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1 Introduction

Fusion reactors utilize the reaction of deuterium and tritium to produce
helium-4 and a 14 MeV neutron:

D + T ! n + � Q = 17:6MeV (1)

Tritium is a radioactive hydrogen isotope with a half-life of 12.3 years.
Because of the short half-life, there is virtually no tritium occurring natu-
rally on the earth. In order to assure a supply of tritium for use in fusion
plasma, fusion reactors must breed their own tritium from other elements.
The simplest way to make tritium is to utilize the fast neutron from the D-T
fusion reaction to cause an (n,a) reaction in either of the lithium isotopes:

6
3Li + n ! 4

2He +3
1 H Q = +4:8MeV (2)
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7
3Li + n ! 4

2He +3
1 H + n′ Q = �2:4MeV (3)

The positive-Q 6Li reaction is best because it significantly increases the
energy release per fusion reaction: with the 17.6 MeV release from a D-T
fusion, the total release per fusion in a closed cycle with 6Li as a breeding
medium is 22.4 MeV. However, the tritium burnup per fusion is exactly 1,
and the tritium production by Eq (2) is exactly 1. Even a miniscule loss
of tritium in the fuel cycle will eventually deplete the tritium inventory.
With 7Li however, the situation is improved, since the reaction regenerates a
neutron, although it is at lower energy than the original neutron. Reaction
(3) has a threshold energy of several MeV, and therefore cannot cascade onto
itself more than twice. Reaction (2), like all positive-Q neutron absorption
reactions, has a 1=v cross section and proceeds best with slow neutrons.

Hence the two reactions are symbiotic and the combination is similar to
fission events in a combination of 235U and 238U. 7Li is the analog of 238U and
is the ”fast-fission” source, and 6Li corresponds to 235U and ”fissions” with
slow neutrons. Unlike the uranium reactions, however, the average neutron
yield of natural lithium (6.7% 6Li) is less than one, and there is no chance
of a self-sustaining reaction without the support of the neutrons from the
fusion process. By an almost unbelievable coincidence, tritium production in
fusion blankets is optimized at a 6Li/7Li ratio of almost exactly that found
in natural lithium. Therefore there is little need to do isotope separation for
the lithium in fusion blankets.

Deuterium is extremely abundant ( one part in 6500 of natural hydrogen
in sea water, and a piece of cake to separate from protium), and tritium can
be made from the lithium. But in the final analysis, it is lithium that is
the fuel of fusion reactors. The lithium reserves that are easily recoverable
as Li2O constitute the real limit to the total amount of energy that can
be extracted from natural resources by D-T fusion. No wonder that the
voyagers on Star Trek were always looking for “dilithium crystals” ! The
following experiment investigates the properties of the interaction of 14-MeV
fusion neutrons with a simulated fusion blanket made of isotopic ally pure
6Li encapsulated in a stainless steel annular hemisphere. The neutrons are
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detected using a liquid scintillation counter. The neutron flux and energy
distribution are determined at various positions around the “blanket”. The
effects of a metallic lead neutron multiplier is demonstrated, and the gamma
spectrum in the blanket environment is determined.

2 Description of the neutron generator

As the deuterium and tritium are both positively charged nuclei, the fusion
reaction requires that the relative velocity between the reactants be quite
high, unlike the case with fission, which can work with slow, uncharged neu-
trons. The Texas Nuclear TC- 150 neutron generator produces deuteron
energies up to 150 keV. Figure 1 shows a schematic of the experimental
setup.

Figure 1: Schematic of the neutron generator.

Deuterons are accelerated by a uniform electric field along a straight-line
path from the source to the target. Acceleration is provided by a series of
metal rings installed in a ceramic drift tube. Each ring is biased at a progres-
sively lower voltage from the source to the target. (For safety reasons, the
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target area, which includes the vacuum pumps, etc. is at ground potential,
and the source is at elevated voltage. ) The bias network is a resistive ladder
network attached adjacent to the drift tube. There is only one high voltage
power supply for the machine, and it provides 150 kilovolts DC.

The RF- driven plasma source is similar to the one used in the F1 ex-
periment. The magnetic bias field is applied with a small solenoid. The field
thus points along the axis of the machine, and so is not a multipole field like
that in the F1 experiment. Nevertheless, the means of plasma generation
is the same: a small UHF oscillator provides a low-density plasma for the
generation of deuterium ions.

