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ABSTRACT 

Accurate knowledge of the neutron source character
istics from 35 MeV deuterons on a target of thick lithium 
were needed to support design and operation of the Fusion 
Materials Irradiation Test (FMIT) facility. 

To meet this need, measurements were performed using 
a 35 MeV deuteron beam from the isochronous cyclotron at 
the· University of California at Davis. Data were obtain
ed usirtg the time-of-flight technique with an NE213 liquid 
scintillator. One set of measurements was used to observe 
the neutron spectrum from~ 1 MeV to~ 50 MeV, the maxi
mum kinematically allowed energy. Observation angles were 
from 0° to 150° with emphasis on forward angles. Spectral 
data below~ 1.5 MeV had poor accuracy. It was felt that 
a significant fraction of the neutron yield might lie at 
still lower energies, therefore a second set of measure
ments was performed to investigate the spectra to as low 
an energy as possible. Additional measurements were per
formed with a target enriched in the isotope 6Li replac
ing the natural lithium target used in previous measure
ments. The main advantage of a 6Li target is that the 
maximum kinematically allowed neutron energy is only about 
38 MeV, hence reducing shielding requirements. The experi
ments, preliminary results, and future needs will b~ des
cribed. 



INTRODUCTION 

The needs for data concerning the neutron source character
istics for 35 MeV deuterons on thick lithium for the FMIT facility 
arose primarily because there had been few prior measurernents'with 
similar goals in mind. Most previous measurements were done with 
different deuteron energies, and the neutron spectra were observed 
primarily at or.near 0° with respect to the direction of the inci
dent beam. Furthermore, many measurements did not observe the 
neut~on spectrum below~ 3 - 10 MeV. 

The experiments described here were undertaken with the objec
tives to: 

(1) Provide as complete a data set as possible for calculations 
that make· direct use of spectra and yields obtained at a dis
tance from the target. Examples of these calculations are 
shielding, activation, and radiation heating in walls some
what distant from the source. 

(2) To obtain thick target data of sufficient quantity and qual
ity that it would aid in an evaluation of the thin target 
differential neutron production cross section as a function 
of deuteron energy. This was needed for calculations of the 
neutron flux-spectra at positions very close to the target 
in the FMIT test cell. The evaluation is described in refer
ence [1]. 

Measurements Emphasizing Neutron·Ertergies ·creater than 1.5 MeV 

Measurements of the neutron spectra and yields were made 
using a beam of 35 MeV deuterons from the isochronous cyclotron 
at the University of California at Davis. Neutrons were observed 
with the time-of-flight technique using an NE213 liquid scintill
ator that was 2" x 2". The experiment has been described else
where [2] so only the results will be shown here. Figure 1 shows 
the spectral results of measurements for neutron emission angles 
0°, 4°, 12°, 20°, 30°, 45°, 70°, 105°, and 150° in the lab. 

The results of spectral measurements have been binned in 1 
MeV steps for energies greater than 1 MeV, as shown in Figure 1. 
Displayin:g the data both linearly and logarithmically illustrates 
different features of the data. 

In the linear plot, one sees.a strong peak at 0° with a maxi
mum between 13 and 14 MeV and a full width. at half maximum of about 
14 MeV. The magnitude of the neutrons observed decreases rapidly 
with increasing angle and the spectral shape. changes into one that 
falls monotonically with increasing neutron energy. Some evidence 
for a peak or·inflection in the vicinity of 14 MeV may be seen in 

• 0 
spectra for angles perhaps as large as 45 . 

There are very few neutrons emitted at any angle with energies 
greater than about 30 MeV, although.the maximum kinematically 
allowed neutron energy is as large as about 50 MeV for forward 
angles. From the observed spectra, one would expect the bulk of 



damage in experimental materials in FMIT to be due to neutrons 
less than about 30 MeV with most of it from neutrons within about 
+ 10 MeV of the 14 MeV peak. 

