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Introduction 

The Fusion Materials Irradiation Test .(H-1IT) Facility (1) is 
currently being designed by the Hanford Engineering Develo~nent 
Laboratory (HEDL) at Richland, Washington, U.S.A. This facility 
will make use of the intense source of high energy neutrons pro
duced by 35 MeV deuterons incident upon a thick liquid lithium 
target in order to study radiation effects in fusion reactor 
materials. 

Accurate kno\vledge of the characteristics of such a source is 
required for design and operation. FMIT ·target design considera
tions and the approach taken to obtain the source characteristics 
are discussed in reference (2). Calculations of the neutron en
vironment for irradiation eA~eriments in H-1IT are described in. 
reference (3). Here we describe only the eA~erimental aspects 
and results of measurements of neutron yields and spectra from 
35 MeV deuterons on a thick lithium target. 

There have been several measurements made with deuterons of 
similar energies on lithium. Some of the most recent nleasure-
ments are described in references (4) and (5). In particular, the 
measurements described here are quite similar to the 40 MeV measure
ments of Saltmarsh et.al. (6). 

EArperiment 

The neutron yields and spectra were obtained using the time
of-flight teclu1ique \vith a pulsed beam. The data obtained directly 
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were the time distributions of neutrons observed by a detector 
placed far from the target. Neutrons were produced by very short 
bursts of incident deuterons. The time distribution measured \vi th 
very short equal time channels, was converted to an energy distri
bution after correction for background and electronic dead time 
losses. In addition, energy dependent corrections for detector 
efficiency and the probability for neutron loss bebveen target and 
detector were made. To obtain the neutron yield spectnnn in units 
of (neutrons/J..lC-Sr-MeV), the energy distribution \vas divided by 
the product of the solid angle (Sr) of the detector for neutrons· 
from the target and the integrated charge (J..lC) deposited in the 
target by the deuteron beam. 

The measurements were performed using deuterons accelerated by 
the isochronous cyclotron of the University of california at Davis. 
The target and detector geometry are illustrated in figure 1. The 
beam entered the experimental room through a thick concrete and 
iron \vall. It passed through a large scattering chamber before 
proceeding to the lithium target about 4 meters downstream. 

Details of the lithium target system are shown in the inset of 
figure 1. This design was used because it was desired that neutrons 
down to"" 0.5 MeV could be observed with as little perturbation as 
practic·al, caused by secondary scattering or absorption in the 
scattering chamber walls or the lithium target itself. Furthermore, 
measurements \vere desired for angles as far back as 150° with respect 
to the incident beam direction (as in fig. 1), with little structural 
material along or near the flight path from target to detector. To 
meet these goals, a very thin walled (0.025 em) stainless steel 
scattering chamber tube v.ras used which was only 2 ~54 em diamet_er 
X 30 em long. The target was a solid cylinder of 99.6% natural 
lithium which was 2 em thick and filled the tube diameter. 

The beam could be focused to a spot about 1 em in diameter on 
target. A beam defining aiJerture (0.32 em thick copper with 1.27 
em diameter hole) was placed about 0.7 meters upstream of the lithium 
to prevent a drift or halo in the beam from striking the beam tube 
or scattering chamber walls. A small fraction of the beam did hit 
the aperture itself, however, the source of background which was pro
duced was localized in space and could be measured and corrected for. 
Some of the background measurements were made when the beam \vas 
stopped in a plate made of the same material as the aperture which . 
was rotated to the same position. 

Neutrons were detected by a cylindrical NE 213 liquid scintil
lator that was 5.08 X 5.08 em diameter and coupled to an RCA 8575 
photomultiplier. The detector axis was aimed at the target center. 
The neutron flight path \vas considered to be the distance from target 
center to detector cei\ter. :Measurements were made with the detector 
placed at ru1gles of 0°, 4°, 8~, 12°, 30°, 45°, 70°,.105°, and 150° 
relative to the beam direction. 



For most angles and flight paths, all background due· to neutrons 
not coming directly from the target was measured using a cylindrical 
stainless steel shadow bar (38.1 X 6.35 on diameter) placed midway 
between the target and detector. The shadow bar was completely 
removed for foreground measurements. The target, shadow bar and 
detector \vere carefully aligned at each angle using a laser. 

The electronic circuitry provided three pulses to an on-line 
computer data acquisition system for every event detected. A time
of-flight (TOF) pulse, a pulse height pulse (PH) and a pulse shape 
discrimination pulse (PSD) \vere provided. The TOF pulse was obtained 
from the output of a time to amplitude converter (TAC) which was 
started by a fast pulse from the photo tube anode and stopped by a 
pulse derived from every other cycle of the cyclotron R.F. The 
PH pulse was derived from a photo tube dynode and \vas proportional 
to the energy deposited in the detector by ei~1er a neutron or 
gannna ray event. The PSD pulse was proportional to the rise time 
of the dynode signal and \vas used to separate neutrons from gannna 
rays. It was obtained from another TAC which was started by the 
anode pulse and stopped by a pulse corresponding to the cross-over 
time of the double-delay line shaped d)~ode pulse. The computer 
analysis program used these pulses to provide, among other things, 
separate 512 channel c~zoo ns) time of flight spectra for neutrons 
and gamma rays respectiv~ly. · 

