe within the meson
clouds of the neutron and proton with electrons to
examine the difference, if any, in the angular dis-
tributions of the corresponding scattered electrons.
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of Naval Research and the U. S. Atomic Energy Commission, and
by the U. S. Air Force, through the Office of Scientific Research
of the Air Research and Development Command.
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Since we desire to work at large momentum transfers
and at large angles, we are dealing with the magnetic
clouds in both nucleons. The electron-scattering tech-
nique and related theory will be described here only
briefly, since several review articles on these subjects
have appeared lately.®8

In order to make a comparison between neutron and
proton, we use a liquid deuterium target ; and this means
that, although the neutron and proton in the deuteron
are almost free, we shall have to take into account the
fact that the nucleons are in rapid motion. For purposes
of comparison we also scatter electrons from free
protons.

Under conditions of large angle and large momentum
transfers the neutron should scatter electrons with a
cross section which depends only on its magnetic mo-
ment and on the form factor associated with its mag-
netic moment distribution. This is precisely true in the
case that the neutron’s electric form factor (Fi,) is
identically zero. That it is small is known from the
fact that the over-all charge and second moment of
the charge of the neutron are zero.®7° In any event
the conditions of the experiment are such that mag-
netic scattering is dominant. Since the magnetic struc-
ture of the proton is known quite accurately,>® we can
make the comparison fairly easily, provided we can take
into account the fact that in the deuteron the nucleons
move with a certain momentum distribution.

Because of the above considerations, the momentum
distribution of the scattered electrons will appear as a
continuum with a maximum lying near the position of
the sharp scattering peak observed from a free proton.
The coherent scattering from the whole deuteron
(elastic scattering) is usually too small to be observable
under these conditions. In the entire experiment we have
looked for it only once, namely, at 600 Mev and 60°
(Fig. 2).
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II. THEORY

At present there is no complete, relativistic treatment
of incoherent scattering from the deuteron. However,
certain good approximations have been developed by
Jankus'® and Blankenbecler.!! Their results may be
given in the following form:

(doa/dQ)in= (14A)[do,/d0+do,/d%], (1)

where the two cross sections on the right are for finite-
size nucleons. A is a very small correction to the simple
sum rule that was derived by Blankenbecler,"* and this
correction includes the effects of nucleon size as well
as the final state interaction. A more complete treatment
of Jankus’ and Blankenbecler’s work as well as rep-
resentative values of A will be found in references 1 and
7. For the present we shall ignore the small Blanken-
becler correction (i.e., we set A=0). It can be shown
from Rosenbluth’s work®!2 that

don/dQ  Fi,?

o,/ Fp
(ko 22%/AM2E)[2 tan?(6/2)+1]
14 (72@/ AN [2(14-k,)? tan?(0/2) +x,7]

where k,=pn, 14-k,=p,, and where we have assumed
F1,=0. Here F3, is the magnetic form factor of the
neutron, 6 is the scattering angle, M is the nucleon mass,
the u’s are the magnetic moments, and ¢ is the mag-
nitude of the four-vector energy-momentum transfer
given by

©)

2p0 2E, H
=—£— sin(0/2)/(1—l—E; sin2(0/2))

| 25, ;
—(2/%) sin(6/2) / ( - sin2(0/2)) Q)

From Eq. (1), with A=0, it is obvious that a simple
subtraction, involving the area under the free proton
peak and the area under the deuteron inelastic con-
tinuum, will yield the neutron’s cross section. We can
then form the ratio R and from Eq. (2) extract values
of Fy,2, since F,? is known.?~5 Thus we obtain R experi-
mentally for different angles, plot F2.? as a function of
¢% and from this plot we are able to determine the rms
radius of the magnetic moment distribution by the
usual methods.'# As a refinement, we can calculate the
Blankenbecler correction (A#0), which gives a slightly
different value for R.

The above procedure, which we shall designate the
““area method,” suffers from the fact that there is one
correction which cannot be taken into account. That

10V, Z. Jankus, Phys. Rev. 102, 1586 (1956) ; also Ph.D. thesis,
Stanford University, 1956 (unpublished).

