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DIFFERENTIAL CROSS SECTIONS OF THE REACTION
4He(tm)sLiBETWEEN 8.5 AND 16.5 MeV AND

THE n-cLi CROSS-SECTION STANDARD

by

M. Drosg, D. M. Drake, R. A. Hardekopf, and G. M. Hale

ABSTRACT

Dtierential cross sections of the reaction 4He(t@cLi, including some data of the fust
and second excited states of %, were measured and compared with an R-matrix
analysis of previous data in the ‘El system. Excellent agreement is observed for the
angular distribution at the 0.24-MeV resonance of n-cf.i, and the shape of the angular
distribution for 4He(t,nJ%i at 12.9 MeV is predctcd qualitatively by the R-matrix
analysis. However, for neutron energies greater than 0.5 MeV for cLl(n,t)4He the
zexo-degree excitation function is consistently lower (about 30%) in the R-matrix
analysis.

L INTRODUCTION

Discrepancies in the integrated cross section of the
reaction 6Li(n,t)4He have hampered the use of thk
reaction as a neutron standard for many years.l New
data around the 0.24-MeV resonance region2 using the
‘H a ‘@n reaction decisively improved the situation in($
this important energy region. Data of the present work
obtained by the 4He(t,n)6Li reaction cover n-6L1energies
between 0.08 and 5.4 MeV. They not only provide new
input for further R-matrix analysis of the 7LIsystem3 but
also indicate which of the previous data in this energy
range are in error.

II. EXPERIMENT

A. Overview

Differential cross =ctions of the 6Ll(n,t)4He reaction
can be obtained not only by detecting the tritons or the
a-particles, but also through the inverse reaction

4He(t,n)6Li by detecting the neutrons or the 6Li ions.
Therefore, the incoming flux of tritons or alphas can be
measured more accurately than can an incoming neutron
flux.

Detecting the 6Li ions in the reaction 3H(a$L1)n gave
accurate 0° and 180° cross-section data around the
0.25-MeV resonance.2 Because the % ions were pro-
duced in the laboratory in a narrow forward cone with a
half-angle of only a few degrees, no angular distributions
were measured.

Detecting the neutrons in the 4He@,n)6Ll reaction
allows a straightforward measurement of the angular
distributions. By taking advantage of the quasi-absolute
method, accurate absolute differential neutron cross
sections can be obtained as was shown for other
neutron-producing reactions.’ With this method, we use
a cross-section standard (preferably of the same reac-
tion) to calibrate the experimental setup. If the ex-
pximental conditions are not changed between the
calibration and the measurements, the cross-section scale
is the same in both cases. Thus most uncertainties
cancel, and accuracies greater than 270 can be achieved.s
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In the present case theaccurate OOdata of the reaction
3H(~sLi)n2 were used as cross-section standards.

Using 4He(t,n)sLi has four advantages.
(1) The projectile has less mass than the target.

Therefore neutrons are emitted even at 180° in the
laboratory and not only into a forivard cone. Only near
the threshold, that is, at neutron energies below 0.81
MeV for the n-eLi interaction, will there be a cone and,
consequently, two neutron groups at 00.

(2) The energy loss of the projectile in the window is
less for tritons than for alphas at the same center-of-mass
(cm.) energy. Also, the energy and the angular strag-
gling are less. This fact is important because good energy
resolution is needed to measure the sharp resonance (a
half-width about 80 keV in the n-sLi system).

(3) The actual purity of tritium in the target during
measurement is very difficult to determine, whereas pure
helium is cheap and readily available. This point is
important only when additional cross-section standards
from other reactions [for example, 2H(d,n)3He] are used.

(4) The O“-reference cross sections have smaUer un-
certainties than the 180° vaiues.2 The latter must be used
for the 3H(c@cLi reaction.

B. Setup

The triton beam from the tandem Van de Graaff at
Los Alamos National Laboratory was bunched to bursts
of about a l-ns time spread with a frequency of 0.625
MHz and a typical average beam current of 10-*A. The
helium gas, with an areai density of 0.41 mg/cm2, was
kept in a 2-cm-long gas ceil with an entrance window of
5.4-mg/cm2 molybdenum and a gold beam stop. Because
of the low beam current, the target was cooled only by
an air jet. The pressure in the target and the room
temperature were recorded continuously, and the beam
current was integrated by a precision digital current
integrator.

Neutrons were detected by conventional time-of-flight
techniques. See Ref. 6 for information on the detector, its
bias setting, and its eficiency.

