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NUCLEAR TECHNIQUES FOR PLASMA DIAGNOSTICS

. ROLE OF NUCLEAR TECHNIQUES IN FUSION

Fusion is a nuclear process. Deuterium and tritium nuclei
are fused by the d(t,n)*He, d(d,n)%He and d(d,p)t reactions to
release energy. Both the d-t and d-d processes are characterized
by the emission of MeV-type neutrons and ions (Fig. 1). The
measurement of these radiations provides a direct indication that
fusion reactions have taken place in a plasma. Techniques
developed for studying nuclear reactions are amenable to charac-
terizing these radiations from plasmas in the laboratory. In
this talk I shall review some of the recent developments in
this area as applied to pulsed-plasma devices. In most plasma
devices neutrons are more readily measured than ions because
neutrons can penetrate the plasma and containing walls or vacuum
container to detectors located outside. For applications such
as the development of intense ion beams and collective accelera-
tion of ions, direct ion measurements are preferred. Most
experimental studies have used the d-~d reactions to avoid the
problem of tritium radioactivity even though the d-d yield is
about 102 smaller than the d-t yield at low energies.!

One purpose for making measurements of neutrons from pulsed
plasma sources is to determine the mechanism of neutron production.
Therefore measurements, not only of the total neutron yield, but
also the neutron energy, angular distribution and source location
are desired. An important concern is the role of neutron
production by low energy fusion reactions compared to neutron
production by the acceleration of ions in a beam-target process.
The latter process is likely to produce neutrons with different
energies and angular distributions than that expected from a low
energy fusion process. To evaluate such processes, precise
angular distributions and energy determinations (< 10% uncertainty)
may be required.

Note: Manuscript submitted March 1, 1979,
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For a plasma confined and heated to fusion temperatures,
neutron and ion measurements provide information about the
energetics of the ions in a plasma. Energy is usually coupled
to the plasma directly to the electrons, but the energy must be
shared with the ions to achieve fusion. A measurement of the
total number of neutrons produced by such a plasma indicates how
much of the fuel in the plasma is consumed by fusion. Because
the neutron yield is strongly dependent on the ion energy, such
yields measure the magnitude of ion heating in a plasma. This
is usually specified by an ion temperature; an average kinetic
energy for the ion species. For a plasma containing N deuterons
confined in a volume V, the rate of neutron production is given
by

R = % N3 cov> /v

where < ov> 1is the product of the fusion reaction cross section
and the relative velocity of the deuterons averaged over the
velocity distribution of the deuterons in the plasma. The
quantity <ov> 1is a sensitive function of ion temperature as
indicated in Fig. 2 for a Maxwellian velocity distribution.?!

For any particular plasma source the scaling of neutron yield
with ion temperature may involve a description of the energy
couping processes which leads to a non-Maxwellian ion velocity
distribution. Even so, the neutron yield remains sensitively
dependent on the ion energy. In fact, the scaling of neutron
yield with energy coupled to the plasma may provide a test of our
understanding of the energy-coupling processes. Because the
neutron yield is so strongly dependent on the ion temperature,
an uncertainty of a factor of 2 in the neutron yield provides a
reasonably precise ion temperature determination.
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I1. NEUTRON DETECTION

What intensity of neutrons can be expected from a plasma?
Let's start by asking how many reactions are necessary to produce
1 MJ of energy. For the d(t,n)a reaction, more than 1017 reactions
are required, and a 1 MW power plant would require even more
reactions. Present day plasmas are several orders of magnitude
less than this level. The largest yields are of the order of 1012
neutrons from plasma-focus and exploded-wire devices which involve
both thermal and non-thermal reactions. As break-even fusion is
approached, neutron yields can be expected to increase dramatically.
On the other hand, a small plasma device may produce less than 103
neutrons. For a source of less than 102 neutrons, the statistics
on the number of events limits the usefulness of any measurement.
In general, neutron detection ranging from 102 to greater than
1012 total neutrons is desired. A variety of detectors are
required to encompass this large range of detection.

For a pulsed-plasma source, neutrons are usually emitted in
a short burst in conjunction with an intense pulse of electro-
magnetic and x-ray radiation. The neutron detector must withstand
this intense radiation pulse and measure the burst of neutrons.
Two different types of detectors have been developed to make such
measurements.

