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The continuum spectra of 'He have been measured up to excitation energies of 40 MeV by means of inelastic

electron scattering. Incident electron beam energies between 60 and 120 MeV were used, corresponding to a

momentum transfer range of 0.3 fm ' to 1.1 fm '. Scattered electrons were observed at two angles, 92.6 and

127.7 . The radiation corrected spectra and the form factors are presented, and compared with calculations

based on a zero-range approximation. In this model, the sharp rise from the p+ d threshold previously

reported may be identified as a S~ S Coulomb monopole transition.

NUCLEAR REACTIONS ~He(e, e'), E„=0-40 MeV; measured 0(E;0); 0=92.6'
and 127.7'. Comparison between radiation-corrected spectra and zero-range

model calculations; multipole decomposition,

1. INTRODUCTION

This paper reports an experiment in which the
continuum spectra of electrons inelastically scat-
tered from 'He have been measured up to excita-
tion energies of 40 MeV. Upon sufficient trans-
fer of energy from the incident electron, the 'He
nucleus could undergo either a two-body breakup,
e+'He- e'+P +d, or a three-body breakup, e
+ 'He - e'+P +P + n, with thresholds at 5.5 and
7.7 MeV, respectively. Since only the electrons
were detected, and not the outgoing nucleons, the
sum of these breakup cross sections was mea-
sured. The three-momentum transferred to the
nucleus q was in the range from 0.3 to 1.1 fm '.
In previous 'He(e, e') experiments Hughes, Yearian,
and Hofstadter' made measurements in a higher
range of p, Frosch et «.' were concerned mainly
with the threshold region, Johansson' did a coin-
cidence experiment, and Chertok et «.' primarily
measured transverse continuum transitions in a
180' experiment. The present experiment was
performed with higher resolution and lower back-
ground than the previous electron-scattering ex-
periments on 'He.

There have been many measurements of the
two-body photodisintegration' of 'He and its in-
verse. ' There have been fewer of the difficult
three-body photodis integration measurements. '
Fundamentally, our experiment differs from
photodisintegration experiments in that we have
measured a sum of two- and three-body cross
sections, and secondly, in photonuclear reactions
the momentum transfer p is uniquely related to
the excitation energy ~, whereas in electron scat-
tering these two quantities can be varied indepen-

dently. By measuring the cross section at a given
&, and by varying p, information about the radial
dependence of the nuclear transition density can
be obtained, and the transition multipolarity can
sometimes be determined. In photodisintegration,
the multipolarity is primarily electric dipole, ''
whereas in electrodisintegration other multipolari-
ties can contribute strongly if appropriate momen-
tum transfers and kinematic conditions are cho-
sen. '

For the q range of this experiment it was found
that the form factors were of similar shape
throughout the excitation region except for the
energy interval between the two- and three-body
breakup thresholds, where a broad Coulomb
monopole contribution was found. '

We have calculated the cross sections for the
electrodisintegration of 'He in the zero-range
model. " The calculations give reasonably good
agreement with the measured spectra of the pres-
ent experiment. The calculated dominant transi-
tions are CO, C1, M 2, and C2. In particular, the
sharp rise in the cross section from the two-body
threshold may be explained as a 'S-'S Coulomb
monopole trans ition.

II. EXPERIMENTAL METHOD

The 140 MeV linear accelerator of the National
Bureau of Standards was used to provide electron
beams of about 10 p, A average currents. Energy
slits in the magnetic beam transport system de-
fined the energy spread of the electrons incident
on the target to 0.25% of the incident energy E0.
Data were taken for E, =60, 75, 90, and 110 MeV
at a scattering angle ~ of 92.6' and for E, =120
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MeV with 8=127.7'.
An "0"-ring sealed rectangular gas target cell"

