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Measurements have been made of the inelastic differential cross sections for electrodisintegration of
deuterium for e in the range from 0 to 12 Mev, where e is the energy in the #-p center-of-mass system in
the final state. Primary electron energies were in the range from 204 to 500 Mev. The process was studied
for momentum transfers from 1.8 to 2.8 {71, The #-p interaction in the unbound state gives rise to a peak
in the differential cross sections for e near zero for transitions to the 1S and 3 states of the #-p system. The
high momentum transfers available make the results sensitive to the short range structure of the unbound
n-p wave functions. The results fail to agree with the predictions of Jankus even at the lowest momentum
transfers, when a central attractive force is assumed for the #-p force. At the highest momentum transfers
the predicted cross sections are approximately 509, greater than the measured ones. The experimental
results agree with theory if a repulsive core of the radius required to fit the elastic scattering data is used
both in the bound and unbound #-p states. The extent to which relativistic corrections alter this conclusion

is not known at present.

I. INTRODUCTION

NELASTIC scattering of high-energy electrons from
deuterium has been studied experimentally by
Yearian and Hofstadter,! by Sobottka and others,? and,
theoretically, by Blankenbecler,® Durand,* Goldberg,®
and Jankus.® The measurements' did not examine with
high momentum resolution the details of the scattered
electron spectrum in the region of the elastic peak. A
neutron-proton interaction in the final state makes its
greatest contribution to the cross section in this region.
Sobottka? examined that part of the spectrum character-
istic of scattering from the quasi-free nucleons having
very low internal momentum. The results were analyzed
to yield the electron-neutron scattering cross sections
as a function of the momentum transfer and thus to
determine the magnetic structure form factor of the
neutron. The #-p interaction in the final states intro-
duces corrections of the order of 109, to the impulse-
approximation calculations, and hence his measure-
ments cannot be used to determine this interaction.

A knowledge of the n-p interaction is important in
understanding the two-nucleon interaction and bears
on the difficult problem of the interactions that deter-
mine the properties of nuclear matter and of finite
nuclei. Although high-energy nucleon-nucleon scatter-
ing has established the existence of a repulsive core and
other features of the nucleon-nucleon potential for high
relative energies of the particles, there are few experi-
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ments which shed light on the details of the short-range
structure of the potential for low relative energies.”

In the absence of final-state interactions, the electro-
disintegration cross section would go monotonically to
zero at disintegration threshold: zero energy in the
final n-p system. A strong final-state interaction® can
result in a large enhancement of this cross section near
threshold, and measurements of the process at high
momentum transfer can be used to study the n-p wave
function and hence the #-p interaction for internucleon
spacings of the order of one fermi or less.

In the present experiment we have made measure-
ments of the electrodisintegration process for a number
of primary electron energies in the range from 204 to
500 Mev. The four-momentum transfers were in the
range from 1.8 to 2.8 £}, and the cross sections were
measured from e=0 to about e=12 Mev, where ¢ is the
energy in the recoiling 7-p system. For this range of
and the momentum transfers of the present experiment,
the cross sections depend strongly not only on the initial
deuteron wave function but also on the wave function
representing the unbound #-p system. The latter wave
function is sensitive to the #-p interaction at very short
distances in the final state. We have compared our
measurements with the theory of Jankus,® modified as
described below.

II. ANALYSIS AND DISCUSSION OF DATA

The elastic electron scattering process, e+d — e4d
contributes some background to measurements of the
inelastic process e+4d— e-4p+n. Both processes are
intrinsically interesting, and absolute cross sections for
both were determined in the same series of measure-

7 See especially the remarks of K. Brueckner in Proceedings of
the International Conference on Nuclear Structure, Kingston, 1960
(University of Toronto Press, Toronto, 1960), pp. 67-75. G. Breit,
Phys. Rev. 120, 287 (1960); and J. K. Perring and R. J. N.
Phillips, Nuclear Phys. 23, 153 (1961). The last two papers contain
a number of references to theory and experiments concerning the
nucleon-nucleon interaction, and the existence of a repulsive-core
potential.
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ments by comparison with electron scattering from
hydrogen. The elastic scattering results have been
reported in reference 8, hereafter referred to as I. The
equipment, the programming of the hydrogen compari-
son runs, the determination of the background, and the
application of radiative and bremsstrahlung corrections
are discussed in detail there.

