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Experiment and theory for the reaction 7Li(y, t)4He for E & SO Mev
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Differential and total cross sections for the Li(y, t) He reaction were measured. Both real and virtual
photons were used in the experiment and gave self-.consistent results. The data show a broad resonance
indicating the presence of positive parity states near 8 MeV excitation in 'Li. A calculation using an a-'H
cluster model of 'Li was also performed. Poor agreement is found between the calculation and experimental
results.

NUCLEAR REACTIONS Li(p, t) He, measured 0(E;E~, 8~) and (E;E&, 0&) calcu-
lated 3H-e cluster model cross section.

I. INTRODUCTION

i

In an earlier paper, ' we reported on the ~I i-
(@,f) He cross section at 90' and noted large dis-
crepancies in the previously published data over
the energy range E =5 to 20 MeV. Earlier ex-
periments show a large number of peaks, and the
magnitudes of the published cross sections vary
by up to two orders of magnitude. This work is
an extension of our earlier paper whereby we have
extended the maximum excitation energy to 50 MeV
and have performed an angular distribution over
the excitation interval of 5 to 15 MeV. The aim
of the experiment is essentially twofold. First, the
existence of a broad positive parity resonance(s)
having J'=-,", —,

"has been postulated to explain
the nature of the cross section for the reaction
Li(n, n) H at low energies. ' Since these states

would most likely involve F. l absorption, the n
+ T channel should be well suited to determine if
a resonance does exist;. Secondly, by measuring
an angular distribution in this energy region we
hope to ascertain if any of the known negative par-
ity T= & states that have been established are
reflected in this channel. These negative parity
states would be difficult to see in a yield curve,
but should be manifested through interference, by
an asymmetry in the angular distribution.

The bulk of the photodisintegration data reported
here is derived from the Li(e, t) He, e' reaction
using plane wave virtual photon analysis (VPA),
since distortion effects for a light nucleus such
as I.i are negligible. To check the accuracy of
the VPA, we have also taken a number of runs
with different thicknesses of Ta radiators in front
of the target to determine the real photon cross
section in the region where VPA is least trust-
worthy, namely, for excitation energies much
less than the incident electron beam energy.

II. EXPERIMENTAL PROCEDURES AND ANALYSIS

This experiment was performed using the pos-
itive ion spectrometer facility of the Saskatchewan
electron linear acc'elerator laboratory. Since
this facility has been described in detail in other
papers, ' only a brief description will be given
here.

The momentum analyzed electron beam was in-
cident on a self-supporting target foil of natural
lithium (92.4% ~Li, 'l.6% Li). The target was
obtained by rolling lithium to the desired thick-
ness. To prevent oxidation the target w'as kept in
mineral oil during fabrication and until it was
placed in the scattering chamber, at which time
it was cleaned with trichloroethylene, which in
turn was then pumped off the surface of the I.i foil
in the scattering chamber. This procedure elim-
inates problems with ' C, '5N, and ' 0 contami-
nants which could be present during the fabrica-
tion procedure.

The target thickness was determined by direct
measurement with a micrometer. The uniformity
of target thickness was checked by comparing
yields from different parts of the target. No dif-
ferences in thickness were observed at the 5%
level. In addition several I.i foils were prepared
ranging in thickness from 2-4 mg/cm . Triton
and alpha yields from these different targets
agreed to within 10'fo.

To guard against target melting which would
change the target thickness, the electron beam
current was limited to «10 p.A; furthermore, at
each incident electron energy and spectrometer
angle the first and last runs were made at the
same spectrometer magnetic field setting. Com-
parison of yields for these pairs of runs indicates
that there was no change in target thickness during
any set of runs. As a final check, a comparison of
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yields from the first runs of the experiment with
yields from the final runs was made. Both set@
of yields were for the same incident electron en-
ergy and spectrometer settings. Again no evidence
of a change in target thickness was found.