with dimensions of 14 cmx 8 cmx 4 cm was pres-
surized to about 10 atm. The entrance window
was made of 0.0015 cm Havar" foil, the exit
window of 0.0026 cm stainless steel foil, and the
side window of 0.013 cm stainless steel foil. Since
no massive portion of this rather large target cell
was within the solid angle for observing electrons
scattered from the 'He gas, and since the entrance
and exit foils were thin, backgrounds were rela-
tively small. The temperature and pressure of
the target were continually monitored. It was
found that there was no detectable dependence of
charge-normalized counts upon beam current,
temperature, or pressure for this sealed-off
target. The scattered electrons which passed
through the side window were momentum analyzed
with a double-focusing magnetic spectrometer, "
and were detected by a 48 channel triple coinci-
dence hodoscope'4 in the spectrometer focal plane.
In order to reduce the neutron background, a
Plexiglas Cerenkov counter replaced the scintil-
lator normally employed as the backup detector.
In some instances, the background was reduced
by as much as a factor of 5 by use of the Cerenkov
counter. The details of the on-line data collec-
tion electronics have been given elsewhere. "'"
The primary beam-current monitor was a Faraday
cup." As a result of losses due to multiple scat-
tering in the target, the Faraday cup did not in-
tercept 100Vo of the incident electrons. An addi-
tional monitor, a non-intercepting toroidal ferrite,
was located upstream of the target so that the
beam current losses could be measured. These
losses were less than 1% of the incident beam
current at the energies used in this experiment.

The raw data were corrected for spectrometer
dispersion, detector efficiency variations, and
dead-time losses in the counting circuits. The
background arising from the target cell was mea-
sured by using an identical evacuated cell, and
was found to be no larger than the background with
no target cell in the beam. Figure 1 shows two
typical spectra of scattered electrons.

III. ANALYSIS

Radiative corrections were applied to the data
before the cress sections were extracted. The
elastic-scattering cross section was obtained by
integrating the elastic-scattering peak to a cutoff
energy of 1 MeV and applying Schwinger, "thick-
target bremsstrahlung, "and ionization straggling"
corrections. The corrected peak area was normal-
ized to the sum of the cross sections for elastic
scattering from the charge and magnetic dipole
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FIG. 1. Spectra of electrons scattered from (a) SHe at
incident energies of 110 MeV and (b) 60 MeV. The solid
line is a calculated elastic radiation tail (see Sec. III)
and the dashed line is the empty target background
which has been subtracted from the data.

moment of 'He. The charge elastic-scattering
cross section was calculated with the phase-shift
code of Rawitscher and Fischer. " The magnetic
elastic-scattering cross section was calculated"
in the Born approximation. Coulomb distortion
effects in the case of magnetic scattering were
assumed to be the same as for charge scattering.
Gaussian charge and magnetization distributions"
with rms radii of 1.88 and 1.95 fm, respectively,
were used in the calculations of the elastic-scat-
tering cross sections.

Electrons elastically scattered from a nucleus,
but degraded in energy by bremsstrahlung emis-
sion and by collisions with atomic electrons give
rise to the so-called elastic radiation tail at en-
ergies less than the elastic peak energy. The radi-
ation tail cross section formulas of Maximon and
Isabelle" were used to account for photon emis-
sion during the nuclear elastic scattering. Their
formulas are based upon an integration of the
Bethe-Heitler bremsstrahlung cross section over
all photon emission angles. A Gaussian elastic
charge form factor" with a ground state rms
radius of 1.88 fm was used in the calculation. Con-
tributions to the radiation tail from thick-target
radiative processes and from electron-electron
scattering-" were included.

A comparison was made between a measured
spectrum of electrons scattered from 4He for
E, =90 MeV and 8 =92.6', and a calculated elastic
radiation tail, as shown in Fig. 2. This compari-
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son provides a good check of the calculations and
experiment since the elastic radiation tail is the
only source of scattered electrons for the first
19 MeV of the He spectrum. A Gaussian charge
distribution with an rms radius'4 of 1.63 fm was
used for 4He in this calculation. The difference
between the data and the calculated radiation tail
is due to instrumental background resulting from
the scattering of electrons from the spectrometer
vacuum chamber into the detector array. For all
of the 'He runs, the calculated tails were normal-
ized by a multiplicative factor to fit the data just
before the two-body threshold and then subtracted
from all points in the spectra, thus largely re-
moving the instrumental background. The multi-
plicative factor increased from 1.05 to 1.23 as E,
was decreased from 120 to 60 MeV.

The continuum 'He data were then subjected to
inelastic radiative unfolding. The spectra were
first divided into 1 MeV intervals, each of which
contained 10 energy bins. Within a given 1 MeV
interval, the mean inelastic Schwinger, Bethe-
Heitler, and ionization corrections" were used.
These corrections were applied to the counts in
the first bin at the highest electron energy at
which the unfolding began. The inelastic radia-
tion tail" from this bin was calculated and sub-
tracted from all subsequent bins. This procedure
was repeated for all subsequent bins in the spec-
trum. Only the peaking term in Ref. 26 was used
in the calculation of the inelastic radiation tail,
and the inelastic form factor was assumed to be
proportional to g' as for an electric dipole transi-
tion. Various expressions for the form factor
were found to produce only small differences in

6—I

the continuum radiation corrections at large ex-
citation energies.