C. Procedure

A target thickness of 0.41 mg/cm2 was chosen so the
total energy spread (FWHM) at Et = 8.753 MeV (at the
0.24-MeV resonance for n-sLi) was 92 keV, which is less
than the half-width of the resonance (O.12 MeV). At the

highest energy (16.5 MeV), the spread was reduced to 74
keV.

Neutron background from the triton interaction with
the entrance foil and the beam stop becomes serious at
higher energies. However, this background changes
slowly with energy or angle. Therefore, its shape under
the neutron line can be determined reliably from neigh-
boring energies and angles, and background can be
extracted even for poor signal-to-background ratios
caused by the thin target.

The data were taken with two biases simultaneously,
namely 1 x Am (Ref. 6)—about 0.3 MeV of proton
energy—and 1 x Cs (Ref. 6)—about 2 MeV of proton
energy. At the higher neutron energies, this method
allows a cross-check on the stability of the pulse-height
analysis.

Because of the low beam current, beam heating was
negligible (less than 0.3 Vo). The deadtime was de-
termined by counting those bursts during which the
detector system was busy.

The six data points across the resonance of the 0°
excitation function and recent charged-particle data2
were used for the absolute calibration of the setup, For
this purpose the data were corrected for the energy
spread and for effects of the geometrical opening angle
on the effective neutron detector eficiency and on the
Laboratory-to-c.m. conversion.

111. RESULTS AND DISCUSSION

A. Differential Cross Sections for Neutron Production
from the Ground State

For comparison with other work and for nor-
malization to the cross-section standard, we have con-
verted our results from laboratory differential cross
sections for the reaction 4He(t@eLi at 0 = 0° ~able I) to
cm. differential cross sections for the 6Ll(n,t)4He reac-
tion at the same angle (Fig. 1). The agreement in shape
with the data of Brown et al.z across the resonance is
excellent. The data of Overley, Sealock, and Ehlers7 were
up-scaled by 13V0. The data of Rosario-Garcia and
Benensona were down-scaled by 29.5% to agree in scale.
l%us the shape of the present excitation function is
verified in those two parts. Around 3 MeV the 9.67- and
9.9-MeV levels of 7Li seem to produce some structure in
the excitation function, although our data cannot resolve
it. Not shown is the prediction of an R-matrix anaiysis3

.

c-
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TABLE I. ZERO-DEGREE LABORATORY CROSS SECTIONS
OF THE REACTION 4He(t@%i

4He(t,nJbLi 4He(t,nJbLi* 4He(t~J%**

Error Error Error
(M?V) (mjsr) (%) (m;/sr) (%) (m~sr) (%)

8.511 31.7 2.5
8.628 66.9 3.3
8.708 159 3.1
8.747 242 2.8
8.786 193 2.6
8.979 50.0 2.1
9.137 38.8 1.9
9.288 33.3 2.0

10.488 28.8 1.6
12.888 21.9 4.7 39.6 1.9
13.487 24.9 5.8 45.3 4.9
14.986 27.1 5.7 62.2 3.7 4.0 75
16.457 31.6 8.6 65.2 7.3

I I I { I I 1 11Ii I I I I 1 1 I

0.5 ● 6Li (n, t)4He
,“ “t

● PRESENT WORK
■ BR 77

● m ● FROM RO 77

0.2

n

— FROM OV 74

.“

m

o. I ~=

0.05

MeV. At 8.747 MeV the neutrons are restricted into a
forward cone. The neutron groups from backward cm.
angles are not energetic enough to be recorded in the
present experiment. Therefore, only forward-angle data
were obtained. The curve in Fig. 2 is an R-matrix
prediction that does not include the present data. The
agreement is very good, despite a systematic difference in
the shape. The ratio of the predicted to the measured
cross sections haa a tilt of 3% per 40° cm. The angular
distribution at 12,888 MeV (Fig. 3) corresponds to the

b
w t \ j 2.992-MeV distribution for n-6Li.

t

of

0.02

t

1

0.01 I ; , J2 [ 1 I 1 1 t 1I I 1 1 I 1 I 1 1I
0.5 2 5 10

En (M:V)

Fig. L Zero-degree excitation function for 6Li(n,t)4He.The full
lines are the scale-adjusteddata of Ref. 7; the crosses are those
of Ref. 8.

the 7Li system, which is lower by typically 30% for
energies above 0.5 MeV.

Table II summarizes the
ditYerential cross section at

angular dependence of the
8.747, 12.888, and 16.457

Figure 4 gives the angular distributions at 16.457
MeV, which correspond to 5.367 MeV for n-b Li. The
R-matrix analysis does not extend to that energy.
However, the data of Rosario-Garcia and Benenson8 at
practically the same energy (5.24 vs 5.37 MeV) agree
very well with the present distribution, if their largest
angle is excluded and the same scaling factor is applied
as for the 0° excitation function.

