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Measurements are reported of the inelastic scattering of electrons from the mirror nuclei of tritium and
helium-3. The ratio of the quasi-elastic electron-tritium and electron-helium-3 cross sections has been
measured to a precision of about 3'P& for values of the square of the four-momentum transfer g2 equal to 2.5
and 4.6 F~. Detailed mesaurements of the shape of the entire inelastic spectra and estimates of the total
inelastic cross sections have also been made. While these data are primarily intended to furnish additional
experimental information which will be of use in determining the structure of the three-body nuclei, it is also
pointed out that such data are a possible source of information on the structure of the neutron.

I. INTRODUCTION
" 'N recent years an extensive series of experiments has
~ - been carried out on the scattering of electrons from
the light nuclei. It was recognized by Collard and
Hofstadter' that a comparative study of the structures
of these nuclei, as revealed by their electromagnetic
interactions, would provide an excellent opportunity to
investigate the nuclear force between small numbers of
nucleons. In particular, experiments on the nuclei of
tritium and helium-3 might be expected to reveal the
existence or absence of three-body nuclear forces.

The nuclei of tritium and helium-3 are generally be-
lieved to comprise an isotopic doublet and to have very
similar ground-state wave functions. The structures of
these two nuclei have been investigated by the method
of elastic electron scattering" and by an inelastic
electron-scattering experiment in which the scattered
electron and an ejected proton were detected in coinci-
dence. ' The theoretical interpretation of these and other
results, including the measurement of binding energies,
the photodisintegration of helium-3, ' muon capture by
helium-3, ~ and slow-neutron capture by deuterium, ' has
Ied to a much improved knowledge of the wave function
of the three-nucleon system and potentially provides a
sensitive determination of this wave function. At the
present time it is believed that the three-nucleon system
has a probability of approximately 94% of being in a
'S&~& ground-state which is fully symmetric in the space
coordinate of all three nucleons. ' However, 6nite proba-
bilities of other components of the ground-state wave
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function, notably a 'S&g& state of mixed spatial sym-
metry and three 4D&~& states, are suggested by the
existence of an exchange magnetic moment and by the
more rapid decrease with increasing momentum transfer
of the charge form factor of helium-3 relative to the
other three-nucleon form factors.

Inherent also in electron scattering experiments in-
volving the three-body nuclei is a determination of the
electromagnetic form factors of the neutron. However,
theoretical difhculties have so far prevented the elastic-
scattering measurements from being interpreted in this
way. In the present experiment we have made measure-
ments of the inelastic electron-tritium and electron—
helium-3 cross sections, both at the maximum of the
broad inelastic electron peak (the quasi-elastic region)
and throughout the inelastic continuum. The ratio of
the quasi-elastic electron-tritium and electron —helium-3
cross sections has been measured to a precision of about
3% for values of the four-momentum transfer q' equal to
2.5 and 4.6 F '. At q'=2.5 F ' the measurements are
con6ned to a single electron scattering angl'e of 90', but
at q'=4.6 F ' measurements were made at angles of 40',
75', and 120'. Measurements of the entire. inelastic
continuum were obtained at q'= 2.5 F ' for a scattering
angle of 90', and at q =4.6 F 2 for a scattering angle
of 75 .

Previous measurements of inelastic cross sections
from helium-3 have been reported by Buchanan et ul. '
The present results, however, are obtained with an
improved experimental technique and also include
measurements on tritium. The purpose of the present
measurements is to increase the general wealth' of ex-
perimental data available on the three-body nuclei and
also to make a preliminary attempt to extract neutron
form factors from these data. In particular we. wish to
investigate methods of obtaining form-factor informa-
tion which are based on a comparison of data from b'os
tritium and helium-3 and which therefore might be less
dependent upon a detailed knowledge of the three-
nucleon wave function.