Jankus’ predictions of the scattered electron spec-
trum® were evaluated with an IBM-610 digital com-
puter. The #-p interaction in the S states was assumed
to be a purely attractive Eckart potential. In this
program we used an approximation suggested by Jankus
to aid in the evaluation of the integrals 4 (), using his
notation. These predictions were modified to take
account of the finite nucleon structure® by multiplying
them by |F,(g) |2, where F,(g) is the proton’s structure
form factor, and ¢ is the four-momentum transfer in the
scattering. In the range of momentum transfers covered
in the present experiment, the Dirac and anomalous
magnetic form factor of the proton have been deter-
mined to be equal within the errors of measurement.?
In the present analysis we have assumed the equality.

The momentum resolution function of the equipment
was determined from a study of the observed elastic
peaks of hydrogen and deuterium for such relevant
value of the parameters E, and 6, where E; is the
primary electron energy and @ is the laboratory angle of
scattered electrons. The theoretically predicted electron
spectra were folded into these resolution functions to
allow comparison with experiment. We have included
only the 15 and 35 #-p states in our analysis of the final-
state interactions. The states for />0 do not contribute
to the cross sections at e=0 and do not make substantial
contributions for the range of e observed here (cf. the
discussions in Sec. III). We evaluated separately the
predicted cross sections for transitions to the 1S, the
85, and all states for />0, and these too were folded into
the observed resolution functions to allow measurements
of the relative contributions to the total cross section of
transitions to these different states. Experimentally de-
termined scattered-electron momentum distributions
and the theoretical predictions are shown in Figs. 1-7.
The dashed curves are visual fits to the experimental
data, and the separate contributions from electrodisinte-
gration and elastic scattering are shown as dotted curves.
The shapes but not the absolute values of the Jankus
predictions were used in making these separations. The
shapes of the predicted spectra are not altered signifi-
cantly on introducing repulsive-core wave functions
(see Figs. 8 and 9) and no appreciable error in compar-
ing theory and experiment is introduced by this
procedure. The errors of the experimental points are

8 J. Friedman, H. Kendall, and P. A. M. Gram, Phys. Rev. 120,
992 (1960), (referred to above as I). This paper contains references
to earlier experiments on electron scattering from deuterium.
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Fic. 1. Scattered electron spectrum for Eo=23500 Mev, §=43°,
and ¢=1.80 . In this and the following figures through Fig. 7,
the dashed lines are fits to the observed data using the shape of the
Jankus predictions as modified by the finite structure of the proton
and the experimental momentum resolution function. The dotted
curves show the elastic peak shape and, within a normalization,
the experimental resolution functions. The solid curves are the
Jankus predictions modified as described in the text for the effects
of the finite structure of the proton and the momentum resolution
function. These predictions make use of the approximation sug-
gested by Jankus. The consequences of this approximation are
discussed in the text: They lower the cross sections by about 7%,.
The separate predictions for transitions to the 35, the 1S, and the
1>0 states of the #-p system are shown. The errors shown are
discussed in the text and, in greater detail, in reference 8.

standard deviations arising from counting statistics.
The solid curves are theoretical predictions. For the
500-Mev data (Figs. 1-6) the predictions contain about
equal contributions from transitions to the 15 and 3S
final states, corresponding to spin-flip and non-spin-flip
transitions, respectively. Figure 7 shows the back-angle
scattering to be predominantly spin-flip in nature. If
the 145° data were more precise, our separation
procedure would be adequate to measure form factors
for transitions to the 1S and 35 states individually.
The installation of a Burroughs-220 computer at
Stanford enabled us to compute the values of the Jankus
predictions without the approximation discussed above
and to investigate, in addition, the effect of introducing
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FiG. 2. Scattered electron spectrum for Eo=500 Mev, §=48.5°,
and ¢=2.0 £-1, See the caption for Fig. 1.
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F1c. 3. Scattered electron spectrum for Eo=500 Mev, 6=55°,
and ¢=2.24 f~1. See the caption for Fig. 1.