Activation Detectors

To avoid the x-ray flash, a detector which counts delayed
radioactivity induced by neutrons is used. Delayed response
counters which use Ag, Rh or Pb for neutron activation have been
developed for such measurements on plasma sources. The limits of
detectability and other properties of these detectors are
summarized in Table 1. The limits given in this table correspond
to a measured count of twice background for the counting time
given. These detectors are generally useful for yields exceeding
10 to 107 neutrons. The counter may be surrounded with a neutron
moderator to improve sensitivity, but this leads to practically




no discrimination against neutrons of different energies.
Detailed descriptions of these counters may be found in the
literature.2"8% A brief description of each counter is given here.

The Ag counter? consists of four Geiger tubes wrapped with
Ag foils and embedded in a polyethylene moderator. The Geiger
tubes measure the p-decay of Ag activated by moderated neutrons.
This counter may have appreciable dead-time losses for intense
bursts of neutrons because the Geiger tubes have an appreciable
dead-time (» 100 psec). In a study® of this effect on one such
counter dead-time losses were apparent (10% correction) for

measured counts of 2 x 104/60 sec and the counter became unusable
for measured counts exceeding 2 x 10%/60 sec.

The Rh-counter3:4 is less susceptible to dead-time losses
because it uses a plastic scintillator, photomultiplier and
commercial electronics capable of 10-usec pulse-pair resolution.
A schematic of this detector is given in Fig. 3. The Rh-foil is
embedded 1n a polyethylene moderator. The scintillator measures -
the g-decay of Rh activated by moderated neutrons. The light pipe
provides for moderation and backscatter of neutrons which pass
through the foil. The Rh-counter is significantly smaller than
the Ag counter and more useful for angular distribution
measurements.

The Pb activation counter® is sensitive to fast neutrons and
does not use neutron moderation. A S-inch dia. by 5-inch plastic
scintillator totally encased in lead is used to measure the
activation of 297™pp by neutrons with energiss greater than a
threshold of 1.6 MeV. The sensitivity of this counter increases
by a factor of about 35 as the neutron energy increases from 2.5
to 14 MeV. Since the response of a moderated counter is relatively
insensitive to variation in the neutron energy, a comparison of
yields measured with the Pb-activation counter and a moderated
counter can provide information about the neutron energy spectium.
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These detectors are usually calibrated with neutrons from
radioactive sources or from a d-d or d-t generator. Such
calibrations may not be applicadle to measurements on a particular
plasma device because neutron scattering and absorption may alter
the calibration., To assess the importance of scattering and
absorption, measurements with a radioactive source can be made
with the detector in situ on the plasma device. Measurements of
sources with different neutron energy spectra (e.g. Am=Be and
283CF) can be used to study the dependence of neutron scattering
and absorption on neutron energy. See Ref. 3 for an application
of this technique to a particular plasma device.

Scintillation Detectors

Scintillation counting of neutrons is required to measure
neutron vields from less intense pulsed-plasma sources, To
avoid the x=ray flash problem neutron interactions in the scin-
tillator may be delaved by using a moderator. The most sensitive
detection system uses a glass scintillator loaded with the
trotope ®Li and embedded in a polyethylene moderator, A schematic
of such a detector is given in Fig. 4. Relatively large pulse-
height signals arise from the SLi(n,a)3H reaction (Q = 4.78 MeV)
in the scintillator, The cross section for this reaction is
several barns for R“ < 10 keV. Moderated neutrons interact in
the =scintillator producing a standard pulse height for individual
interactions, The moderator causes interactions in the scin-
tillator to be delayed and dispersed in time up to several hundred
microseconds after the neutron burst, A time spectrum corresponding
to a single bdburst of neutrons is shown in Fig. 5. The initial
pulse is the x-ray response which saturates the electronics, A
pulse=height spectrum of the neutron events in this detector
gives a resolution of about 304, During an interval of about
300 psec following the x=ray response, neutron interactions can be
measured with essentially zero background. The sensitivity of
this detector is such that, on the average, one interaction can
be detected from a pulsed source of 75 neutrons total yield located

S




5 cm from the front face of the detector. Neutron yields ranging
from 102 up to 107 can be measured with detectors of this type.