'C. D. Buchanan et a/. , in Proceedings of the International
Symposium on Electron and Photon Interactions at High Eriergies
(Springer-Verlag, Berlin, 1966), Vol. I, p. 20.
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Tmr, E I. The experimental ratios of the electron-tritium and
electron-helium-3 quasi-elastic cross sections as a function of q'
and scattering angle. Also shown are the ratios of the elastic
electron-neutron and electron-proton cross sections which follow
from the experimental ratios by means of Eq. (3). The errors
attached are purely statistical.
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II. EXPERIMENTAL METHOD

The electron beam for this experiment was supplied

by the Stanford Mark III linear accelerator. Thin-
walled stainless-steel targets filled with tritium, helium-

3, or hydrogen gas to a pressure of 3000 psi were used in
the experiment and the scattered electrons were ana-
lyzed in momentum by a 72-in. double-focusing mag-
netic spectrometer. The scattered electrons were de-

tected by an array of ten plastic scintillators located in
the focal plane of the spectrometer and operated in
coincidence with a single large Cerenkov counter. This
experimental technique has been described in detail by
Collard et ul. '

III. RESULTS AND ANALYSIS

The Quasi-Elastic Data

Figure 1 shows typical data obtained at q'=4.6 F '
and an electron scattering angle of 75'. The experi-
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Fn. 1. An example of the measured electron-tritium and
electron-helium-3 cross sections in the quasi-elastic region as a
function of scattered electron momentum. The solid line repre-
sents a polynomial 6t to the observed data points and was used to
determine peak value of the cross section.
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FrG. 2. The Rosenbluth plot for the neutron for q'=4.6 ~.

mental ratios of the quasi-elastic electron-tritium and
electron —helium-3 cross section, uncorrected for radia-
tive eQects, are summarized in Table I.

By analogy with the peak method of obtaining
neutron form factors from measurements of the quasi-
elastic electron-deuteron cross section, estimates of the
neutron form factors can also in principle be made from
the quasi-elastic electron-tritium and electron —helium-3
cross sections. In order to do this a theoretical descrip-
tion of the scattering process is necessary to allow for
the scattering from the proton and the internal motion
of the nucleons in the nucleus. At the present time such a
theoretical treatment is not available and the peak
method cannot be applied to either the electron-
tritium or the electron —helium-3 cross sections. In this
situation we can, however, make use of the expected
similarity between the wave functions of tritium and
helium-3 and use the comparison of the data from these
two closely related nuclei in order to estimate the
neutron form factors.

It is well known that the inelastic electron-deuteron
cross section at the quasi-elastic peak, neglecting Qnal-
state interactions, can be related to the elastic electron-
proton and electron-neutron cross sections by the
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FIG. 3. The absolute inelastic electron-tritium and electron—
helium-3 cross sections as a function of scattered electron mo-
mentum for q~=2.5 F ~.

ground-state wave function and the existence of hnal-
state interactions but expect that these effects will tend
to cancel in forming the ratio.

Using Eq. (2), the electron-neutron cross section can
be expressed in terms of the electron-proton cross
section and the experimental ratio E.. The relation is as
follows:

(do/d n)„(1—2R)

(do./d 0)„(R—2)

The values of the ratio of the electron-neutron and
electron-proton cross section which follow from Eq. (3)
are included in Table I. Absolute electron-neutron cross
sections are obtained by normalization to the absolute
electron-proton cross sections given by Janssens et }»,l., 'o

and the Rosenbluth plot obtained for the neutron for q2

equal to 4.6 F ' is shown in Fig. 2.
The values we find for the charge and magnetic form

factors of the neutron are given in Table II. These

m2do (do }} (do'I
=M(p) I

—
! +I —I (l)

dEdQ p(p'+fr»')'" I dQ~ „kdQ~ „
where M(p) is a structure function dependent on the
deuteron ground-state wave function, and essentially
proportional to the probability of ending the neutron or
proton at rest in the deuteron, p is the relative mo-

mentum of either of the nucleons in their final center-of-
mass system, and m is the nucleon mass.