The tritons and alpha particles were detected
and identified by a magnetic spectrometer. This
spectrometer consists of five silicon surface bar-
rier detectors positioned in the focal plane of a
127 double-focusing magnet. The spectrometer
is coupled to the scattering chamber by a sliding
seal that permits measurements at any angle be-
tween 27 and 152' from the beam line. The en-
ergy calibration, energy acceptance, and solid
angle of the spectrometer were determined by the
use of 5.49 MeV n particles from an Am source.
The incident beam current was measured by a
SI AC-type nonintercepting ferrite monitor whose
response was checked against a Faraday cup and
was found to be linear and reproducible to better
than 2/&&. The total error a.ssociated with solid
angle, energy acceptance, number of target nu-
clei, and incident electron flux is &15/q, which is
primarily due to the problems associated with
fabrication of the I i foils.

To ensure that detected particles originated in
two-body disintegrations it was necessary to re-
strict excitation energies to within 6.3 (19.6) MeV
of the incident electron energy when 'He's (3H's)
were detected. Therefore, yields were obtained
for incident electron energies of 20.5, 25, 30, 35,
40, 45, and 50 MeV. The incident electron en-
ergy is determined and measured by a slit and

magnet beam handling system which has been cali-
brated by elastic electron scattering at a variety
of energies. During this experiment the slits were
set to allow an energy spread of +1/p.

The triton angular distribution data were taken
with an incident beam energy Eo = 25.0 MeV. Note
that for E„~10.6 MeV tritons could arise from the
small I i impurity in the target. To determine if
this effect was significant the 90' cross section
was measured at Eo ——20.5 MeV, which kinemat-
ically eliminates any tritons from the Li(e, t) re-
action (Q =15.791 MeV). Within the statistical
accuracy of the experiment (2 —3 /o) no differences
were observed for these two incident electrori en-
ergies. Hence the cross sections for E0=25 MeV
are taken to be solely from the Li(e, t) reaction,
and the 6Li(e, t) yield is negligible for our range
of kinematic parameters.

Furthermore, the process of insuring only two-
body breakup when the alpha particles were mea-
sured (i.e., measuring the cross section at an
excitation energy withiri 6.3 MeV of the incident
electron energy) eliminates, due to much higher
thresholds, any possibility of contaminants such

as ' C, ' N, and 0 contributing to the alpha
particle cross sections.

The pulse height spectra for the five detectors
were accumulated in five 256-channel analog to
digital converters (ADC) interfaced to a PDP 11-55
computer through cANAC. The ADt 's were gated
by the accelerator master trigger for 2 p, s at each
beam burst. Since the energy deposited in each
detector at a particular magnetic field setting is
proportional to 2'/M of the various particles in-
cident on the detectors, protons and n particles
would produce a single peak in each pulse height
spectrum. However, since the a particles stop
after passing through much less material than
that required to stop the protons and since the
sensitive depth of our detectors can be reduced by
lowering the applied bias voltage, by a judicious
choice of bias voltage it is possible to recover
the full n-particle signal while obtaining only a
small fraction of the proton signal, thus separa-
ting the n-particle and proton peaks in the pulse
height spectra.

The peaks of interest in each spectrum were
integrated to obtain the number of particles de-
tected. VYhen required, a background, obtained
by least-squares fitting a smooth curve to points
above and below the peak, was subtracted before
the integration was performed. These yields are
used to calculate first an electrodisintegration
cross section. F~rom this cross section a photo-
disintegration cross section is obtained using
virtual-photon theory. The electrodisintegration
cross section at a spectrometer angle 8 and for a
particle energy E is given by

d'o C(8,E ')

dQdE bA~ 'n, (8) dZ

where C(8,E') is the number of particles detected
per incident electron, &0 is the spectrometer
solid angle, n, (8) is the number of target nuclei
per unit area, E ' is the energy of the detected par-
ticle, ~' is the energy acceptance of the spec-
trometer, and ~ is the corresponding energy
bite at the center of the target. E was calculated
from 8 ' using the Bethe-Bloch formula and assum-
ing the detected. particle originated halfway through
the target foil. The two energy bites M and LK'
are related by (assuming dE/dx-1/E):

hE' dE
bZ dx]t dx J,

'

The subscripts f and i indicate that the energy
loss per unit length is to be evaluated at the kin-
etic energy of the detected particle at the spec-
trometer (f) and. at the center of the target (i).

