
PHYSICAL REVIEW C VOLUME 14, NUMBER 3 SEPTEMBER 1976

Theory and experiment for the reaction Li(e, d) e', He~
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Deuterons from the reaction Li(e, d) e', 'He were measured at eight laboratory angles over a deuteron energy
interval of approximately 2—10 MeV. The incident electron energy was chosen so that only deuterons and a
particles were left in the final state. These data are compared to a one-resonance square-well
electrodisintegration model. Extracted photodisintegration cross sections are also compared with a more
sophisticated Woods-Saxon photodisintegration theory. In both comparisons the data and theory are in overall

qualitative agreement.

NUCLEAR REACTIONS 6Li(e, d)e', He, measured o(E„,O„), E&=2—10 MeV,
0=30-150', extracted Li(p, d) He for E &10 MeV.

I. INTRODUCTION

The detailed structure (J', E„and I' of the reso-
nances) of 'Li has been reasonably well established
by electron and nucleon scattering experiments. '
In addition, a number of theoretical treatments
have been carried out for 'Li, with perhaps the
most physically intuitive of these being the &-
deuteron cluster model. Indeed, the most recent
inelastic electron scattering experiment below the

(y, p) threshold' reports quite good agreement with
an z-d cluster calculation employing a Woods-
Saxon potential that contained two of the L-S cou-
pled states at 2.185 and 4.31 MeV.

Photodisintegration or capture measurements in
the n-d channel on the other hand have not been
performed in overwhelming numbers. This is due
mainly to the fact that the reaction is primarily
E2, since the center of mass and center of charge
of the n-deuteron pair are nearly coincident. This
E2 nature of the reaction results in a very low
counting rate for the experiment. However, there
are a number of features of this reaction channel
that are interesting enough to stimulate some new
measurements. These features are that: (a)
while the n-d cluster model has successfully ex-
plained a large body of scattering data, a more
satisfactory test of the theory will arise in com-
paring the model predictions to a measurement of
one of the disintegrated clusters; (b) since El
transitions are not strictly forbidden, the angular
distribution of the emitted particles should not be
pure sin'8 cos'8, but rather be slightly isotropic
and asymmetric where the E1 contribution is not
negligible; (c) in an a M cluster model which as-
sumes that the ground state of 'Li is pure 'S„M1
spin-flip transitions are forbidden in the reaction
'Li(y, d)'He, therefore the importance of higher
order terms in the Ml transition operator and/or

L = 2 admixtures in the ground state perhaps could
be determined; (d) if the n-d states in 'Li are not
pure T=O states, small T=1 admixtures could
influence the predictions of the models.

II. EXPERIMENTAL

The experimental arrangement for measuring
deuterons following electron bombardment of 'Li
is composed of the University of Saskatchewan
linear accelerator and a positive ion spectrometer.
The accelerator and spectrometer have been de-
scribed elsewhere. ' Briefly, the spectrometer is
a 127' double-focusing magnet equipped with an
array of five surface barrier silicon detectors.
The signals from these detectors were fed to ana-
log to digital converters (ADC) interfaced to an
XDS computer. The ADC's were gated by the ac-
celerator master trigger to reduce the background.
A sliding vacuum seal allowed the spectrometer to
be positioned at any angle between 27 and 155 .
The calibration of the spectrometer described in
Ref. 4 consists of measuring the energy response
and efficiency of each detector and the solid angle
of the spectrometer with a known z source. These
calibrations have been checked by measuring the
recoil protons from the elastic reaction H(e, H')e'
at a number of different proton recoil energies.
The number of electrons incident on the target was
measured by a nonintercepting ferrite monitor de-
signed at SLAC. The ferrite monitor was periodi-
cally checked against a Faraday cup for stability
and linearity. The total error assigned to these
calibrations is +5%.

Since the magnet holds the ratio of particle mo-
mentum to charge constant for a given magnetic
field, the deuterons could easily be distinguished
from the other emitted particles, an experimental
feature not present in earlier measurements of this
reaction. Figure 1 is one of the better spectra
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FIG. 1. Pulse height spectrum showing all mass

groups that result from the disintegration of Li.

which shows clearly the large separation between
the deuterons and other mass groups. The deu-
teron peaks were integrated and charge normalized
on line. The initial data analysis, consisting of
weighting and combining all data taken at the same
incident energy and angle, was also performed on
line. The remaining data analysis, energy loss
corrections, least squares fitting, etc. , was done
off line. The final eleetrodisintegration cross
section is then given by

d'o C,(8„Z,)
dQ~dz~ bQ4E~q, (8) '

where C~(8~, E~) is the charge normalized deuteron
yield, &0 and 4E„=0.001 26E„are the solid angle
and energy bite of the spectrometer, and q, (8) is
the number of target nuclei per cm'.