If we assume that the quasi-elastic electron-tritium
and electron —helium-3 cross sections can be written in a
form similar to Eq. (1), then the ratio R of these two
cross sections can be written as follows:
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To obtain Kq. (2) we use the expected similarity be-
tween the wave functions of tritium and helium-3 and
assume that the corresponding structure functions are
suKciently alike so that they cancel in forming the
ratio. To the same approximation we assume that the
radiative and final-state corrections to the quasi-elastic
cross sections also cancel. Electively, we are assuming
that the three-nucleon ground-state wave function con-
sists entirely of the symmetric 'S&/2 state and that final-

state interactions are negligible. Alternatively, we
recognize the admixture of other components of the
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FIG. 4. The absolute inelastic electron-tritium and electron-
helium-3 cross sections as a function of scattered electron mo-
mentum for q~=4.6 F ~.
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TABLE III. The total inelastic cross sections for tritium and helium-3 as a function of qm and scattering angle. Column 6 shows the
correction factors applied to the measured cross sections, due to the experimental low-momentum cutoff.
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values can be compared with the recent values given by
inelastic scattering experiments in deuterium" which we
also show in Table II.For q' equal to 2.5 F ', the ratio E.
was measured for only one value of the electron-
scattering angle and separate determinations of the
neutron form factors cannot be made. If the value of the
magnetic form factor is taken to be that given by
Hughes et ul. ,

" then the electric form factor can be
determined. The value obtained is given in Table II.
These results show that values of the neutron form
factors of the expected order of magnitude can be
deduced from Eq. (2).
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The Inelastic Continuum

Figures 3 and 4 show the inelastic electron spectra
obtained from the tritium and helium-3 targets for
q'= 2.5 F ' and a scattering angle of 90', and q'=4.6 F '
and a scattering angle of 75'. The momentum range
includes both the elastic peak and the broad quasi-
elastic peak and extends to a momentum approximately
30% below the position of the quasi-elastic peak.

The measurement of the inelastic continuum in the
momentum region below the quasi-elastic peak was
complicated. by the production of large numbers of
negative pions of the same momentum and at the same
angle as the scattered electrons. The d.etection of such
pions by the counter system was prevented by inserting

a thickness of two radiation lengths of lead immediately
in front of the plastic scintillation counters. Electrons
initiated showers in the lead and gave rise to larger
pulses in the scintillators, whereas the pulse height
produced by the pions was unaffected and could. be
suppressed by suitable discrimination.

In order to obtain the total inelastic cross sections, the
experimental distributions shown in Figs. 3 and 4 were
integra, ted numerically using an IBM 7090 computer.
The integration was terminated at a momentum ranging
from 25 to 30% below the position of the quasi-elastic
peak and did not include the elastic peak. In the
absence of a theoretical computation of the radiative
corrections to the inelastic continua, an estimate of
these corrections was obtained by using the radiative
corrections appropriate to similar inelastic continua in
electron-deuteron scattering. Likewise, an estimate of
the correction necessary for that part of the experi-
mental cross section which falls below the momentum
cutofF even in the absence of radiative effects was also
obtained through the use of the corrections found
necessary in the analysis of the inelastic deuteron data.
These corrections are summarized in Table III together
with the total inelastic electron-tritium and electron—
helium-3 cross sections. The errors shown on the cross
sections include both the statistical error, which was
always about 3~y&, and a systematic error due to the
uncertainty in the two theoretical corrections mentioned
above. The latter error was taken to be equal to the size
of the corrections themselves.