The details of virtual photon analysis of electro-
disintegration data are given in Ref. 5. In brief,
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FIG. 1. Plane wave virtual-photon spectra for various
multipoles. The large E2 spectrum indicates that if E2
transitions are contributing significantly [as reflected in
the l = 4 Legendre coefficient of Eq. (4)], the extracted
photo data will be lower from what are obtained using
only an El spectrum. Our radiator measurements indi-
cate that Egl transitions do not contribute significantly to
this breakup mode and are not included in the analysis.

0.2

if a single multipolarity dominates, the photodis-
integration cross section is given by

do do 1
dQ dQdE [N(EO, E„)/E,] dE„'

where E„ is the photon energy calculated with pho-
ton kinematics, N(E„E„) is the number of virtual
photons of energy E,. for an incident electron en-
ergy of Eo, and dE/dE„ is obtained from the ex-
pression for E„:

E m, E+Q{m, -m +q/2)
m, -m~ -E +P~cos6

The target mass is m„m~ is the detected particle
mass, Q is the photodisintegration reaction thres-
hold, and P~ is the detected particle momentum;
E and 8 were defined earlier. The quantity
N(Et„E„) in Eq. (1) is multipole dependent. How-
ever, the data analysis is straightforward if one
multipole is dominant or if the data are taken near
the "tip" of the virtual-photon spectrum. This
latter case is illustrated in Fig. 1 which shows the
number of virtual photons for various multipoles.

The angular distribution data were analyzed two

(2)

where

Rg, =(EO -E„)/Eo,

g=ln—2E q(E o
-E „)

~eEy

These cross sections were then least-squares
fitted to the expression

4

v(8) =QC,P,(cos&) .
1=0

(4)

The coefficient C4 which arises from E2 transi-
tions was found to be non-negligible. Since the
number of E2 virtual photons is greater than the
number of E1 virtual photons, the analysis was
also performed by taking into account the depen-
dence of the virtual-photon spectrum upon the
multipolarity using the expressions in Ref. 5 which
includes E1, E2, and Ml rgultipoles. It was found
that the only significant change was for E„~12
MeV where the magnitude of the cross section is
lower by =15% from that obtained when Eq. (2)
was used in the analysis. The fact that we have
used a virtual-photon theory where the initial
state consists of two nuclear fragments having
relative angular momentum / =0 is not expected
to significantly alter the analysis. An arbitrary
initial state in the virtual-photon theory, the real
tially makes the cross section more isotropic. '
We find that the isotropic component in the angular
distribution is zero within the experimental error
over the energy region where a significant differ-
ence was found between the two analysis methods.

As a check on the virtual-photon theory, the real
photon cross section was measured by inserting
thin (10.6-42.4 mg/cm2) Ta radiators in front of
the Li foil. Radiator in and radiator out runs
were made and the real photo cross section was
found using formula 3BSe given in Koch a,nd Motz. '
Runs with an empty target holder were also made
to insure that tritons from the Ta foil were not
entering the spectrometer. The results of these
measurements near the low energy peak of the
cross section at E,=7.75 MeV are

v(virtual photon analysis)
c(real photon analysis)

Thus the virtual-photon analysis is valid to within
9% in this experiment.

ways. First, the photo cross sections were formed
by using in Eq. (1) the expression

c, (Rx2 + [(1+RE�)y—2R~ —-R 2]sjn2g]



2028 SKOPIK, ASAI, TOMUSIAK, AND MURPHY II 20

7
Li(y, t ) He

o —triton data

60-

rj

50-
(I
1I

lI
I40 1
I

.C)

bi~ 30-

20-

OP+/
a&

x —alpha data

cluster theory -: $0
Ref. 8

I I

I

I

I 1

xxx

'x t( ~rf
x

g ~ ~x
"-xx x

I I I I I I I~x-x.x

1

I

10- I 1

I I « I

2 6 f0 14 18 22 26 30 34 38 42 46

Ey (MeV)

FIG. 2. The 90 cross section for the (y, t) and (y, 0,')
reactions. The Li(p, t) He measurement is indicated by
the open circles, while the ~Li(y, n)3H measurement is
indicated by the crosses. The dashed line is the result
of the theory described in the text. The solid line is
only meant to guide the eye.