11 R, Blankenbecler, Bull. Am. Phys. Soc. Ser. II, 2, 389 (1958).

2 M. N. Rosenbluth, Phys. Rev. 79, 615 (1950).
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is the meson exchange effect, where (for example) the
electron makes a meson on one of the nucleons and the
meson is absorbed by the other nucleon. We believe this
contribution is small; however, the “area method” may
be in error because of this effect by as much as 109,
However, there is a second method of analyzing the
data which is semi-independent of the first. We shall
call this the “differential method.” Jankus!® has given
an expression for the shape of the deuteron inelastic
spectrum which, when modified to a certain extent (see
reference 1), is valid even in the region of large mo-
mentum transfers. Jankus’ Eqgs. (9)-(11) are replaced by

d?og® 1 et cos’(6/2) 2o O
e, dadp dmp sin'0/2) (1—ar) W
02:1—”{ a ? (o (Z)"QO(ZI)]}
ot zp—1 2-2"°"

x { 1+[k2+z(-§)2( up2+l;’fﬂn2) ]%[2 tant(9/2)

+1— 22— (5)2(#102*@2) }

._Fp2

[ D oo o
1 —Qo(Z YA
721 21 7z AT

~ |2+ - 0u)] |
2—1 Z2—1 7Z,—7
X{3[2 tan?(6/2)+1—Z%k*]— 22k}
—MEQO(Z)'FQO(ZI)]("%#p#anan)
772,(2+7)
X (%)2[2 tan?(6/2)+1—22%], (5)
and where

Z+1
Qo(Z)=arccoth(Z)=% ln(Z 1),

(6)
Z=[o’+(g/2)+ %1/ gk,

Zi=[v"+(q/2)*+#]/qk.

Here po is the incoming electron momentum and p is
the outgoing (scattered) momentum. The vector k is
the final momentum of the proton with respect to the
center-of-mass of the recoiling deuteron. The ground-
state wave function of the deuteron is the Hulthén wave
function e~*"—¢=7", where o? is the binding energy and
v is fixed by the choice of the triplet effective range ;.
¢ is the four-momentum transfer. For convenience, the
formulas are expressed in dimensionless form (%Z=c¢
=M=1).
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TaBLE I. Total cross sections for the deuteron at 500 Mev and
600 Mev at various scattering angles.

500 Mev 600 Mev
[} doa/dQ(cm?/sterad) [} doa/dQ(cm?2/sterad)
45° . 45°  (2.84+0.29)X 1073
60° S 60°  (7.63£0.77)X10~%
75°  (4.6040.49)X 1072 75°  (3.314+0.34)X 10~
and

(4.55+0.50) X 10~ .. ..

90°  (2.3640.40) X 1073 90°  (1.084-0.19) X 10~

105°  (1.50+0.30) X 10732 105° (9.58:&2.45)) X103
an

(6.56--0.88) X 10733

120°  (9.064-1.98)X10™% 120° (4.7941.15)X 1073

135°  (7.58+£1.23)X 1073 135°  (3.094:0.60) X 10~33

and
(2.924:0.19) X 10738

It was pointed out by Drell® that at the peak of the
inelastic spectrum the effects of meson exchange, final
state interaction, and bremsstrahlung are all minimized.
So, from the modified Jankus theory, we can calculate
d%r4/dQdE at the peak and compare this value with
experiment. The value of the cross section at the peak
depends on the choice of F»,? and therefore we can find
the correct values of the neutron’s form factor. We
believe this method to be quite accurate. Preliminary
results of Drell and Blankenbecler,* who are still
working on the problem, indicate that the contribu-
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F1c. 1. The inelastic electron-deuteron scattering peak observed
at 600 Mev and a laboratory scattering angle of 75°. The com-
parison electron-proton peak is also shown. The background due
to 7~ mesons has been subtracted. At this energy and angle, the
e-w peak is seen to be unimportant (see text for discussion). The
deuterium curve has to be multiplied by 0.870 to take into account
the different atomic densities of liquid hydrogen and liquid
deuterium.

1S, Drell (private communication).
14 S, Drell and R. Blankenbecler (private communication).
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tion of mesonic effects at the peak is likely to be less
than 109,

III. EXPERIMENTAL RESULTS

In addition to the 500-Mev data reported previously,’
we have taken new data at 600 Mev at seven angles—
45°, 60°, 75°,90°, 105°, 120°, and 135°. The free-proton
peaks used for comparison were observed at 45°, 75°,
105°, and 135°; do,/dQ for the other angles was found
by interpolating from the well-known proton cross
section.””® Thefdata at all these angles have been
analyzed by both the “area method” and the “differ-
ential method.” The combined results of all the data,
500 Mev and 600 Mev, are shown in Figs. 4-6 and in
Table I.

There are a number of small corrections that must
be made to the data. These were discussed in some
detail in reference 1.

(a) The liquid target acts as an extended source, so
that, unless precautions are taken to accept very small
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Fi6. 2. The experimental inelastic continuum at 600 Mev and
60°. In the inset and at the high-energy end of the continuum,
there is a small plateau. This is at the correct position and has the
correct area to be the electron-deuteron elastic peak. There is very
little area left over to attribute to the final-state interaction at this
energy and angle.

