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mately the nucleon Compton wavelength. The
proton core is surrounded by a positive cloud,
the neutron by a negative one. The neutron has

in addition a positive shell at its outside that con-
tains a few percent of the elementary charge.

The distributions of the anomalous magnetic mo-
ments are spread out with rms radii of about

0.8 f and it is not necessary, with present ac-
curacy, to assign a magnetic core.®
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Recent work on electron scattering at Stan-
ford' ™ has shown that the electromagnetic form
factors of the proton were split apart at large
values of the momentum transfer (g) and the de-
tailed behavior of the Dirac (Flp) and Pauli (ng)
form factors was reported. These studies showed
also that sz is approaching zero and that the
electron-proton scattering cross section exhibits
a diffraction dip at ¢ =25 -2 which is associated
with the behavior of Fp at that value of the mo-
mentum transfer. Some information concerning
the proton form factors has also been reported
by the Cornell group.®* The information in refer-
ences 1-3 was used by Herman and Hofstadter,®
who deduced values of the Dirac and Pauli form
factors of the neutron (Fy,, and Fy,, respective-
ly) from the above data by making the assump-
tion that Fg, =Fy, which was known from earlier
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measurements®” to be roughly true at low values

of ¢®. In this way the work of reference 5 showed
that F1,,#0. Although there is an ambiguity in
the sign of F15,, Herman and Hofstadter chose
the negative sign because it has been commonly
accepted that the charge cloud of the neutron is
due primarily to the presence of negative mesons.
The chief result of the present communication is
the independent experimental determination of
the two form factors of the neutron (Fy,, Fy,)
and a verification that F1,,#0. In another com-
munication® we attempt to resolve the ambiguity
of sign in Fyy.

The above results were obtained by combining
measurements of the inelastic electron scatter-
ing cross section of the deuteron at two sets of
values of energy (E) and angle (8) of the scattered
electron for the same value of ¢°. In essence
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this method is the same as the method of inter-
secting ellipses used in determining Fi1p and
Fgp of the proton.%!° The application of this
method to the neutron was given in reference 9.
This method of determining F1, and Fg, elimin-
ates many errors. In the present work the modi-
fied Jankus theory of electrodisintegration of the
deuteron was used to evaluate F1, and Fg, from
the value of the cross section at the peak of the
inelastic continuum.5:!!»'2 The modified Jankus
theory was employed in an extended form pro-
vided by Goldberg'® which takes account of finite
nonzero values of F1,. Calculations made by
Durand'® show that the modified Jankus theory*°
is quite accurate at the peak of the inelastic con-
tinuum. )

In all cases the measurement of the deuteron
peak was accompanied by a corresponding meas-
urement of the cross section of the proton peak.
This procedure minimizes many possible exper-
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imental errors. Thus, an absolute cross section
of the deuteron peak could be obtained by using
the absolute data in references 1-3. Radiative
corrections were calculated for the deuteron and
proton peaks by Sobottka’s method” and the mag-
nitude of the radiative correction applied in find-
ing the final value of the deuteron cross section
was nearly always small and constant: ~10%.
Furthermore, the differences in the corrections
for the interaction in the final state'? were esti-
mated and found to be <~4% when calculated for
the two members of the deuteron cross-section
pair. The final-state corrections were not ap-
plied in the above evaluation of the deuteron
cross sections since they are small (<~4%) and
not particularly well known at the present time.
Improved calculations of these interactions are
now in progress.!s

In Fig. 1 we show a pair of deuteron inelastic
peaks at a value of ¢*=16.7 {2 with the accom-
panying proton peaks. The data were taken with
targets of liquid hydrogen and liquid deuterium
with the new 72-in. magnetic spectrometer.!™®
We present in Table I the values of the deuteron
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= # cross sections. 2
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£ 100 | DEUTERON PEAK
g /rh }1\4 (d%0/dQAE) 55 < 10%
g %0 L)’VT’/ ¢? () Ey(Mev) 6° (cm?/sr Mev)
8 l}‘ H}{ '\r-sl
5 0 l——ru‘t — *
245 255 265 275 285 295 305 305 325 335 345 5.1 300 135 8.32
ENERGY IN MEV 500 60 35.9%*
@) 7.0 362 135 4.6%*
*
200 : 600 60 17.8
2 858 MEV, 75° 8.6 414 135 3.07**
z
= qZ = 16.7 f—z 675 60 11.1
g 150 9.1 429 135 2.65%*
3 PROTON PEAK x § ° .
£ } 700 60 8.9
['4
< 11.5 500 136 1.59
= 100
= H 800 60 5.44
g DEUTERON PEAK
E i 14.7 590 135 0.82
8 so ( \g\ 850 67.5 2.6
123
g ____/i/i/ : \\,4 16.7 646 135 0.51
& 7+ BACKGROUND — ¢ 858 75 1.31
383 446 510 570 18.0 675 135 0.46
ENERGY IN MEV 900 5 1.32
b
( ) 21.0 750 141.5 0.25
FIG. 1. A pair of deuteron inelastic continua is 900 90 0.53

shown for ¢2216.7 £72, along with the comparison
proton peaks used for absolute calibration. The very
small 7% background at 858 Mev and 75° was meas-
ured in order to estimate the 7~ background under the
deuteron peak (see references 7 and 11).