In the past, neutron form factors have been obtained
from measurements of total inelastic electron-deuteron
cross sections by means of the so-called area method, in
which the total inelastic cross section is related to the
sum of the free electron-proton and electron-neutron
cross sections. Such sum rules for inelastic electron-
deuteron scattering have been given by Jankus" and
Blankenbecler" and can be written in the form shown in
Eq. (4).
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FIG. 5. The values of the square of the neutron electric form

factor (Gg )' as a function of q'. The full circle points were ob-
tained using Eq. (7), the crosses using Eq. (8) and the open circles
using Eq. (9). The crosses and open circles have been shifted
slightly in the q» direction for purposes of clarity.
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where the parameter 6 is typically of the order of 0.02.
The use of Eq. (4) with 6=0 as a means of obtaining

neutron form factors has recently been investigated in

"V. Z. Iankus, Phys. Rev. 102, 1586 (1956).
rs R. Blankenbecler, Phys. Rev. 111, 1684 i1958l.
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detail by Hughes et ut. ,"and it was concluded that the
area method, when provided with a more precise theo-
retical calculation of the parameter 6, is a potentially
useful source of information on the neutron. Informa-
tion on the neutron form factors is presumably also
contained in measurements of the total inelastic elec-
tron-tritium and electron —helium-3 cross sections. No
sum rules similar to Eq. (4), however, have yet been
established for these nuclei. If, nevertheless, we assume
that sum rules can be written for tritium and helium-3
as shown in Eqs. (5) and (6),

(
do (do) (do)

=(1+~H) 2I —I+I —
I

dQ &dQ) „&dQi„' (5)

QH, s — 2 —
) (6)

where

(do/dQ) „(1+EH~)—2Rg(1+AH. ~)

(do/dQ)o Ra(1+err. s)—2(1+DHI)

(do/dQ) rr~

Ea=
(do/dQ) l, ~

If in the absence of any theoretical estimates we take
5Hs and AH, s to be equal to zero, it might be expected
that the reliability of methods (a) and (b) would be
most seriously aGected by this approximation. On the

'4 E.B.Hughes, T. A. GriBy, R. Hofstadter, and M. R. Yearian,
Phys. Rev. 146, 973 (1966).

then there are three ways in which the neutron form
factors can be estimated. These are as follows:

(a) From Eq. (5), according to which

(do/dQ) Rg—(1+err~)

(do/dQ) o

(do/dQ) n~
Ry=

(d /dQ)„

(b) From Eq. (6), according to which

(do/dQ). =R~—2 (1+ err, ~),
(da/dQ) o

where
(do/dQ) H.

E2-
(do/dQ),

and
(c) From the ratio of Eqs. (5) and (6), according to

which

other hand, the eGects of this approximation should
tend to cancel as far as method (c) is concerned.

At each value of q' the total inelastic cross section has
been measured for only one value of the scattering angle
and therefore the form factors of the neutron cannot be
determined independently. If the magnetic form factor
is assigned the value given by Hughes et al. ," then the
value of the square of the electric form factor found by
each of the methods (a), (b), and (c) is shown in Fig. 5.
These results indicate that all three methods yield
values of the square of the electric form factor which are
close to the expected value of this form factor. It is
noticeable, however, that larger nonzero values of
(Gst )' are predicted at q'=4. 6 F ' than at q'= 2.5 F '
which indicates perhaps that the approximations under-
lying these various methods become less correct as q2

increases. There is also no obvious superiority of method
(c), which involves the comparison of tritium and
helium-3.

IV. CONCLUSIONS

In the present experiment precise measurements have
been made of the ratio of the inelastic electron-tritium
and electron —helium-3 cross sections at the quasi-
elastic peak for low values of q2. It is found that neutron
form factors of the expected order of magnitude can be
deduced from these ratios under the simplifying as-
sumption that the quasi-elastic cross sections are pro-
portional to the sum of the individual electron-nucleon
cross sections. Precise measurements have also been
made of the shape of the inelastic electron continuum in
scattering from tritium and helium-3.

While these data are primarily intended to furnish
additional experimental information which will be of use
in determining the structure of the three-body nuclei, it
is also pointed out that such data are a possible source
of information on the structure of the neutron. Although
too much weight is not. attached to the estimates of the
neutron form factors given in the present analysis, it is
suggested that comparisons of electron scattering data
from such closely related nuclei as tritium and helium-3
might provide the basis for determinations of the
neutron form factors which are relatively insensitive to
the details of nuclear structure.
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