This cross section can now be compared directly
with theory if the theory incorporates an integra-
tion over all possible final electron states. In
practice this integration, while time consuming,
is not difficult. Also, because the electrodisinte-
gration is weighted by q, ', where q, is the four-
momentum transfer, an approximate excitation
energy in 'I i can also be computed. This com-
parison has the advantage that a "virtual photon
spectrum" does not have to be introduced in the
data analysis, but to date few eleetrodisintegra-
tion ealeulations have been carried out.

If on the other hand a comparison with real pho-
ton experiments or theory is desired, an equiva-
lent photodisintegration cross section can be ob-
tained using virtual photon theory. In practice,
where the E1 cross section is dominant one can
simply divide by the E1 photon spectrum and use
the resulting cross sections as equivalent photo-
disintegration data. As pointed out in Ref. 5, this
procedure (when El is dominant) introduces very
little error compared to the complete treatment in
which the multipolarity dependence of the virtual
photon spectrum is taken into account. For 'I, i,
however, the photodisintegration cross section is
predominantly E2, and since in the long wave limit
the EO and E2 matrix elements are of the same
order of magnitude (the EO is present when elec-
trons rather than photons are used to initiate the
reaction), the extraction of a photodisintegration
cross section is valid only when kinematic condi-
tions are such that the EO contribution to the vir-
tual photon spectrum is negligible (see Ref. 5).

In the present experiment these kinematic condi-
tions are not met very well for the excitation en-
ergies that have investigated, but nevertheless
some statements about the equivalent photodisinte-
gration cross section can still be made. First, by
neg1.ecting the EO photon speetruxn the magnitude
of the photon cross section is overestimated and
is thus an upper limit, and secondly, the angular
distributions should reflect the E2 character of
the transition but be more isotropic due to the
presence of EO strength. In the extraction of the
equivalent photodisintegration cross section we
have limited the excitation energy in 'Li to values
greater than 10 MeV. This corresponds (by ex-
amining the electrodisintegration calculation, see
Sec. III) to an EO contribution of ~20/g of the vir
tual photon spectrum at 10 Me& excitation. To
analyze the data in this region we have used

lV (Eo E )= — (I+II )I
e x

+ R»'(I + —,
' R» ——",,&»')

where Eo, E„refer to the incident electron energy
and excitation energy, respectively, R»= (Eo E,)—
/E„and R»=(E, E„)/E„. The p—hotodisintegration
cross section using Eq. (1) is then

der
l

d'o 1
dfidz X„(z„z„)/E, nz„'

where

Mzq+ 2Q(M —M~+ 2Q)
M- M~-E„+P„cos8, '

%e point out that this photon spectrum yields es-
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sentially the same result for E„&10MeV as that
obtained when one considers all appropriate multi-
poles (except EO) in the photon spectrum

P =k -k' —P,

m. THEORY

To obtain a qualitative understanding of the mea-
sured electrodisintegration cross sections we rely
on a simple model for the process. In particular,
we assume an a-d cluster model where the inter-
cluster potential is a square well. The well pa-
rameters are determined as follows. For the
ground state we ask that R,e(r), the one node I-
= 0 ujave function, be bound by 1.4't4 MeV and
the charge radius

be equal to (3.57)' fm'. Following the work of
Aurdal, Bang, and Hansteen' and of Bergstrom
and Tomusiak (Ref. 3) we choose (r') 'f'= 1.68 fm
and (r')5' '= l.5 fm. ' These criteria give the pa-
rameters

V= —25.43 MeV, a=4.0 fm,

„,f, —' [&610(»,q)+3»6I, (», q)

where

+-', (3»(» q) -q)(R, (»eq)te

@f(»,q) = R~(», r)M~(q, r)R, 5(r)r'dr,

„dk'
de~, bc

If we restrict our attention to EO, E1, and E2
contributions then the nuclear current J is given
by

which are used for all partial waves except E = 2.
The 3= 2, a-d channel has three resonances de-
scribed in this picture by 'D„'D„and 'D, at ex-
citation energies of 2.183, 4.31, and 5.V MeV, re-
spectively. This resonance structure could be
built into the model by the addition of a spin-orbit
force to the l=2 potential. For the present, how-
ever, we use only a central potential adjusted to
give an l = 2 phase shift resonance of about the
correct width at 4.7 MeV. In the more refined
model used by Bergstrom and Tomusiak (Ref. 3)
the phase shift resonance at 4.7 MeV shows up as
a resonance in the 'Li(e, e') reaction at 4.3 MeV.
With the present oversimplified model the reso-
nance is shifted down to 3.8 MeV in the photodis-
integration cross section. Finally we list our E

= 2 well parameters

V, ,= -14.41 Mev, a = 4.0 fm.