2The experimental cross-section values with one
asterisk have been taken from Sobottka, reference 7.
Those with two asterisks have been interpolated by
using Sobottka’s values for 6 =135°,

291



VoLuME 6, NUMBER 6

PHYSICAL REVIEW LETTERS

MarcH 15, 1961

858 MEV, 75°
1.31 x 10734 cm?2/ (ster Mev)

T 0.6 4L

Fan 4

q2=16.7 72

646 MEV,135°
4.82 x 10735 cm?/ (ster Mev) T

FIG. 2. An example of intersecting ellipses accord-
ing to the modified Jankus theory for the pair 858 Mev,
75° and 646 Mev, 135° at ¢2=16.7 f"2, Note the effect
that would be caused by +10% experimental errors in
the deuteron cross section. The value of the cross
section at 646 Mev and 135° used in the text is slight-
ly different from the value used in this example and
is 5.1x 10~ cm?/(sr Mev).

cross sections obtained in the above manner.

The convenient method of intersecting ellipses
used in obtaining the form factors of the neutron
is illustrated in Fig. 2 at ¢°=16.7 £™2. The effect
of possible errors in the measurement of the
deuteron cross sections is also shown in the
figure. The errors in the neutron form factors
arising from all sources other than possible sys-
tematic errors are believed to be approximately
of the order of the spread in the final values.
The errors in the deuteron cross section are
believed to be less than about +10%.

In studying the neutron problem, one finds
four possible intersections of ellipses for a given
value of ¢ which determine the F1,, Fg, pair.

Of these we have chosen the one set which seems

to be physically reasonable. This set is given in
Table II together with the known proton form
factors.!™® Further details concerning the other
possible solutions will be described subsequent-
ly. It should be noted that in all cases Fy, #F2p
although at small values of ¢? the assumption of
equality used in reference 5 is satisfied approxi-
mately.

From the chosen set of values of Flp: Fiy,
sz, F9,, we may now form the corresponding
set of values of the isotopic form factors which
are defined as follows:

F g=F  +F a)

1w

Fiv=Fip T @)

F23=[1.79F2p -1.91F, ]/(-0.12), 3)

F,,=[1.19F, +1.91F, 1/(3.70).

2V 2p @)

The experimental values of the isotopic form
factors as defined above are given in Table II.
We observe that F1y and Fgy are quite similar
to each other while F{g has a different behavior.
Fgg is the least well-known isotopic form factor
since it is associated with the small difference
between the absolute values of Fapand Fgy,. We
are investigating the possible errors in the values
of the isotopic form factors but believe that the
errors are not large enough to change the basic
pattern of behavior exhibited in Table II.

We wish to thank C. Buchanan, F. W. Bunker,
B. Chambers, H. Collard, and E. Dally for their
help in this experiment. Our special apprecia-
tion is due Donald W. Aitken who helped us con-
siderably during the early stages of this work.
Finally we wish to acknowledge a number of
valuable discussions with Dr. A. Goldberg and

Table II. Proton, neutron, and isotopic form factors: 2

(1) (2)

(3)

(4)

(5)

(6)

(" (8)

4 (73 Fiyp Fop Fin Fon Fis Fos Fiv Fov
0 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00

5 0.62 0.62 0.04 0.70 0.66 1.9 0.58 0.66
10 0.48 0.39 0.11 0.51 0,59 2.2 0.37 0.45
15 0.43 0.21 0.17 0.38 0.60 3.0 0.26 0.30
20 0.42 0.08 0.19 0.32 0.61 3.9 0.23 0.20

2The entries in columns (3)-(4) represent smoothed values taken from curves through the experimental data of

this communication. Columns (5)-(8) are the result of calculations using Eqs. (1)-(4). The results for the other
sets of intersections will be discussed in a forthcoming paper.
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We attempt to present in this paper a unified
interpretation of the presently known experi-
mental data on the electromagnetic form factors
of two fundamental particles: the proton and the
neutron. As we shall show, this interpretation
is fully consistent with the idea that the two
particles are two different aspects of a single
entity—the nucleon. The third component of the
isotopic spin of the nucleon is then used to dis-
tinguish between the two fundamental particles.
The new experimental material on the neutron
form factors,! which now completes a block of
information on the proton? and neutron, has
served as the stimulus for the attempted explan-
ation.

We would like to explain the main features of
the experimental behavior of the Dirac form
factors (F'1p, F1,) and Pauli form factors
(ng,an) of the proton (p) and neutron (z) as
functions of the momentum -transfer invariant
(¢*). We propose to do this in a well-known way®
by expressing each proton and neutron form

factor as a sum of a scalar and vector contri-
bution. This decomposition is rooted in the idea
that the scalar and vector form factors are simp-
ler and more basic than those of either the pro-
ton or neutron. Accordingly we make the follow-
ing definitions, which are standard except per-
haps for the normalizing constants:

FlS=F1p+F1n’ (1)

FivF1pFinr @)

Fog=[LT9Fy +(-LODF, 1/(-0.12), ()
Fop,=[L19Fy - (-1.91)F, 1/(.70). 4)

This choice of normalization has the advantage
that at ¢ =0 all four isotopic form factors take
on the value of unity.

We shall now attempt to find the four isotopic
form factors from the experimental information
given in Hofstadter et al."» for the values of
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