B. Differential Cross Sections for
from Excited States

Neutron Production

Table 111gives the differential cross sections for the
reaction 4He(tn1)bLi* (2.185 MeV) at 12.888 and 16.457

MeV and two data points for 4He(t,nJ6Li** (3.562 MeV)
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TABLE II. ANGULAR DISTRIBUTIONS FOR THE REACTION
4He@O)cLi

E, = 8.747 MeV Et= 12.888 MeV Et = 16.457 MeV

Q~a~ ~~b Error
~~) (;byr) ~%~ (deg) (mb/sr) (%) ~gj (;ti;r) ~%~

o 242 2.8 0.1 21.9 4.7
3.6 235 3.0 10.0 20.5 5.1
7.3 223 2.9 20.0 21.0 4.4

10.9 199 3.0 30.0 20.1 3.8
14.4 173 29 40.0 18.3 5.0
17.8 146 3.0 60.0 10.3 5.1
21.1 123 2.9 80.0 5.2 11.6
24.3 98 3.4 99.2 2.9 11.1
27.2 84 “ 3.7 120.0 2.3 12.2
29.9 85 6.2

0.2
10.O
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0
120.0
140.0

31.5
28.7
22.5
15.5
11.9
8.1
9.2
6.9
4.0
3.2
2.8
2.6
0.8

8.6
10.9
9,3
8.0
6.7

11.3
9.7
7.4
9.7

17.3
20.2
24

78

I 1 I 1 I I ! I I 1 1 I I 1 I I 1
40 - – (700)

4He (t, n)6Li AT 8.747 MeV – (600)

xi (6Li (n, t)4He AT 0.236 MeV) - (500)

– (400)

20 -

10-

- (loo)
I ! t I I I I 1 1 I I I I I 1

50
[ I

30 60 90 120 150 1s0

Fig. 2. Angular distribution at 8.747 MeV for 4He(t,n)’Li[at
0.236 MeV for “L~n,t)4He]. The curve is the R-matrix
prediction; the right scale.is for n-%.

at the higher energy. There are no published data for
those reactions. The R-matrix analysis3 predicts the
salient features at 12.888 MeV: the cross section is
peaked at 90° (where even the absolute value is in good
agreement). However, the measured 0° value is ap-
preciably higher.

F’
I

20
I I I I I I

30 60 90 120 1S) 180

8C~(deg)

Fig. 3. Angular distributions at 12.888 MeV for 4He@rJ6Li
end 4H@,nJ%i.* The fuUcurve for nois meant only to guide
the eye. The full curve for n, is the R-matrix prediction.

C. Integrated Cross Sections

The discrepancies among the integrated cross sections
greater than about 1 MeV (for n-cLi) are approximately
+25Y01. Extrapolation of the present data to 180° cm.
does not contribute a large uncertainty to the integrated

r-
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20–

4He (t, nx)

“1
AT 16.457 MeV

10 -

no

5 1

% :

\ /’

‘\
\

J1

F%. 4. Angular distributions at 16.457 MeV for 4He(@JcLi
and 4He(@t)Li.0The curves are meant only to guide the eye.

cross sections; at 12.888 MeV we obtain for 4He(t,n)sLi
89 + 4 mb/sr and for4He(t,n)GLi*217 + 22 mb/sr. The
cross section for the ground state group agrees very well
with the recent measurement of Macklin, Ingle, and
Harperin9 and even with the older data of Murray and
Schmitt’” and Ribe.” The sum of both cross sections is
lower by 19% than that given by Spiger and Tombrello’2
but within their error of 30Y0.

- At 16.457 MeV the integrated cross sections are 74 ~
6 mb/sr for 4He(@)% and 121 ~ 5 mb/sr for
4He(t@)GLi.*For the ground state reaction Murray and
Schmitt10 obtained 63 + 6 mb/sr.