a repulsive-core wave function in either the deuteron’s
bound state or in both the bound and unbound states.
The approximation made in the earlier calculations was
found to lower the predicted cross sections by about
7%. A typical series of predictions is shown in Figs. 8
and 9 where the introduction of a repulsive-core wave
function in both initial and final states is seen to reduce
the cross section by about 1.6 times the amount pre-
dicted using the core in the initial state only. In the
calculation of the final-state interaction, wave functions
corresponding to an Eckart potential® have been used
in both the bound and unbound states of zero angular
momentum. A repulsive core of radius 7o=0.42 { was
introduced either into the bound-state wave function
alone or into both the bound and unbound wave func-
tions by substituting for » (the n-p separation) the
quantity 7 —ro, and then adjusting the parameters of the
potentials to match the low energy n-p scattering data.
This value of the repulsive-core radius is in qualitative
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F16. 4. Scattered electron spectrum for Zo=500 Mev, §=61°,
and ¢=2.40 f~1. See the caption for Fig. 1.
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agreement with that found necessary in the elastic
scattering measurements (see I). No attempt was made
to evaluate the effect of the core on the transitions to the
unbound states of angular momentum greater than zero,
for an estimate of Jankus® indicates this effect to be
small and our data do not contain significant informa-
tion on these transitions. Figures 10 and 11 compare the
various versions of the theory with the experimental
results for a value of e of approximately 2 Mev. Figure
10 includes the data at relatively small angles and the
yields include approximately equal contributions from
spin-flip and non-spin-flip deuteron disintegration.
Figure 11 includes the data taken at §=145° where the
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F16. 5. Scattered electron spectra for Eo=500 Mev, 8=67.5°,
and ¢=2.60 f~1, In addition to the curves discussed in the caption
for Fig. 1 [cf. (b) and (c)], (a) shows the Jankus prediction un-

modified by the experimental resolution function. The momentum
scale is the same for the three spectra.

yields are predominantly from spin-flip disintegration.
The errors shown include contributions from counting
statistics and from errors introduced in the data
processing. A more complete discussion of the error
analysis is made in I.

The relativistic expression of the energy gap G be-
tween the elastic peak and disintegration threshold is

D+D2/2M¢
1+ QE/ME) sin®(0/2)
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where D and M are the deuteron’s binding energy and
rest mass. Jankus’ nonrelativistic treatment of the
deuteron-proton kinematics overestimates G by approxi-
mately the amount (p/2.43)%, in Mev, where p is the
three-momentum transfer in the scattering in units of
reciprocal fermis. In the absence of a well-defined
procedure to correct for the nonrelativistic kinematics,
we have taken G to be equal to D. An estimate of the
error attendant on this treatment was included in the
errors shown in Figs. 10 and 11.

III. CONCLUSION

It can be seen from Figs. 1-7 and Figs. 10 and 11 that
for high ¢ the Jankus theory fails to predict the inelastic
cross section correctly for e near zero. The predicted
cross section at ¢=2.8 f is about 509, above the
measured value. The effect of the final-state inter-
action becomes less important as e increases, and the
agreement of experiment with the Jankus predictions
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FIG. 6. Scattered electron spectrum for Ey=500 Mev, §=75°,
and ¢=2.8 {1, See the caption for Fig. 1

improves, as shown by the work of Yearian and
Hofstadter! and by Sobottka.?