III. RESULTS

The 90' differential cross section

The 90' photodisintegration cross section for
. the 0. -3H breakup of ~Li is shown in. Fig. 2. For
E„&14.5 MeV, a particles mere measured, since
the magnetic spectrometer limits the maximum
triton energy to approximately 7 MeV. Also shown
in Fig. 2 is the capture data, of Griffiths et al.
Detailed balance has been used to convert their
.data to photodisintegration cross sections. While
the capture experiment was performed over a
very limited energy region, the rise of the cross
section after threshold appears to be consistent
with the lowest points measured in our experiment.

These data indicate that a broad resonance (most
probably 81 in nature) exists at approximately 7
MeV excitation in Li, having a width of =7 MeV.
The J of this resonance cannot be uniquely as-
signed, but the angular distribution data are con-
sistent with a positive parity resonance having
possible 8' values of —,', —', ,

—', (or mixtures there-
of).

In addition there is slight evidence of a smaller
but very broad state around E,= 18 MeV, with the
cross section at higher energies decreasing
smoothly with increasing photon energy.

We note that a discrepancy exists in the absolute
magnitude of our 90' cross section and that mea-
sured at Giessen' (our data are higher). While
our earlier work' which was measured at only one
angle should be renormalized by a factor of 0.85
to take into account the presence of E2 virtual
photons, as mentioned in the previous section,
the disagreement still persists and amounts to a

factor of 1.2. Since the virtual-photon-extracted
data are consistent with our real photon measure-
ments, the difference is not due to the use of VPA
but is probably related to problems connected with
fabrication of the Li targets.

Angular distribution measurements

'
We have measured the angular dependence of

tritons over an excitation range of 6 to 15 MeV in
~Li. These data were taken at seven laboratory
angles in 200 keV steps. As mentioned above,
the data were fitted to a Legendre expansion and
the quantities AC, and C ~/Cp are shown in Figs.
3 to 5. The odd terms in the Legendre fit arise
from interference of transition matrix elements
having different parity and are most likely due to
interference between E1 and E2 terms. As noted
in the introduction, several T = ~ natural parity
states have been observed in Li, and it might be
expected that these states would appear in the
angular distribution through interference effects.

The coefficients C&/Co and C3/Cp are shown in

Fig. 4. Several changes in sign of C3/Cp are ap-
parent, the first two occurring near the locations
of the ~, T=-,' states at 6.68 and 7.47 MeV. Both
C ~/Co and C3/Co change sign at E,=11 MeV. How-

ever, the only reported level at this excitation en-
ergy in Li has been assigned T =—,

' which, if pure
T =~, could not appear in this channel.

The other most notable feature of the angular
distribution data is the presence of a significant
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FIG. 3. Even Legendre coefficients found by least-
squares fitting the data to Eq. (4). The dashed line indi-
cates the E2 strength in our 0,-3H cluster model.
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The total cross section can be determined from
the angular distribution data and is given by 4mCO.

These data are shown in Fig. 5 and exhibit the
same resonance shape as was noted in the 90'
cross section. The maximum excitation energy in
this case, however, is limited by the ability of
the spectrometer to bend only tritons with E, ~ 7
MeV. If we use these data together with the 90
data shown in Fig. 2, we find that the (y, t) cross
section integrated from threshold to 50 MeV gives
8.1 MeV mb; in other words =50/o of the (y, n) or
(y,P) integrated cross section. We have also fit-
ted the low energy peak with Lorentz and Breit-
Wigner line shapes. The fits were similar with.
the Breit, -Wigner line shape giving a slightly bet-
ter X . The integrated cross section for the low

energy resonance was found to be 6.2 MeV mb,
hence VV/o of the integrated cross section for this
channel is located in the low energy resonance,
which from the Breit™%ignerfit was found to have
I'=7.2 MeV centered at F.& ——7.7 MeV.
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FIG. 4. Odd Legendre coefficients. The location of
the known negative parity states in. ~Li are indicated.
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FIG. 5. The total cross section determined from the
angular distribution data. The dashed line is the theory
divided by 30.

value of C4/Co, indicating the presence of appre-
ciable E2 absorption. Again, since interference
between a number of E2 transition matrix elements
may result in a finite value of C4/Co, little can be
said concerning the specific transition matrix
element(s) involved.