( rM) = gqf (4)j, M' qr).

The deuteron and z particle form factors are
given by

(q} e-0 $750

f ( ) 0 47005

In the above, R~(», r) is the I. -wave continuum
wave function with asymptotic normalization

36g &It)

Rc(»r) - sin(»r ——,'le+ 5~(»)).

(3)

The electrodisintegration cross section for mea-
suring only the outgoing deuterons is given by the
one-photon exchange approximation by Dressier
and Tomusxak'

d '(7 4@co(' (xjp„, , 5(energy)p, , d&5, dQ, , ,dE ddQd &I &a &0

where

(x]=([(~,k'-~, .k} S P+-.(ac)'q.'[q0'T'Z —(S 'q)'1)

@2~ 2 g2g 2

e(e ergr) = 4 (4, —e,e. — " — ' —1.474),
d o

Electric dipole transitions are strongly sup-
pressed in this model. ' From Eq. (3) one can
obtain the long wavelength (small q) approxima-
tions

2Md —M~
M, (q, r}= ' qr= —' qr,

M, (q, r) = —' q'r

and, neglecting a term which does not contribute
because of wave function orthogonality,

M, (q, r) = —-' q'r ' .

Thus only for momentum transfers ~ 0.02 fm '



792 SKOPIK, TOMUSIAK, DRESSLER, SHIN, AND MURPHY 14

does the E1 disintegration become important in
comparison to the EO and E2 modes.

In discussing our experimental and theoretical
electrodisintegration results we will refer to the
calculated photodisintegration cross sections.
These are calculated with both the square well
model described above and with the model used in
Ref. 2. That model, which employs a%oods-
Saxon well plus the Coulomb potential, includes
both 3' (2.183 MeV) and 2' (4.31 MeV) resonances.
We list formulas for the case of a spin-orbit force
in the 1=2 ckagnei only so that the l=2 continuum
wave functions are labeled by 8, z(gr) and the
multipole matrix elements by 8, z(z, q). For other
than / = 2 the notation is that used in Eqs. (2) and

(3). The c.m. angular distribution is given by

do„zg M M~c'
(A, + A,sin'8„+ A,sin'8„cos8„

K

+ A,sin'8„cos'8„),

where

weighting a 8= 1 receives compared to a J = 2 or
0=3 level.

IV. RESULTS AND DISCUSSION

The electrodisintegration results, experiment
and theory, are shown in Figs. 2 and 3. For 9]
=45' and BV' (these angles respectively maximize
and minimize the E2 contribution to the cross
section) the EO and E2 contributions to the cross
section are also shown. Several features are
immediately noticeable. First, in all the spectra
the theory lies appreciably below the experiment
for E„~5 MeV. This can be explained by noting
that only the l = 2 resonance appears in the square
well electrodisintegration theory corresponding
to the 4.31 MeV level in 'Li (this resonance ap-

E.=23.8+02 MeV

Theory

"Re((R,*,tIt») —5Re(6t,*,@»), l

nb=&O Ioo =4&

—-"Re($.,*,(R„) + fRe((R,"p,„)+3Re(&,",&,),

Z, = Re[61,*(96t„+1561„+21@„)],

In the approximation that $»=N, »=+»=~» we
have

g, =9!51,]',
~, =45Re!61,*6t, [,

and

»5 /6t

For completeness we list the z-d total photodis-
integration cross section
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(b)

-65'

Cr„= —— " 2Ao+A2+ 5A4 .