For the values of € studied in the present experiment,
transitions to the %S and 1S states of the #-p system com-
prise the major contributions to the cross sections. The
inelastic cross section for the M1 spin-flip transitions to
the 1S state is sharply peaked at e=0, whereas the cross
section for the non-spin-flip transition goes to zero at
e=0 and reaches maximum when e is a few Mev. The
details of the peak were not determined in the present
experiment, as in all cases the peak was narrower than
the experimental resolution function. Jankus’ theoret-
ical predictions, unmodified by the experimental resolu-
tion functions, are shown in Figs. 5, 8, and 9.

In the theoretical predictions used here to compare
with the experimental results, a number of approxima-
tions in calculation of the final-state interaction were
made which are expected to introduce some uncer-
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F16. 7. Scattered electron spectrum for Eo=260 Mev, 6=145°,
and ¢=2.25 f~1. Notice the small contribution from transitions to

the 35 #-p state to the inelastic differential cross section. See the
caption for Fig. 1

tainties in the predicted values. Jankus has made
numerical estimates of the errors consequent on several
of these approximations:

(1) No exchange currents were considered. For the
irrotational part of the current density, Jankus showed
that a Serber-type velocity-dependent potential leads
to correction terms important only for large ¢, for the
interaction becomes part of the electric dipole term and
leads to final 3P states. These transitions are strongly
reduced near e=0 as a consequence of the angular
momentum barrier. The exchange-current contribution
from the solenoidal current density has been evaluated

0.6

)

2

cm
Ster Mev
o
»
T

0.3 -

(|o‘33
T

oz%“ﬁ—ﬁ
b-

2
o

d
dQdE

T y
199 200 201 202 203 204 205
SCATTERED ELECTRON ENERGY (Mev)

o
197 198

Fic. 8. This figure shows the theoretical predictions for the
scattered electron spectrum near disintegration threshold for
electron-deuteron scattering for Ey=260 Mev and 6=145°. The
calculations were made with the exact Jankus expression [Egs. (9)
and (10) of reference 6] and show the effect of introducing a
repulsive core of radius 0.42 f either into just the deuteron bound
state [curve (a)] or into both the bound and unbound states
[curve (b)]. Curve (c) shows the contribution to the cross section
for final states of angular momentum greater than zero, using a
central attractive force in the initial state, but including no final-
state interaction.



1600 KENDALL, FRIEDMAN,

1 L L B U ———— -
406 407 408 409 4I0 411 412 413 414

SCATTERED ELECTRON ENERGY (Mev)

L
405

F1c. 9. This figure shows the theoretical predictions for the
scattered electron spectrum near disintegration threshold for
electron-deuteron scattering for £o=500 Mev and 6="75°. Curve
(a) shows the predictions using the exact Jankus result and assum-
ing central attractive forces in both the bound and unbound states.
Curve (b) is the same as (a) except that an approximation sug-
gested by Jankus was used to evaluate the cross sections. Curve (c)
shows the predictions of the exact Jankus expression assuming a
repulsive core of radius 0.42 f in the deuteron’s bound state but an
attractive potential operative in the unbound S and S states.
Curve (d) 1s the same as (c) except that the core was included in
both the bound and unbound states. Curve (e) shows the contribu-
tions from states of angular momentum greater than zero. In (e)
a central attractive force was used in the deuteron’s ground state
and no interaction in the final state.

by Bergert and Jankus® for Hulthén wave functions
describing the deuteron’s ground state. This leads to
transitions to 1D states (negligible for e near zero) and
to 1S states. These latter transitions were estimated to
contribute about 109 to the magnetic dipole transitions
for small e.

(2) We included no effects from transitions to final
states of />0. Final-state interactions are negligible for
final states of />2 from the effects of the angular
momentum barrier. For the /=1 final states, the centrif-
ugal force term is of the same order of magnitude as a
Wigner-type n-p force. The Born approximation was
used by Jankus to estimate the magnitude of the
corrections to the cross sections from the /=1, /=2, and
1=3 final-state interactions. A strong P-state force was
approximated using a Wigner potential. The corrections
for e=10 Mev for scattering at §=60° at a primary
electron energy of 350 Mev were about 209, and went
to zero approximately quadratically as e approached
zero. If the force is approximated by a Serber potential
which removes the interaction in states of odd-/, the
correction is much smaller, amounting to about 39, for
e=10 Mev for the above conditions and also approach-
ing zero quadratically as e approaches zero. The Serber
force is deduced from n-p scattering experiments at
several hundred Mev. It is not clear whether this or the
Wigner force is more realistic at e~0.