IV. EXPERIMENTAL RESULTS

The continuum spectra after radiative unfolding,
as shown in Fig. 3, are characterized by a steep
rise from the two-body threshold at 5.5 MeV, fol-
lowed by a change of slope just before the three-
body threshold at 7.7 MeV. Several more data
points were taken beyond 40 MeV excitation for
the Ep =110, 90, and 75 MeV runs in order to check
the asymptotic behavior of the spectra. These
points show a monotonically decreasing behavior
of the cross sections at large excitation energies.
A systematic uncertainty of +5% of the continuum
cross sections near threshold is estimated to in-
clude uncertainties in the elastic cross sections,
background subtraction, and in the unfolding pro-
cedure. This uncertainty increases with excita-
tion energy as the target-cell background in-
creases. The background contribution of the emp-
ty cell for the Ep 60 MeV spectrum, as shown
in Fig. 1(b), becomes very large at low scattered
electron energies where multiple-scattering events
become the dominant process. There are addi-
tional multiple-scattering events in the 'He gas
which are not observed in the empty-cell spec-
trum. Systematic errors resulting from the emp-
ty-target background subtraction for the E, =60
MeV measurements have been estimated by as-
suming the continuum cross sections to have the
same shape at large excitation energies as for
the Ep = 75 MeV spectrum. This uncertainty be-
comes as large as 20Vo at 22 MeV excitation for
the Ep 60 MeV spectrum.

The form factors measured in this experiment
are given in Table I. We define the square of the
continuum form factor to be

lD

E
O o

cu
IO

O

i F(q, k)i'= 1

~Mott

where

2 e' ' cos'(-'8) 2E

is the Mott cross section for scattering from a
point nucleus of charge Se and mass M, and
(d'v/dQd&) is an average over 1 MeV intervals
of the measured cross section.

0 0 IO I5 20 25 30 V. MODEL CALCULATIONS
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FIG. 2. Comparison of the elastic radiation tail (sol.id
line) with a spectrum of electrons scattered from 4He.
The empty-target background has been removed.

We have calculated the Coulomb form factors
&~ and the transverse form factors &~, for 'He
breakup using simple wave functions as a guide
to interpreting the multipole components of the
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reaction. Zero-range-type wave functions have
previously been used in P +d and P +P +n photo-
disintegration calculations" in the excitation
region up to 40 MeV. These wave functions mimic
the asymptotic three-nucleon behavior with suffi. -
cient accuracy to give the energy dependence of
two- and three-body electric dipole photodisinte-
gration cross sections. The momentum transfers
of the present experiment are low enough so that
the predictions of this model still may be reliable.

The experimental form factor defined in Eq. (1}
is given by

sin(«+&, ) sin(PP+&~)
}tSs

where

tcot&] =- y

P cot& =- e~;
and for I & 0t

@gp(&, P) = — ««i &g(PP)Fc~(pP'gu(P)X s.
sin(«+ &,)

IF(q, ~)l'=~ IF (q, i)l'

+ ", +tan'(-,'9) }ls (q, sl~ '

where

~FJ =Z +g Q 8( exp(lq r) ) +

pi exp(~q r )

+ @, g —' I q exp(iq'r, ) @

The 'He ground state is taken as

'1'(y p)= — —
X

(4yo')" exp(- y&- op)
4m o &

where r is the coordinate between a pair of nu-
cleons and p the coordinate of the third nucleon
relative to the center of mass of the pair. The
spin-~ function g has the proton pair in a spin
singlet. The continuum wave functions for P +d
brea, kup are for + wave:

+np(&, p) =AD(&) — — '
x sg

sin(Pp+&~)
Pp

and for L &0:

@ p=&4(~)«i Jr.(PP)Fr~(P)l'zu(P)Xsx,

where P~(&) is the zero-range deuteron wave func-
tion

and gs, is the p+d doublet (8 =~) or quartet (S
= 3}spin function. For p +p +n breakup, the con-
tinuuQl wave functions are for 8 wave:

where s is the pair spin and S the total spin.
Note that we assume tha. t there is alwa, ys a pair

of nucleons in a. relative s wave in the final state.
This pair determines the r coordinates in the
ground state.