For the portion of the spectra less than about 30 MeV, the 
data shown in Figure 1 are quite similar to the 35 MeV data at 
0° of Arnols, et al,[3] and to the 40 MeV data for 0° to 90° of 
Saltmarsh, et al, [4]. On the other hand, the 34 MeV data of 
Goland, et al, [5] for 0° to 20° are only about half the magni
tude of these data and their spectra drop sharply below 5 MeV. 

The interpretation of the data below about 30 MeV is that it 
is composed of a component due to the deuteron breakup reaction 
plus a component resulting from formation of a compound nucleus 
followed by statistical evaporation. 

The breakup contribution results from the breakup of the 
weakly bound deuteron in the field of a lithium nucleus with the 
neutron continuing on with essentially the same velocity and dir
ection as the incident deuteron. Neutrons from breakup are very 
forward peaked and have energies in the forward direction that 
are about half that of the deuteron which broke up. The breakup 
reaction can be described by the classical Serber model [6]. 

There is also evidence, as shown in Figure 1, for another 
component that can be viewed as the result of statistical evap
oration. For this component, one would expect a more isotropic 
angular distribution and spectra that decrease monotonically 
with increasing neutron energy, similar to observation at large 
angles. 

In the logarithmic plot in Figure 1, the features of the 
spectra of neutrons above 30 MeV become apparent. Here one sees 
a shoulder in forward angle spectra which extends as high as 50 
MeV near 0°. This shoulder has not been previously observed for 
deuterons of similar incident energy. Although there are very 
few of these high energy neutrons compared to those below about 
30 MeV, they are very important for shielding considerations 
because of their deep penetration in thick walls. The highest 
energy neutrons in the spectra dominate the dose received through 
a thick wall of ordinary or high density concrete and the bulk 
of the neutrons below 20-30 MeV have much less effect. This is 
described in more detail by Carter and Morford [7]. 

The shoulder is caused specifically by 7Li(d,n) 8Be stripping 
reactions which populate primarily the ground and first excited 
states of 8Be. The ~0 MeV neutrons come only from the 7Li(d,n0 ) 

8Be reaction to the ground state (Q-value about + 15 MeV) with 
35 MeV deuterons. · 

There are several features of the data above 30 MeV that 
indicate that it can probably be accounted for with well known 
deuterons stripping theories such as DWBA~ 

First, in such a view one would expect that transitions to 
the broad 2+ first excited state at an excitation energy of 2.94 
MeV would be about 3 times as strong as transitions to the 0+ 
ground state. Spectroscopic factors for transitions to each state 
are known from shell model calculations to be comparable in magni· 



tude, but angular momentum considerations would lead to ~ 9re
dominance of·traii.sitions to the 2+ state. This predominance 
probably leads to the roll off in the shoulder that is seen for 
neutron energies above about 45 MeV. 

Another feature is the relatively constant value of the yield 
at a particular forward angle over a wide range of neutron ener-·· 
g1es. One would expect such a result for high energy deuterons 
where direct reactions are dominant and the stripping cross section 
is proportional to the (constant) spectroscopic factor that is 
involved. The flat spectrum occurs because one gets contributions 
from all deuteron energies as they slow down in the lithium. 

Finally, the magnitude of the yield of shoulder neutrons peaks 
somewhere between about 12° and 20°. This is consistent with the 
angular distribution expected for the stripping of p-wave nucleons. 
For such a reaction, one expects a small yield at 0°, a large peak 
in yield at a forward angle, and a small oscillating cross section 
for larger angies. 

The total neutron yield as a function of angle was obtained 
by integrating each of the spectra in Figure 1 over neutron ener
gy from 1 to 50 MeV. Then, to obtain the total neutron yield for 
neutrons of all energies, it was assumed at each angle that the 
unobserved yield from 0 to 1 MeV was equal to the yield measured 
from 1 to 2 MeV. The total yield is shown as a function of emis
sion angle in Figure 2 and numerical values are shown in Table 1 
for yields above 1 MeV and 0 MeV respectively. Also shown in 
Figure 2 is the product of the yield times 2 TI Sin 0 which is pro
portional to the element of solid angle for neutrons emitted with
in an increment d0 about the emission angle 0. The second curve ' 
shows the contribution of neutrons emitted in the direction 0 to 
the total neutron yield. 