· The integrated charge of the beam incident on the target and 
run-.to-run normalization were moni tared using a stationary neutron 
detector, similar to the main detector, that was placed about 3 
meters from the target at an angle of about 30°. Beam currents 
required to keep electronic dead time losses within acceptable 
limits were quite small, going as low as"' .002 na. A secondary 
monitor such as used here Has necessary because normal electronic 
charge integration, using the Faraday cup, \vas not .accurate for 
such low currents. The monitor was calibrated to charge units by 
comparison to the Faraday cup charge which was obtained accurately 
with-~ high beam current. 

The time structure and phase shifts of the deuteron beam pulses 
were monitored using one of the detectors in the large scatt~ring 
chamber. This was done by observation of th~ time of fl~ght of 
deuterons scattered elastically from the thin ("' 1 mg/on ) CH target 
using the technique described in reference (7). This method was 
used to monitor beam tlUl.ing and for aligning background and fore
gTound TOF spectra obtained with the main detector. 

Data and Analysis 

A long flight path was desired in order to obtain the best energy 
resolution for the highest neutron energies. Tile fractional resolu
tion (6E/E) is proportional to the uncertainty in the time of detec
tion, increases with the square root of the neutron energy, but is 
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inversely proportional to the·flight path. Flight paths as long as 
6 meters were possible in the forward direction, with 5 meters for 
70° and 105°, but only 3 meters for 150°. Fortunately, the maximum 
kinematically allo\ved neutron energy drops significantly with increa
sing angle from 49·. 84 ~1eV at 0° to 27.87 MeV at 150°. 

The uncertainty in the time of detection includes both the width 
of beam bursts and jitter and walk in electronics. It is believed 
to correspond to the width of prompt gannna flash peaks which were 
observed to have a full \vidth at half maximum (FWHM) of about 1. 5 ns. 
Using this value, the resolution for the maxiffillffi neutron energy with 
a 6 meter flight path was estimated to be li E/E"' 4.9%.(FWHM) 

With a flight path of 6 meters, the electronic discriminator 
on the neutron detector was adjusted to prevent overlap of the highest · 
and lo\vest energy neutrons detected from successive bursts and to give 
an additional time gap of about 4 ns. The same threshold was used for 
all long flight path measurements and the corresponding neutron energy 
threshold was accurately determined from each neutron TOF spectrum 
after background subtraction. The average value was found to be 9.27 
+ o. 06 r-rev. 

To obtaL1 neutron spectra at lower energies, the measurements 
were repeated for all angles using a flight path of about 0.814 meters. 
The electronic threshold for these measuremen~s was set crudely at 
about 0.17 t-~V (+ SO%) equivalent electron energy ("' one half the 
compton peak due-to annihilation radiation from a 22N gannna source.) 
The corresponding neutron energy threshold was obtaingd more accurately 
from the TOF spectra as for the long flight path measurements. The 
average was found to be 0. 90 + 0. 04 MeV. This threshold allowed a 

·rather large time gap between-the highest and lowest energy neutrons 
in the TOF spectra. · 

Backgrou::1d due to room scattered neutr.ons was measured for the 
larger emission angles using only the shadow bar technique. · Normal
ization for subtraction of this background was obtained from the 
neutron monitor. Figure 2 shmvs examples of foreground, background 
(negative) and.net spectra - note time increases from right to left. 
For fonvard angles, hmvever, the shadow bar shielded not only the 
target, but all or part of the aperture as well, hence background 
from the aperture lvas not properly measured. For the long flight path 
measurements, only angles up to 8° had this problem, whereas for the 
short flight path measurements, angles up to 30° were affected. 

To determine the background emitted from the aperture at each 
forward angle affected, separate measurements of the foreground a~d 
shadow bar background were made with the beam stopping in the plate 
which replaced the aperture. After subtraction of the shadow bar 
background (normalized with the noutron monitor), we obtained a net 
plate TOF spectrum believed to have.the same time dependence as prompt 
neutrons emitted from the aperture in the direction of the detector. 



5 

. (See figures 2B and E). This net plate spectrum. '~as subtracted 
from the net target spectllDTI (as in figure 2C and F) with normal
ization obtained by requiring zero net counts in the gap region 
after subtraction. 