A smaller detector with a 2-inch dia. scintillator can be used
where less sensitivity is required.

To detect neutrons with an unmoderated scintillator, a time-
of-flight path tor the neutrons is required to separate their
interaction in the scintillator from the x-ray flash, A fast
recovery detector and a flight path of at least a meter are usually
required for MeV neutrons. This naturally leads to a reduced
sensitivity, Instead of using a flight path, one may try to
eliminate the x-ray flash with high-Z shielding between the
scintillator and plasma source. However, the neutron response in
the scintillator is usually much smaller than the X-ray response
s0 that a clean separation of these responses with shielding is
difficult at best and not recommended

Yield measurements with a tast-time response organic scin-
tillator are complicated by nature of the neutron interaction in
the scintillator. Neutrons interact in the scintillator primarily
by n-p elastic scattering. For a neutran energy R“, the proton
recoil energy is given by Ep - E“ cos? A where 8 is the proton
scattering angle. The neutron may transfer any energy ranging
from zero up to En to the recoiling proton. Consequently the
detector response to a single neutron interaction ranges from zero
to a maximum value proportional to the neutron energy. To
determine the neutron yield for a burst of monoenergetic neutrons,
the number of neutron interactions in the scintillator must be
large enough so that the measured response represents a statisti-
cally significant average over the distribution of individual
responses. This requires at least ~ 100 interactions in the
detector. For a flight path of one meter and a 15 cm dia. detector,
the source strength must be at least 10% neutrons. At this level,
a SLi-glass scintillator detector can be used more straightforwardly
for yield measurements,.
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Proportional counters such as BFy gas-filled counters
! embedded in a moderator are highly sensitive neutron detectors.
However, such counters are limited tfor plasma applications

because they have dead times of ~ 100 usec,

Time=-of-Flight Technique

The pulsed nature of many plasma sources makes the time-of-
flight technique ideal for measuring neutron energies., The
neutron enerygy i1s determined from a measurement of the neutron

flight time for a known flight path, With tast scintillators and

photomultipliers a time resolution of § to 10 nsec is achieved
tvpically, A 2,45 MeV (14.1 MeV) neutron has a flight time of
46 ns m (19 ns m) so flight paths of several meters are usually
used to separate the neutrons and x rays., In experiments where
the x=ray pulse 1s sufficiently intense, techniques have been
developed to gate oftf the photomultiplier during the initial
x=ray burst and turn it on before the neutrons arrive at the

detector,!®

A time=-of=tlight measurement is illustrated in Fig. 6 tor
neutrons generated from a deuterium-loaded vacuum spark device.
These traces were obtained with a 12-inch dia. scintillator
coupled by a light pipe to a S=inch dia. photomultiplier. The
response time ( FWHM) tor this large detector was about 20 nsec.
The neutron signal is well separated trom the X rayvs at thesco
tlight paths. It the neutrons are emitted simultancously with
the X rays, a neutron enerygy of 2.5 + 0.1 MeV is interred. These
neutron traces correspond to only 9 neutron interactions in the
scintillator at 2,26 m and 4 intevactions at 4,17 m based on

vields obtained with a ®Li-glass scintillator,?

As the flight path is increased, the recovery time required
for a given neutron enerygy increases linearly, but the number of
neutrons incident on a given detector decreases quadratically.
Therefore a compromise must be made between detector sensitivity

and highest measurable neutron energy in selecting a flight path,




The energy resolution is also determined by the flight path
because the energy resolution is directly proportional to the time
resolution (8E/E = - 2 8t/t). As the flight path is increased,

t increases, but the time resolution 8t remains fixed so the
energy resolution scales inversely with the flight path,

Let me illustrate the value of the time-of-flight technique
by two extreme examples. If the neutron yield is sufficiently
large so that very long flight paths can be used, then the time
spread of the neutron response is dominated by the spread in
energy of ions in the plasma rather than by the detector response
time or the plasma duration., Under these circumstances, this
technique has been used to determine the ion temperature in a
laser-produced plasma experiment at Lawrence Livermore Laboratory.$
Neutron spectrometers with 3.5~ns time resolution are located
44.5 m from a plasma source which is produced with a 40 psec laser
pulse. The time spread of the neutron response for 14 MeV
neutrons is measured to determine ion temperatures of § to 6 keV
for total yields of ~ 5 x 108 neutrons.®