(3) Consideration of tensor forces acting in the #-p S
states was omitted because Jankus has shown that a
tensor interaction in the 35 state gives rise to correction
terms which nearly cancel.

One of the important approximations in the original
Jankus expression was the failure to include a repulsive-

1 J. M. Berger, Phys. Rev. 94, 1698 (1954).
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core n-p potential. Jankus estimated the consequence of
assuming an extreme repulsive-core potential corre-
sponding, in our notation, to 7o=0.7 f. The assumption
leads to a decrease of the predicted cross section of about
209, at ¢=1.7 {1, a result roughly independent of e for
small e and a greater decrease than is consistent with
the present experimental results. It can be seen from
Figs. 10 and 11 that a value of 7o=0.42 { (with Eckart
wave functions) gives a satisfactory fit to the data. It
is known from the work described in I that the Hulthén
wave function is inadequate to describe the deuteron’s
ground state. A Gartenhaus repulsive-core potential is
sufficient to obtain agreement with the elastic scattering
results, although it has been suggested that relativistic
corrections might provide an equally satisfactory
explanation of the observed elastic cross sections.
Durand® has recently made a detailed study of the
final-state interaction for the inelastic scattering process
considered here and his work contains a detailed critique
of the theoretical situation, and a comparison of our
results with a slightly different treatment of the repul-
sive core. His results are similar to ours. The extent to
which a completely relativistic treatment of the calcula-
tion including the kinematics and retardation effects of
the potential would modify the predicted cross sections
is unknown, as no such treatment has been completed.
In conclusion we would like to remark that the
analyses presented here are really of an exploratory
nature. Although it is pleasing to find that the similar
repulsive-core assumptions that are required to fit the
elastic scattering data (reported in I) serve to remove
the discrepancies of the simple Jankus theory for the
scattering near disintegration threshold, it should be
noted that a more thorough treatment of the relativistic
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Fic. 10. The points plotted here show the ratio of observed
inelastic cross sections at Ey,=500 Mev (see Figs. 1-6) to the
predictions of the Jankus theory, modified by the inclusion of the
proton form factors and the experimental resolution of the equip-
ment. The ratio is given as a function of ¢ for e approximately
2 Mev. The solid lines show the predictions of the Jankus calcula-
tion incorporating repulsive-core wave functions either in just the
bound state or in the bound and the 1S and 3S unbound states;
predictions of the approximate theory [see text following Eq. (12)
of reference 6] are also shown. The observed yields have about
equal contributions from spin-flip and non-spin-flip processes
leading to 1S and 3S final #-p states, respectively. Errors are
discussed in the text.

2,, Durand, III, Phys. Rev. 123, 1393 (1961).
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Fic. 11. This figure displays the data for 6=145° from Fig. 7
and two other points at §=145°: ¢=1.8 {1 and ¢=2.0 {71, The
major contributions to the yields at this large angle are from the
spin-flip disintegration of the deuteron to the final 1S #-p state.
See the caption for Fig. 10.

corrections is required before quantitative deductions
are possible on the basis of the present measurements.
The agreement between the predictions, assuming a
repulsive-core potential, and our results supports the
view that the n-p interaction can in fact be described by
a potential which has similar characteristics to that
necessary to describe both the high-energy n-p scatter-
ing experiments and the known uniform density of
nuclear matter as seen in the 4% dependence of the
radii of heavy nuclei. This agreement suggests a de-
tailed study to investigate the theory of the final-state
interaction using phase shifts determined from high-

1601

energy nucleon scattering experiments and from the
semiphenomenological fits to medium energy photo-
disintegration cross sections.!®
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