The deuterium feed is not a simple valve, however, as in the F1 ex-
periment: rather, it is a palladium leak valve. This valve consists of an
electrically-heated palladium metal barrier to upstream D2 gas. As the pal-
ladium heats up, deuterium permeates through it. The amount of deuterium
that is then leaked into the source zone is thus controlled by adjusting the
temperature of the palladium leak . Deuterons are extracted from the plasma
source region by passage through a series of grids and electrodes along the
beam path before the D+ ions enter the high-gradient field area in the drift
tube. The purpose of these grids is to focus the beam and to suppress any
electrons from the drift-tube region from being accelerated in the reverse di-
rection through the focusing grids. Another purpose of these electrodes is to
minimize the passage of gas into the drift-tube region, which must operate
at a much lower pressure than the source region to prevent electrical break-
down. Thus one of these electrodes has a ”salt-shaker” design, with small
holes across its flat surface to provide flow resistance.

As the source is at elevated voltage with respect to ground, the controls
for the palladium leak heating control and the various focusing grid voltages
are isolated from ground by long nylon rods. These rods allow the controls
to be mechanically turned from ground potential by special motors.

The beam of deuterons strikes a titanium target in which tritium has
been ion- implanted (titanium has a very high affinity for hydrogen). The
titanium in turn is bonded to a water-cooled copper plate. The yield of fusion
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neutrons from the D T reaction is shown as a function of deuteron energy
as the thick curve in Fig. 2. For 20 � A of a 150 keV D+ beam, the graph
indicates that the target should produce 6 � 108 neutrons/s.

Figure 2: Target yield for various nuclear reactions.

3 Proton Recoil Counting of Neutrons

Measurement of high-energy neutrons can be accomplished by a number of
methods. For high-energy fusion neutrons, an organic scintillator detector of
a type known as NE-213 is the method of choice. This detector relies on the
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recoil of protons in the organic liquid as they are bombarded with energetic
neutrons. When the neutron encounters the proton, it undergoes a billiard-
ball type of collision. Since the neutron and the proton have almost identical
masses, the proton recoil energy varies from zero to the full energy of the
neutron (in a head-on collision). The recoil energies are randomly distributed
with equal weighting over this range. Since the counter’s scintillation light
output is proportional to the energy of the proton causing electron activation
in the liquid, the size of the light pulse is also randomly distributed for a
monoenergetic neutron energy input. Thus unlike the case in gamma-ray
detection where a delta function in the pulse height spectrum is observed for
a monoenergetic event, with neutron recoil counting, a box in pulse height is
seen. The energy spectrum from a proton recoil counter on the JET fusion
experiment in England is shown in Fig.3 . Here the detector saw mostly
14-MeV D-T neutrons in a tritium plasma shot, and 2.45-MeV neutrons
in a deuterium-only plasma. Spectra from the present experiment with no
neutron moderation should resemble the pulse height spectrum seen in Fig.
3.

Figure 3: Proton pulse height spectrum for D-T pulse no. 26147 and D-D
pulse no. 26143 at the Joint European Torus (JET) experiment.
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4 Experimental Procedure

1. Ensure that the mechanical vacuum pump is running and that the
diffusion pump is plugged in. Hold your hand near, NOT ON, the
base of the diffusion pump and see that it is warm. If so, energize
the ionization gauge and read the base pressure. Proceed if pressure is
below 4x10-5 torr. Otherwise, vacuum quality must be improved.

2. Turn on console power. Check to see that the fan on the generator
source head is running. Turn on the switches marked ”solenoid” and
”beam”. Notice the bluish glow in the ion source region.

3. Obtain a 1 curie plutonium-beryllium source from your TA. Place this
source in the paraffin source pig

4. Energize the counting electronics NIM bin and the power supply for
the photomultiplier tube on the scintillation counter. The bias voltage
for the tube should be set to 2000 volts.

5. Set the timer on the counting rack to a long time. (The display reads
xx hours xx minutes.) Turn down the discriminator setting just until
counts start to appear on the scalar with no source near the tube.

6. Move the PuBe source to within a few feet of the neutron counting
tube. Measure the distance between the tube and the source. Make a
one-minute count of the detected neutrons on the timer/scaler.