In computing photo cross sections with this mod-
el, no weight is given to the 'B, channel, i.e., the
matrix element 8» is set equal to zero. Since
this resonance is likely a mixture of 'S, and 'D,
due to a tensor component in the cy-d cluster po-
tential, the E2 strength to this resonance is there-
fore expected to be suppressed. In addition, its
contribution is down due to the lower statistical

(c) Id)
I I t I 1 I I I 1

4 6 8 lO 2 4 6 8 IQ

E (Mev)

I IG. 2. Electrodisintegration theory and deuter on
energy distributions at four laboratory angles for an in-
cident el.ectron energy of 23.8 MeV; (bj shows the E2
and EO contributions to the differential cross sections.
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FIG. 4. Angular distribution of deuterons at E~=8.5
+ 0.5 MeV and E&=2.5+0.5 MeV. The solid 1' th
electrodisintegration theory descr ibed in the text
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FIG. 3. Electrodisintegratio~ theory and deuteron en-
ergy distributions at four laboratory angles for an inci-
dent electron energy of 23.8 MeV. (a) shows the E2 and

Eo contribution to the differential cross section.

pears at a deuteron energy of E,= 1.9 MeV). If a
spin-orbit fox'ce is introduced in the model the
contribution to the cross section from the other
principal resonance at E,= 2.185 (F.,= 0.5 MeV)
would also be included. The continuum strength
of this 'D, resonance (Ref. 2) would contribute ap-
preciably to the cross section in this energy re-
gion.

Yet despite this obvious deficiency in the model
one nevertheless still finds the qualitative features
of the electrodisintegration data reproduced by the
theory. To emphasize this we also show angular
distributions sorted in 1 MeV bins at deuteron en-
ex'gles of 2.5 and 8.5 MeV ln Flg. 4. The impor-
tant point is that the shape of the predicted cross
section closely resembles the data. Taking note
of the fact that the Jacobian which transforms the
laboratory cross section to the center of mass is

nearly unity for this reaction, we observe that at
the le ower deuteron enexgy the monopole contribu-
tion which is isotropic and the corresponding inter-
ference effects with the odd multipoles are impor-
tant features of the angular distribution. By ex-
arnining the individual matrix elements at this en-
ergy we find that the EO-El and El-E2 interfer-
ence terms, which have angular dependenc

' th
c.m. system of cos8 and sin'ecos&, respectively,
are approximately equal. These inter ference
terms are thus undoubtedly responsible for the
forward asymmetry at E,= 2. 5 MeV since the
EO-E2 interference term varies as cos'8. At
E =8.5 MeV the E2 strength dominates yielding
the usual 5 -D quadrupole pattern.

The extracted pllotodlslntegx'ation cl oss sections
are shown in Fig. 5. Here, the model predictions
are those of the Woods-Saxon potential with a spin-
orbit force that gives the known resonances at
2.185 and 4.35 MeV. As noted in Sec. II we onl0
use the virtual photon analyzed data for E„&10
MeV because of the extraction dependence on the
EO photon spectrum. Again we see reasonable
agreement, with the differences between experi-
ment and theory in this case probably explained
by the method of data analysis. The angular dis-

theor
tribution data, which are more isotropic th thl an e

eory, reflects the fact that the monopole was
neglected in the virtual photon spectrum. Also,
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the trend in the total cross section data in this
energy range to rise gradually above the theory
is expected, since at E,=15.5 MeV the monopole
contribution to the virtual photon spectrum is re-
duced from the value at 10.5 MeV by =60%.

We point out here that as the excitation energy
decreases the Woods-Saxon model predicts a pro-
nounced forward asymmetry in the angular distri-
bution data which is due to El-E2 interference.
The electrodisintegration theory and data, as noted
earlier also show this effect, but in this case how-
ever the forward peaking cannot be solely ascribed
to El-E2 interference since the EO-El interfer-
ence term is of comparable strength, while the
EO-E2 interference is essentially symmetric.

V. SUMMARY
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FIG. 5. Extracted photodisintegration cross sections

for E„&10 MeV. The solid curves are the photodisinte-
gration theory described in the text. The dashed lines
in the angular distribution data are Legendre poly-
nomial (L~,x = 5) least square fits to the data. The reso-
nance in the total cross section at E„=2.185 MeV reaches
a peak value of 24 pb.

Our electrodisintegration experiment appears to
be qualitatively consistent with an unsophisticated
~-d cluster model. Further refinements of this
cluster calculation are needed and the most ob-
vious improvement to the model, the introduction
of a spin-orbit force, should lead to better agree-
ment.

The presence of appreciable EO strength greatly
complicates the extraction of an equivalent photo-
disintegration cross section from our electrodis-
integration data since the electrodisintegration
measurement was not performed in such a manner
as to kinematically render small the monopole ef-
fects.
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