By integrating the second curve in Figure 2 over angle, the 
total neutron yield was found to be 3.0 (loll) neutrons/~c. This 
is an enormous conversion of deuterons to neutrons, which corres
ponds to 4.8 neutrons emitted for every 100 incident deuterons. 
In the FMIT target design, only the yield forward of 90° is use
ful for irradiation experiments. Fortunately, about three-fourths 
of the neutrons are emitted in the forward hemisphere... The yield 
of these neutrons correspon?s to 2.2 (loll) _neutrons/~c or 3.5 
neutrons per 100 incident deuterons. 

In FMIT, the most important experimental samples will be 
placed as close as possible to the target in order to experience 
the maximum neutron flux. Therefore, due to the spread in the 
beam, they will also be exposed to neutrons emitted at all angles 
up to about 90° relative to the beam direction. One notes that, 
although the measured yield in Figure 2 is very strongly forward 
peaked, the distribution as a function of 0 is very broad with 
about half the neutrons emitted between ·about ~0° and 70°. 

The significance of this broad emission is that samples close 
to the target in FMIT will be exposed to much softer neutron 
spectra than might be anticipated. This is because the neutron 
emission spectra soften quite a bit as a function of angle as seen 



in Figure 1. Figure 3 shows the average energy of neutrons emit~ 
ted above 0 MeV as a function of angle. Numerical values are 
given in Table 1 for neutrons emitted above 1 MeV and 0 MeV res
pectively. Using these data, it was found that the average energy 
of all neutrons emitted above 0 MeV was only about 7.3 MeV. Neu
trons emitted in the forward hemisphere have a slightly higher 
average energy of about 8.1 MeV. Hence one should expect a soft 
spectrum for positions very close to the target. This effective 
softening at close positions has been observed experimentally for 
neutrons from 30 MeV deuterons on thick beryllium by Nethaway, et 
al, [8]. · 

Another significant point is that the yield of neutrons be
tween 0 and 1 MeV is more important than one would think at first 
glance in evaluating the total yield of neutrons. It can be seen 
in Figure 1 and Table 1 that the fractional contribution to the 
yield at each angle due to neutrons from 0 to 1 MeV increases with 
angle. For the data here, the contribution varies from~ 3% at 0° 
to~ 27% at 150°. Hence there is a need to better understand the 
yield and spectra of neutrons emitted at such low energies in 
order to determine the total number of neutrons emitted with bet
ter accuracy. The first set of measurement had a neutron thresh
old of~ 0.9 MeV, however, data were of poor quality below~ 1.5 
MeV. A second set of measurements was undertaken to extend the 
observation to lower energies. 

Measurements Emphasizing Neutron Energies Less Than 1. 5 MeV 

Measurements were repeated with a neutron threshold set at 
~ 0. 4 MeV and good ·quality data was obtained down to about 0. 7 
MeV. All angles between 4° and 70° (where most of the neutrons 
are emitted) were remeasured. Figure 4 compares preliminary 
results from the new data at 45° to the previous data. Note the 
scatter in the older data below about 1.5 MeV, which indicates 
increasing uncertainties (not shown in Figure 4). The newer data 
does not start to scatter in a similar fashion until below about 
0.7 MeV. Similar gradual trends were noted in the spectra ·for 
the other angles. 

The significance of these preliminary results is that one can 
say that the previous estimates of the yield from 0 to 1 MeV were 
not grossly"in error. There are no sharp rises or falls in the 
spectra as far as we have been able to observe. When analyses of 
these data are complete, they will be incorporated with the pre
vious data to provide improved values of the yield and spectra as 
a function of angle. We have not observed a turnover in the spec
tra at very low energies which we believe should be observable. 
This must await future experimenters. 