These wave functions are not solutions of the
three-nucleon Schrodinger equation using a two-
nucleon potential. However, they are consistent
in the sense that each partial wave is orthogonal
to its bound state. The s-wave radial orthogonal™
ity is particularly important for monopole transi-
tions.

The bound-state parameters y and o. are chosen
to give reasonable fits to the electric dipole photo-
disintegration cross section. The values @=0.232
fm ' and n=0.420 fm ' give a, calculated three-
nucleon photodisintegration cross section that
agrees in shape and magnitude with the photodisin-
tegration data. The calculated P +d photodisinte-
gration cross section reproduces the photon en-
energy dependence of oz(&), but underestimates
the magnitude of the cross section by a factor of
3. This fault is due to the use of oversimplified
factored wave functions and to the lack of coupling
of the two- and three-body final states as re-
quired by Faddeev theory. We multiply the L -I
two-body model amplitudes by 3' 2 in the hope tha
once these amplitudes are normalized at the pho-
ton point g =4', the momentum dependence of the
transition form factors will be given correctly.
The two-body monopole amplitude is exempt from
this' normalization in order to preserve the mo-
nopole sum rule, as are all the P +P +n amplitudes,
since they are in agreement with the photodisinte-
gration da.ta. -"

The f inal state 8-wave parameters approximate
the nucleon-deuteron and nucleon-nucleon scat-
tering lengths for the appropriate spins.

a, y, = o. = (2.38 fm) ', o.,g, = (6.4 fm) ',
y (nP },= y = (4.31 fm) ',
y(nP), =(-24 fm)-', y(PP), =(- V.s fm)-'.

Using these wave functions the form factors
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are calculated following the method outlined in
Refs. 27 and 28. The Coulomb transitions CO,
C1, and C2 dominate the cross section at the
scattering angles of the present experiment. The
relatively small transverse contribution is mainly
two-body M2. The cross sections are plotted in
Fig. 3, and a form factor in Fig. 4. A decom-

He (e,e'
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FIG. 4. Form factor E2(q, k) at an excitation energy
of 1.5 MeV. Systematic uncertainties of + 5/p have been
included in all of the data points except the point at
@=0.382.fm ~, where a systematic error of +10% has
been estimated. The sol.id curve is the zero-range
model. form factor.

position into two- and three-body multipoles is
given in Fig. 5.

cu
b~ 2

0
5 IO 15 20 25 50 55 40
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FIG. 3. Badiatively unfolded cross sections. The
notations pd and ppn indicate the two- and three-body
breakup thresholds, respectively. In each graph, the
solid curve is the calculated result in the zero-range
approximation (see Sec. V).

VI. DISCUSSION AND CONCLUSIONS

The excitation cross sections and form factors
of Figs. 3 and 5 show two interesting features:
the rapid rise of the cross sections from the P
+d threshold at 5.5 MeV, and then the slower
rise to a peak near 15 MeV followed by a mono-
tonically decreasing high energy tail. We in-
terpret the threshold behavior as a monopole ex-
citation by the Coulomb operator. The model
calculation for this 28-'S transition gives rea-
sonable agreement with the data as a function of
& and q. Coulomb monopole (CO} strength is ex-
pected ' at the one-particle separation threshold
in H, 'H, 'He, and 'He isotopes. In'He this
strength is concentrated into a 0' resonant level. '0

For 'He however, it appears that the final-state
interaction between the proton and the deuteron
is not strong enough to form a quasistationary
state of narrow width. The model cross section
has a. full width at half maximum of 5 MeV for the
two-body monopole transition.

In a previous analysis' of this data, the Ci con-
tribution in the threshold region was obtained from
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photoreaction results, by assuming the C1 transi-
tion radius to equal the ground-state charge radi-
us. The present calculation indicates that the ef-
fective C1 transition radius is much larger than
this estimate. However, because of the impor-
tance in the calculation of multipole components
other than C1, the total non-CO strength in the
threshold region is not very different from what
was used in Ref. 9 in order to extract the mo-
nopole strength. The monopole matrix element
given in Ref. 9 applies only to the 5.5 to 8.5 MeV
excitation region, not to the total monopole
strength which, according to the present calcula-
tion, is spread over a wide range of excitation.

The region of the 15 MeV peak is composed of
roughly equal parts of two-body C1, C2, and M2,
and three-body C1 according to the model. The
same M2 strength PS-'P+~P) accounts for most
of the 186' cross section in the experiment of
Chertok eI, al. ' Our cal.culated M 1 strength is
small in comparison to the M2.
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