Cerenkov counter pulses, the cross sections fall off too
steeply with angle, due to a net loss of electrons from
the scattered beam (via multiple scattering, etc.) at
scattering angles different from 90°. We have checked
that our explanation of this effect is correct by placing
an additional radiator in the scattered beam. The
effect is not important here, since we always take the
ratio of deuterium to hydrogen.

(b) The background due to =~ mesons coming
through the spectrometer must be subtracted out. (See
reference 1 for details.)

(c) Both the proton and the deuteron peaks have
to have radiative corrections applied.

(d) The contribution of the “e-r peak” must be
subtracted out. (See below.)

(e) The data must becorrected for the relative
densities of liquid deuterium and liquid hydrogen.

After all the corrections [except (d) and (e)] have
been made, the data are plotted as shown in Figs. 1
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F16. 3. The electron-deuteron inelastic peaks at 600 Mev are superimposed on one another. All have similar
shapes, and the width at half-maximum is about 44 Mev. This similarity of shape is predicted by the modified
Jankus theory. The vertical arrow marks the point on the energy scale below which the curve (identified by the
letter above the arrow) is slightly uncertain due to contributions from the e-r peak. (A) 45°, 120°, 135°; (B) 105°,
(C) 90°, (D) 60°, and (E) 75°. In general, as 6 decreases, the importance of the e-w peak becomes smaller and
smaller. The point of uncertainty of the 45° curve is abnormally high because the 7~ mesons were not subtracted

at this angle.

and 2. Figure 1 shows the data at 600 Mev and 75°.
Both the free-proton peak and the deuteron inelastic
peak are shown. Figure 2 shows the deuterium peak at
60°; in addition, we show the only case in which we
have looked for the elastic scattering, and thus one can
see how small this peak is. The elastic peak is, of course,
much smaller than this at the larger angles and is
difficult to see in the inelastic continuum.

At the low-energy end of Figs. 1 and 2, one can see
the beginnings of another peak due to electrons which
have made pions and then scattered (e-w peak). This
peak contributes to the background at the larger angles.

This background can be subtracted out on the basis
of the Jankus theory. The theory predicts that all of
the inelastic peaks (in the region of ¢ covered by the
experiment) should have similar shapes. For example,
the width at half-maximum should be approximately
constant. Figure 3 shows that this prediction is experi-
mentally verified. In this figure we have superimposed
all the 600-Mev peaks; the ordinates have been nor-
malized to the same value at the maximum, but the
curves all have about the same width (44 Mev at hali-
maximum). The same behavior was observed at 500
Mev. Thus the Jankus theory, coupled with the experi-
mental shapes at the smaller angles (where the e-m peak
is unimportant), enables us to subtract out the con-
tribution of the e-m peak. In the worst cases, we estimate
that the maximum residual effect is at most 59 (see
Fig. 12 of reference 1).

The (corrected) deuteron cross sections are shown in
Table I. We can then find the corresponding values of
F,,2 by using Eqgs. (1) and (2). The results of the “area
method” for all the data are shown in Fig. 4. There we
reproduce the experimental values of Fs,? as a function
of ¢%. The triangles are 600-Mev points and the circles
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F16. 4. This figure shows values of Fj,2 (as obtained by the
“area method”) plotted as a function of ¢? for the data taken at
500 Mev and 600 Mev. The curves are theoretical curves given by
the exponential model of the magnetic moment density of the
neutron for three different choices of the rms radius. The solid
curve (»=0.8%X1071 cm) corresponds to the proton F,2. (See note
added in_proof.)
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Fi16. 5. The results of the “differential method” for the 500-Mev
data. The differential cross section at the peak of the deuteron’s
inelastic continuum is plotted as a function of 8. The theoretical
curves are calculated from the modified Jankus theory for three
different choices of the rms radius of the neutron’s magnetic
moment distribution (exponential model). In all three curves the
proton radii are taken to be the accepted value of 0.8X10713
cm. It is seen that the experimental points lie between
7r,=0.8X1073% cm and 1.0X107 cm. Thus the “differential
method” indicates that the neutron’s magnetic rms radius is
slightly larger than the proton’s but not definitely outside ex-
perimental error. (See note added in proof.)

are the earlier 500-Mev points. For two of the earlier
points, we have shown the effect of the Blankenbecler
corrections to the simple sum rule—the solid circles are
shifted to the positions indicated by the open circles—
the corrections are extremely small. The solid curve
represents the values F,2 would have if the rms radius
of the magnetic moment distribution were the same as
that of the proton; the upper dashed curve represents
the form factors if the rms size were 0.70X10~%8 cm.
This “area method” seems to indicate a radius of about
0.78 X107 cm as being the best fit and is in agreement
with the data in our earlier paper. The radii quoted
above are all based on the exponential model.