IV. THEORY

It is instructive to compare our measured cross
sections with those calculated using a simple mo-
del. The nature of the reaction considered here
suggests that an n- H cluster model be considered.
In this picture there are two particles, a triton
and an alpha particle, which interact via an as-
sumed two-body potential. The alpha and triton
are given form factors, but other than this they
are assumed to be structureless. . A remnant of
th5 Pauli principle between nucleons appears now

as a restriction on the wave function which de-
scribes the relative motion of the o. - H pair in
the ground state. In detail, this wave function
must be a 1P function (i.e., one node with I = 1) so
that we write for the ground state

I
j=-M) =

I )[IT;j =-)sy ( )]

where f„,gr) =R„,(r)Y, is the relative motion
wave function and the a and triton vectors are
written in a, standard notation. The final state
which corresponds asymptotically to relative mo-
tion of energy If K'/2p, in a Coulomb field 2e /r
is written as

where
1

R,(Kr) -K [cos6,F,(Kr) + sin5, G,(Kr)] .
Ky

To determine the bound state wave function R&&

and the continuum R,(Kr) we need to specify an
a-3H potential. We have used the Woods-Saxon
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model

V(r) = V3[1+e ' 3' ] + Vc,

where

t/'p = —52 MeV,

Rp ——2.5 fm, t = 1.5 fm,

Vc=0.72(3 —-'r ) MeV, r~ 2 fm

=2.88/r MeV, x& 2 fm.

These parameters bind the n=. 1 l =1 level by
2.45 MeV (the n-3H separation energy is 2.47 MeV)
and give a charge radius of 3.03 fm as compared
to a measured charge radius of 2.37 fm. In the
cluster model of ~Li the charge radius is deter-
mined by

2} 2 (r2) + 1 (r2} + 34 (ft }2r4dr
dp

Finally the photodisintegration cross section in-
cluding only E1 and E2 multipoles is given by

c =»~~ "-'- I&[2 If~311 I'+ 4 I~211 I'
)

+ 8 l&11 I'+ -,
'

l&31 I'],
where

M =M~+M

[2 I&31 I'+ 4 l&21 I'+ & l&l1 I'+ -', l&31 I'1
v, 4w

C2 [4 He(QOlft21 } Re(ft11ft31 }
1 1 i+ 9 2 2+

7

-2 l&21 I'+ -,
'

l&l1 I'+ —", l&31 I'],

q =E„/h'c .
The differential cross section is calculated from

c2 't
'„(oo )=oqqq ~qq("' ~[c, --',c, +-', c,j,

where

C4 ——
7 [4 Re(ft 11ft31 ) —Ift2 I2]

1 18

Notwithstanding the appearance of Bessel functions
in R«our expressions are only valid to the lowest
order inq, i.e. , B»~q . It should be pointed out
that a similar model was used by Czyz. ' The
difference is that Czyz does not invoke the pre-
scription that the ground state should have one
node.

The results of this model are shown in Figs. 2
and 5 together with the measured cross sections.
E1 transitions to the l = 2 continuum dominate the
cross section at these energies. A resonance in
the l =2 n-'H scattering at E~ -0.75 MeV causes
the large spike in o „at E„-3.25 MeV. %e find
that no reasonable adjustment of the strength V&

for the l =0 and E =2 continua could give a good
fit to the data.

V. CONCLUSION

The e-3H disintegration of ~Li was measured
using both real and virtual photons. The photo-
disintegration measurements gave results that
agreed with those extracted from the electrodis-
integration data using plane wave virtual-photon
theory.

The reaction is characterized by a large bump
in the cross section at =8 MeV excitation in Li
having a natural width of =7 MeV. There is also
slight evidence of another broad resonance cen-
tered around 18 MeV which is consistent with the
(y, n} and (n, n) results. " The integrated cross
section from threshold to 50 MeV is 8.1 MeV mb
with 77% of this strength located in the low energy
resonance.

A comparison of the data with an o. -3H cluster
model using a Woods-Saxon potential does not
give satisfactory agreement and w'e must conclude
that the data cannot be explained by such a model.
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