In the TOF spectra, the time that the beam pulse hit the target 
(t ) is needed in order to dete~ine the time of flight as a function 
of0 channel number. TI1is is normally obtained by correcting back from 
the target gamma flash peak by the time (t ) it takes light to tra
verse the flight path. For the flight patfl measurements, however, 
this garruna flash was not obserV-ed because the energies of prompt 
gannna rays from the target were well belmv the detector threshold. 
Gamma flash peaks were observed from beam bursts hitting either the 
aperture or plate, however. The time that the beam hit the target 
(t ) was then calculated from such a peak using the knoh~ geometry, 
thg beam energy, and the velocity of light. Examples of t and t as 
well as the neutron energy scale are shown in figure 2 C 0 a:1d F. Y 

The detector efficiency was calculated as function of neutron 
energy for each of the threshold values using a version of the Stanton 
code (8) that was updated by l\·1cNaughton (9). TI1is code uses electron 
equivalent energies for threshold values. These were obtained by 
conversion of the neutron threshold energies to eqt1ivalent electron 
energies using the expression relating the equivalent light output 
given in reference 8. .An additional 15% was added to the equivalent 
electron thresholds as suggested in reference 8 for small detectors. 

The values obtained by this method '''ere 0. 20 and 5. 00 l\·1eV for 
the 0. 90 aml 9. 27 l\1eV neutron thresholds respectively. The efficien
cies calculated for these thresholds provided spectral shapes of long 
and short flight path measurements at a given angle that agreed fairly 
well in the overlap region. Furthermore, there was no systematic 
dramatic rise or fall in spectra near threshold \vhich would indicate 
a serious threshold error. It .is felt that·improved efficiency 
evaluations are needed, however, ~o improve confidence in the results. 

Tne neutron energy spectra obtained from both the short and long 
flight path measurements at a particular angle were normalized rela- · 
tive to one another over the energy range of 12.5 to 17.5 MeV. Gener
ally less than 10% differences were seen. The absolute normaliza
tion was obtained from the short f1ight path data primarily because 
background subtractions were less and, for neutron energies about 
1-2 MeV above threshold, the uncertainty in detector efficiency was 
less. The dividing energy for short and long flight path spectra \vas 
15 MeV. 

Uncertainties in the spectra are from the following sources. 
Statistical uncertainties are small except near the lowest and high
est energies in each spectra. For ~ach angle there is a separate 
normalization uncertainty that is typically about 6. 5% and is due 
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largely to uncertainty in the integrated charge. Finally·, an overall 
normalization uncertainty of 15% is estimated, due to normalization 
and relative uncertainties in the detector efficiency. 

Results 

Results of the spectral measurements have been biimed in 1 MeV 
steps for energies greater than 1 MeV and are shown in figure 3A and 
B. Data for 8° is not complete. For neutron energies less than the 
incident del)tcron energy, the data are quite similar to the 35 HeV 
data at 0° by Amols et al (10) and to the 40 ~bV data for 0° to goo 
by Saltmarsh et al (6). On the other hand, the 34 l\1eV data of Goland 
et al (11) for 0° to 20° is only about one half the magnitude of this 
data and their spectra drop sharply below· 5 MeV. · 

The bulk of our neutron yield spectra are \vell described (2) by 
the combination of a (d, n) stripping reaction contribution (which 
is very fonvard peaked and leads to the broad maximum near 14 !'>1eV) 
plus an evaporation contribution (which is more isotropic and decreases 
roughly exponentially with energy in the experimental energy range). 

For·neutron energies greater than the incident deuteron energy 
we find a shoulder in the spectra which was not shown by previous 
experimenters having similar deuteron energies. This shoulder is 

·.caused by 7 Li · (d,n) reactions \vhich populate primarily the ground and 
£irst excited states of 8Be. The yield of this stripping reaction 
pea~s somewhere in the range of 12° to 20° as seen in our data. 
These highest energy neutrons are very important for shielding con
siderations because of their deep penetration in thick walls. For 
radiation damage they are currently estimated to play only a small 
role, however, because of their low yield relative to the bulk of 
neutrons belmv 30 MeV. 

The data· shmvn in figure 3 were integrated over neutron energy 
to obtain the yield of neutrons above 1 MeV. The yield of neutrons 
above 0 MeV was estimated for each angle, by assuming the yield from 
0 to 1 ~·ieV equaled the yield from 1 to 2 MeV (a small correction). 
The results are shown in figure 4. Also shmvn is a plot of the 
product of the yield and 21T sin e. This curve shows the relative 
contribution as a function emission angle to the total neutron yield. 
By integrating this curve over angle, the total yield was found to 
be 3.0 (loll) neutrons/~C (4.8 neutrons/100 deuterons). In the ~ITT 
target design, only the yield fonvard of goo is useful. Fortunately 
about three-fourths of the neutrons or 2.2 (loll) neutrons/~C (3.5 
neutrons/100 deuterons) are produced in the fonvard hemisphere. 

Summary and Conclusions 

We have measu1·ed the thick target neutron yield spectra over a 
very large range of angles from 0° to 150° in order to provide data 
fo!· a nuclear model which will be used for predictions of the neutron 
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flux in FMIT, in particular for very small distances from the target. 
The measurements covered as wide an energy range as possible (1-50 MeV) 
and we see a significant shoulder in the spectra of neutrons having 
energies greater than the incident deuteron energy. The energy inte
grated yield of neutrons has been obtained as a ftu1ction of angle 
and also the total yield, integrated over angle. lVith simple inter
polations, the data ·can be used directly without the aid of a model 
to obtain neutron flux spectra at long distances from the source 
target. 
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