Thus the “area method” indicates that the neutron’s
magnetic form factor is essentially the same as the
proton’s. However, the ‘“‘area method” cannot dis-
tinguish the effects of meson exchange, whose inclusion
would tend to decrease the best fit radius.

Figure 14 of reference 1 shows a comparison of the
experimental shape of the deuterium inelastic spectrum
(at 500 Mev and 135°) with the theoretical shape as
calculated from the modified Jankus theory [our Egs.
(4)-(6)7]. The difference between the experimental and
theoretical curves is taken to be a measure of the
amount of contribution of meson exchange (and also of
interaction in the final state, which is covered by the

M. R. YEARIAN AND R. HOFSTADTER

Blankenbecler correction). It is upon this basis that we
think that mesonic effects might possibly contribute
up to 109, to the cross section.

We have also applied the “differential method” to
all the data. We have calculated the absolute value of
d%cq/dQdE at the peak in each case and compared with
experiment. The value of this cross section depends on
the choice of Fs,2. In Figs.' 5 and 6 we show d%;/dQdE
at the peak vs 6 for 500 Mev and 600 Mev, respectively.
The smooth curves are the values of the differential
cross section at the peak, when the neutron rms radius
is chosen to be the same as the proton’s (0.8 107 cm).
The dashed curves are for choices corresponding to
other radii. It is easy to see that the experimental cross
sections indicate that the neutron’s rms radius lies
between 0.8XX107% cm and 1.0X107* cm. We feel that
the “differential method” is the more accurate of the
two methods. Moreover, the direction of any corrections
(such as bremsstrahlung, etc.) is to decrease the radius
of the best fit in the ‘“differential method,” while the
opposite is true in the “area method.” Thus the two
methods give radii which are close to upper and lower
limits of the correct radius. It must be mentioned that
our method of plotting the data suffers from the fact
that the values of the differential cross section are more
sensitive to small radii than large radii for the neutron.
That is to say, in Fig. 6, if we had plotted the curve for
7,=2.0X10"% cm, it would not fall down much faster
with @ than does the curve with 7,=1.0X10"3 cm.
However, the method of plotting the data is sufficiently
sensitive to be used with the present accuracy of the
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FiG. 6. The results of the “differential method” for 600 Mev.
The curves are calculated from the modified Jankus theory with
various choices of rms radius of the neutron (exponential model).
The proton’s radii are taken to be 0.8X107% cm. Again a neutron
radius of 0.9)X1071 cm seems to fit the data fairly well. (See note
added in proof.)
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experiment. By making careful measurements, the
“differential method” may yield greatly increased
sensitivity. :

IV. CONCLUSIONS

Most of our conclusions are little modified from those
of the earlier paper.! We shall repeat only those con-
clusions which the higher energy data now make more
precise.

(A) The neutron’s magnetic cloud is not a point.

(B) The neutron’s magnetic form factor is similar to
the proton’s.

(C) The “differential method” indicates that the
two nucleons have slightly different magnetic form
factors and sizes; however, the differences are small.

(D) The Jankus theory of electrodisintegration of
the deuteron appears to be valid beyond the limits
within which it was originally developed. However, the
theory has to be modified as outlined in reference 1.

(E) Since in Fig. 2 the deuteron elastic peak has
approximately the right area under it to entirely fill in
the “plateau” (see insert to figure), and since this is the
region where the final state interaction should appear
if it is large enough to be detected,'® the conclusion is
that the final state interaction is probably quite small
at these large momentum transfers.

(F) In view of the uncertainty in deciding between

16 See Fig. 15 of reference 7.
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the “area method” and the “differential method,” the
neutron’s rms size may be given as (0.8040.1)X10-%
cm. This value is consistent with all the above con-
clusions within experimental error.

Conclusions VI, VII, and VIII, of reference 1, are
unaltered by the work reported here.{
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I Note added in proof.—Recent calculations of radiative cor-
rections, applying only to the differential method of evaluating
the deuteron peak, indicate a larger effect than was estimated
originally. The experimental points in Figs. 5 and 6 should be
multiplied by approximately 1.26 at 135°, 1.32 at 75°, and 1.42
at 45°. Intermediate points should be corrected in proportion.
These corrections will be discussed in detail in a subsequent paper.
Application of these results to the differential method gives the
neutron “best-fit”’ magnetic radius, for an exponential model, the
value (0.772£0.10) X107 cm. In Fig. 4 an error has been made in
the point at ¢2=9.33. The proper value should be Fax?=0.3560.1.
TFurther, in reference 1, the last entries of Table IT at 600 Mev and
135° should read 1.343-0.10 and 0.34+0.10, respectively.