Measurements with a 6Li Target 

Another aspect of the data shown in Figure 1 was the presence 
of neutrons up to 50 MeV in the spectra. Although only about 1% 



of the neutrons emitted have energies greater than 30 MeV, these 
are the most penetrating in thick concrete shields and the higher 
the energy, the greater the penetration. 6 There was an incentive to use a target of Li, since the maxi
mum kinematically allowed neutron energy would be only 38 MeV. 
The significant question was whether or not there would be a simi
lar number of neutrons emitted from 35 MeV deuterons on 6Li com
pared to natural lithium ( ~ 92.5% 7Li). 

Measurements were conducted during the experiment to measure 
the very low energy neutrons by simply switching targets and keep
ing everything else the same. Spectral data were obtained for 
angles of 30° and 45° where one expects large contributions to 
the total neutron yield as shown in Figure 2. These data have· 
not been completely analyzed; however, preliminary ~esults indi
cate that at these angles, the neutron yield is ~ 30% less than 
that from natural lithium. It therefore appears that 6Li will 
not be a practical target for the FMIT facility. 

Future. Plans and Needs 

There are plans to complete analysis and document these 
results in the near future. 

One area that we are looking into is the calculation qf the 
angular distributions of the 7Li(d,n0 and n1)8Be reactions so 
that interpolation between angles of the high energy shoulder 
(as in Figure 1) due to these reactions can be improved. 

Another area that is of interest is the measurement of thin 
target neutron yields and spectra for deuterons up to 35 MeV on 
lithium. This will improve our ability to predict the neutron 
flux-spectra at.positions very close to the target in the FMIT 
test cell. 

t Present ·address: Physics Department, Kent State University, 
Kent, Ohio 44242. 

* Present address: Physics Department, Humboldt State University, 
Arcata, California 95521. 



Table I 

NEliTRON YIELI15 AND ENERGY PARAMETERS OBTAINED FR<J.1 MEASUREMENTS 

OF 35 MeV DEI.ITERONS ON 1HICK LI1HIUM 

E > 1 MeV E > 0 MeV 

Angle Yield Tot. Energy Avg. Energy Yield Tot. Energy Avg. Energy 
(Degrees) (nh.~c-Sr) (MeV/llc-Sr) (MeV/ri) (n/llc-Sr) (MeV/llc-Sr) (MeV/n) 

0 2.43(1011) 3.05(1012) 12.56 2.SO(l011) 3.05(1012) 12.21 

4 2.08(1011) 2. 73(1012) 13.09 2.14(1011) 2.73(1012) 12.75 

12 1.20(1011) 1.48(1012) 12.28 1.26(1011) 1.48(1012) 11.74 

20 7 .13(1010) 8.04(1011) 11.27 7.66(1010) 8.06(1011) 10.52 

30 5. 07 (1010) 4.93(1011) 9. 71 5.51(1010) 4.95(1011) 8.98 

45 3.11(1010) 2.48(1011) 7.97 3.52(1010) 2.50(1011) 7.10 

70 1.85(1010) 1.19(1011) 6.42 2.12(1010) 1.20(1011) 5.66 

105 1.31(1010) 7.79(1010) 5.95 1.51(1010) 7.89(1010) 5.21 

150 6.45(109) 2.85(1010) 4.42 8.19(109) 2.94(1010) 3.59 
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Figure 1. 

Measured neutron yield spectra as a function of emission angle 
in the laboratory for 35 MeV deuterons on thick natural lithium. 
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Figure 2. 

Yield of neutrons greater than 0 MeV as a function of 
emission angle in the laboratory for 35 MeV deuterons 
on thick natural lithium. The curve of the product of 
yield. and 2TI Sin e shows the relative contribution of 
neutrons emitted at various angles to the total yield. 
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Figure 4. 

Measured low energy pori::ion of··the neutron yield spectrum 
at· 45 ° from 35 MeV deuterons on thick natural lithium. Dots 
(crosses) correspond to measurements ·with a neutron detector 
threshold of 0.9 MeV (0.4 MeV). Uncertainties are not shown 
for·the dots but can be inferred from the scatter of nearby 

data points. 