7. Remove the PuBe source and place it back in the pig. Clear the neutron
generator area, leaving the counting tube in the vicinity of the target
of the generator. Lock the access door to the generator area.

8. Ensure that the high-voltage variac for the generator is set to zero.
(There is a small ”fine” variac for the high voltage power, which must
also be set to zero.) Press the ”HV on” button. The warning light
should flash.

9. Slowly raise the high voltage using the high voltage variac on the con-
sole. The voltage is indicated on a meter which has three different
current ranges. Set to the maximum range. Listen for sparks or corona
( a hissing sound) as the voltage is raised. Monitor the HV supply
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current on the meter provided on the console. Total current should
remain small, less than 2 mA.

10. If there are no major arcs or corona, raise the voltage to 150 kV with
the ”deuterium” control (the palladium leak heater) set to 45 percent
of full scaler. Monitor the pressure, which should slowly rise. If the
pressure rises above 6x10-5 torr, turn down the palladium leak and turn
off the high voltage until the pressure stabilizes.

11. Using the panel meter showing the target current, optimize target cur-
rent by varying the voltages applied to the focusing electrodes. A total
current of about 20 microampere is usually obtainable.

12. With the D+ current optimized, take a one-minute count of the neutron
output using the timer/scalerr. Using the known source strength of the
PuBe (about 1:1�106 neutrons per second), calculate the approximate
output of the neutron generator.

13. Send the signal from the linear amplifier in the He-3 tube amplifying
chain into the pulse height analyzer. Adjust the system gain so as to
show the 14 MeV ”corner” of the pulse height spectrum. Record the
spectrum shape.

14. Turn the generator high voltage off. Open the cage door. Enter the
generator area and touch the conducting end of the ground hook against
the metal rim of the source plane of the generator. Mount the lithium-6
hemisphere so that its center is at the target of the generator. Place the
counter in the middle of the cylindrical hole in the lithium hemisphere.
Leave the generator area, secure the door, and resume operation of
the generator with 150 kilovolts. Make sure that beam conditions are
roughly the same as before. Repeat step 13 above, obtaining a new
spectrum for the neutrons in the lithium blanket.

15. Shut down the high voltage, re-enter the generator area, and place the
detector on the back side of the lithium hemisphere outboard from the
generator. Vacate, secure the door, and restart the generator. Take a
new neutron spectrum. Also, make a one-minute count of the neutrons
with the detector in this new position.
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16. Shut down and re-enter, this time adding a lead brick to the front of
the lithium hemisphere, between it and the target, and in line-of-sight
with the detector. Be careful not to move the detector, as its position
must remain constant in order to compare the absolute counts with
those found in part 15. Vacate, secure the door, and restart, holding
beam conditions as close as possible to those in part 15. Take a one-
minute count of the neutrons detected, and also a spectrum.

17. Turn off the generator and open the door to the generator area. Re-
move the key from the console and place it in the desk drawer on the
console. Arrange to have the PuBe source put away, and withdraw the
lithium module from the generator. Turn off the power to the detection
electronics, and also the 2000-volt bias supply for the scintillator PM
tube. Remove the lead brick.

5 Report

Describe any variations of the operational procedures for the experiments
performed. Include qualitative observations, such as any changes in the neu-
tron spectrum associated with the three setups of detector.

Answer the following questions:

1. What was the peak neutron output observed from the generator, as-
suming constant detector efficiency between the PuBe spectrum and
the 14 MeV spectrum? Compare the neutron yields to those expected
from Fig. 2. Explain any discrepancy.

2. Did the neutron spectrum show any change with insertion of (1) the
lithium hemisphere, and (2) the lead?

3. How did the lead affect the total number of neutrons detected?

4. Using nuclear data tables, find the reason lead might be desirable in a
fusion blanket. (Show the specific reactions involved.)
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5. When the targets were fabricated in April 1984, their strength was 4
curies. Estimate the current tritium activity.

6. Estimate the time required for the neutron generator to produce enough
tritium for a fresh target, if the lithium hemisphere is assumed to cap-
ture 0.65 of the neutrons over half of the total solid angle.

7. Speculate on the differences in spectrum of neutrons in a (1) Li-6 fusion
blanket and (2) a natural lithium blanket.
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