In the second example, the neutron flight path is
sufficiently short, and the detector response time small enough
so that the time spread of the neutron response is dominated by
the duration of the pulsed plasma source. Under these circum-
stances, in experiments at NRL, the variation of the ion current
with time of an intense pulsed deuteron beam has been determined
by measuring the neutron response.’ Neutrons produced by an
intense deuteron beam of ~ 0.7 MeV incident on a deuterated poly-
ethylene target are measured with shielded detectors located
~ 2 meters from the target. The deuteron current in the diode
is inferred from the duration and shape of the neutron response
in the detector.?




III. ION DETECTION

Measurements of energetic charged particles from fusion
reactions in plasmas are more difficult than for neutrons because
one must work within the vacuum system of the plasma container.

In this situation a detector is readily exposed to x rays,
neutrons, electrons and the ion blow-off from the plasma. A
recently developed detection technique which can be used to

avoid these problems is a track etch detector.® Certain materials
(e.g. cellulose nitrate) are sensitive to the radiation damage of
highly ionizing particles such as energetic protons and alpha
particles but insensitive to the lesser ionizing radiations from
the plasma. Thin films can be exposed to the plasma and then
etched in sodium hydroxide to reveal tracks due to radiation
damage. These track-etch detectors are particularly suited to
plasma experiments and are beginning to be used by more researchers.
To cite one example, the group at KMS Fusion has used cellulose
nitrate detectors in conjunction with a magnetic spectrograph to
determine the a-particle spectrum from the laser implosion of
glass shell targets loaded with d-t fuel. The energy loss of

the o particles in escaping from the core of the target and their
energy spread provide a measure of the temperature and degree of

compression in the target implosion.?

Pulsed Ion Beams

Some of the more significant developments of nuclear diagnostics
for ions have paralleled the increased interest in pulsed ion beams
for plasma applications. Such beams are attractive for heating
plasmas, for pellet fusion and for producing field-reversing ion
rings. In addition interest continues in the development of
energetic ions by collective acceleration with intense relativistic
electron beam sources. In all of these cases, nuclear techniques
have been applied to diagnose such beams. In the remainder of my
talk I want to review the developments, which have been summarized

in a recent publication.'®
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The techniques of nuclear activation have been applied to
studies with proton, deuteron and alpha-particle beams. The
approach is to measure the gamma-ray activity induced in a target
by charged-particle induced nuclear reactions. Target samples are
activated by the ion beam, removed and measured with a shielded 1
gamma-ray detector. In this way, the number of incident ions can
be determined. Knowledge of the ion energy may be required or
inferred from the measurement depending on the particular reaction

used.

The following steps are taken to optimize the sensitivity
of the activation. First, thick targets are used to optimize the
number of reactions. In this case, the reaction yield is given
by the integral of the cross section (o) over the range of the
ions in the target. The yield is the number of reactions per
incident ion and may be written

Y -./.o/e dE

where ¢ is the stopping cross section of the target. The stopping
cross section is proportional to the stopping power (dE/dx).
Second, short-lived activities are used. If a small number of
radioactive nuclei (N) are produced, then a short lifetime (1) is
desired to increase the activity (dN/dt = N/7). However, the
lifetime must be long enough to allow the target sample to be
removed for counting. Half-lives of the order of minutes are
convenient, Third, good detection efficiency with adequate gamma-
ray energy resolution is provided by Nal detectors. To achieve
low background the detectors may be shielded with a few inches of
lead. Also for 5+ activities, coincidence counting with two
detectors at 180° to each other is used to reduce the background
by several orders-of-magnitude.
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For low energy proton beams, (p,y) resonance reactions are
used. The cross section for such a reaction is peaked at the
resonance energy, ER' For a resonance of width I', the cross

section is given by the resonance expression:

r3 a
a(E) = — A
4 (E—ER)’ + 1%,

where R is the cross section at the peak of the resonance. For

a resonance with a narrow width, the reaction yield becomes

Y, =T op /2
provided the proton energy is well above the resonance energy, i.e.,
E - ER >> [ . The quantity Y is called the '"thick-target step"
of a resonance. It is characteristic of a particular nuclear
reaction resonance and target composition. If the number of radio-
active nuclei produced by a resonance reaction is N,y then NO/Ym
is the number of protons with energy greater than the resonance

energy.