D. Energy Uncertainties

From the beginning we intended to use the data of
Brown et al.,z not only for the cross-section calibration
but also for the energy calibration. Therefore, no special
calibration of the tandem was needed. Using its nominal
energy and the tabulated energy 10SS’3in the entrance
window and in half the helium gas, nominal reaction
energies were obtained. By matching our 0° excitation
function with that of Brown et al.,z we found that our
nominal energy was high by 12 + 1.5 keV. Consequent-
ly, we reduced our energies by 12 keV. Because the
matching could be done with little uncertainty, our
energy scale (near the resonance) has the same uncer-
tainty as that of our reference, namely +3 keV for n-sLl.
For both the energy and the scale adjustment, a knowl-
edge of the energy spread for the energies in the
resonance region is important. Whereas the energy
straggling in the entrance foil was treated in the Gaussian
approximation as in Ref. 2, the target thickness was
calculated from the energy loss of the triton beam in the

TABLE III. ANGULAR DISTRIBUTIONS FOR THE REACTIONS
4He(tm,)sLi* and 4He(@2)sLi**

E, = 12.888 MeV E, = 16.457 MeV n,

(&~ (Jti;r) ~~ ~gj (n&) ~%~ (n&!&) ~~

0.1 39.6 1.9 0.2 65.6 7.3
10.0 59.2 3.3 10.0 57.8 5.0 6.3 68
20.0 103 2.8 20.0 40.6 6.1’ 6.7 36
30.0 142 2.7 30.0 27.6 7.3

40.0 22.6 6.4
50.0 17.5 15.0
60.0 16.3 6.3
70.0 12.8 5.9
80.0 7.9 6.8
90.0 3.9 16.2

100.0 1.8 28
120.0 0.7 45

5



helium gas. Because the resonance is sharp, the correc-
tion for finite energy spread is sensitive to the target
thickness. We found that the energy-loss tables of
Northcliffe and Schilling14give energy losses that are too
high for tritons in helium. The correctness of the values
actually used13was indirectly proved by the fact that all
six data points across the resonance are matched simul-
taneously after correction.

E. Corrections and Errors

The data were corrected for deadtime losses, for the
finite energy resolution (around the resonance), and for
the effect of the geometrical opening angle on the
Laboratory-to-c.m. conversion and on the effective
energy of the neutrons entering the detector.

The errors shown with the data include statistical
errors, background subtraction uncertainties, and uncer-
tainties in the corrections. Also, for neutron energies less
than twice the bias energy, a neutron detection efficiency
error was included. Above that energy the error in the
shape of the (relative) eflciency curve was assumed to be
about 2% per 10-MeV energy difference and was not

included.
The scale errors are 1.6% at the resonance, 2.39’oat

12.9 MeV, and 2.6’3foat 16.5 MeV. They include the
0.6% error of the reference, an adjustment error of 1.6Y0,
and a contribution from the efllciency curve. In addition,
the errors of the integrated cross sections include the
uncertainty in the extrapolation to 180°.

F. Comparison with R-Matrix Calculations

The new data provide valuable input for the R-matrix
analysis of the ‘L1 system. Several interesting points
already are evident when the measurements are com-
pared to existing R-matrix calculations.3

As mentioned previously, the validity of the measure-
ments and the calculations near the En = 0.24-MeV
resonance is reinforced by their agreement, both in shape
and magnitude, at Et = 8.747 (Fig. 2). The normalization
of the present measurements corresponds to the higher
values seen near the peak of the resonance in recent
direct measurements of the cLl(n,t)4He integrated cross
section.9”13The large dkagreements between the calcu-
lated and measured 0° cLi(n,t)4He cross sections at

energies greater than 0.5 MeV indicate a shape problem,
which, considering the accord of the measurements,
probably can be attributed to incorrect interference with
levels above the resonance in the calculations. Shape
problems in the calculated 4He(t,n)6Li angular distribu- \
tions may persist to En -3 MeV (~ = 12.888 MeV),
where the experimental indications conflict.

The qualitative agreement between the calculated and P

measured 4He(t,n,)cLl* cross sections at Et = 12.888
MeV (Fig. 3) confums the dominance in the J“ =
7/2-resonance at E, = 9.67 MeV in 7Liof the 2F(t)-sP(nl)
transition. This dominance leads to a characteristic -
-Pz(cos (3)dependence on cm. scattering angle 9 that had
also been indicated in earlier (3He,Pj) measurements of
Spiger and Tombrello.12 The differences between the
calculations and the measurements at small angles
indicate that a small admixture of the 6P(n1) state is
required in the J“ = 7/2- level.

IV. CONCLUSIONS

Measurements of the differential cross sections of the
reaction 4He(t,n~ can contribute valuable information
about the 7Li system and the cLi(n,t)4He cross-section
standard. Resolution of the structure in the cross section
between about Et = 2 MeV and Et = 5 MeV requires
smaller steps in energy than those used in this experi-
ment. The target thickness, which limits the energy
resolution, should be increased as much as possible to
improve the signal-to-background ratio. Then, by using
the present technique, data with typically 3V0uncertain-
ties should be attainable even at the higher energies.
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