There are only two (p,y) reactions on light nuclei which
have narrow resonances below 1 MeV and lead to short-lived g%
activity. The most sensitive is the '2C(p,vy)'3N reaction. The
thick target yield for this reaction is given in Fig. 7. Two
resonances in this reaction at 0.5 and 1.7 MeV are apparent.
Between these resonances the yileld is nearly constant, It is in
this energy region that this reaction is a useful diagnostic.

Estimates of the number of protons that can be detected with
the Y2C(p,y) 13N reaction as well as with the less sensitive
14N(p,y) 180 reaction are given in Table 2. Here we assume p*
counting with Nal detectors. The coincidence counting efficiency
for 0.51-MeV y~rays is ~ 104, The background depends on the
environment and shielding. A value of ~ 0.7 cpm is typical. If
we count for one mean~life and require at least 10 real counts,

11
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we find the detection limits given in Table 2. In experiments at
NRL, these reactions have been used to measure intensities

ranging up to 4 x 10*® protons.!?

For deuterons of several MeV energy both (d,n) and (d,p)
reactions leading to short-~lived y~ray activities can be used to
determine the total deuteron number. A list of such reactions is
given in Table 3 with the associated y-ray and half~-life. The
cross sections for these reactions are small below the Coulomb
barrier but increcase rapidly as the incident energy is increased.
These cross sections do not have narrow resonances, but they do
reach values 102 to 103 times larger than the (p,y) cross sections,
thus increasing the sensitivity., Targets for the reactions in
Table 3 are readily available in nearly single isotopic composi-
tion, thereby greatly reducing the possibility of interferences
from competing reactions,.

Thick-target yields for deuterons on carbon and aluminum
are given in Fig. 8. In order to determine the deuteron number
from an activation measurement, the deuteron energy must be known.
Simultaneous activations of both carbon and aluminum can be used
to determine mean deuteron energies. The ratio of the yields from
C and A¢ is given in Fig. 8, This ratio is a sensitive function
of deuteron energy so that 8 measured 13N/28A; ratio can be used
to determine the mean deuteron energy. Then the reaction yield
at this energy gives the number of deuterons. Two measurements
of this ratio for exploded deuterated polyethylene fiber plasmas
are shown in Fig. 8. Mean deuteron energies of 5.4 MeV and 7.3
MeV were obtained in these experiments,}?

More detailed information about the energy distribution of
ions may be obtained by activating a stack of thin foils and
determining the activation in each foil as a function of the
depth into the stack, The depth to which activity is observed
provides a measure of the maximum ion energy through the range-
energy relation for the ions in the material. In principle the
measured activities in a stack of foils can be used to unfold the

12




incident ion spectrum, However this inversion is difficult in
practice because it is sensitive to the differences in activity
between adjacent foils and these differences are subject to
large errors, Even so, crude energy spectra have been determined

in some experiments,1?d

Collective Acceleration

The collective acceleration of positive ions by an intense
relativistic electron beam involves the interaction of the ions
with strong electrostatic fields associated with the electron beam
such that positive ions are accelerated in the same direction that
the beam propagates with ion energies substantially larger than
the injected electron energy. There is interest in studying this
process and its scaling to higher energy because of its potential
application to high energy ion acceleration. Ion beams of several
MeV energy produced by this process have been measured with
threshold reactions, including (p,n) reactions for protons up to
16.5 MeV (Ref. 14) and (a,xn) reactions where x = 1,2,3..- for
alpha particles up to 40 MeV (Ref. 15).

The (a,xn) reactions are threshold reactions which can
provide information on both the ion intensity and the energy
distribution simultaneously even for a thick target. As an
example, cross sections for the 8'Ta(q,xn)'837XRe reactions are
shown in Fig. 9. The cross sections at maximum are quite large
(~ 1 barn). Since each cross section provides a natural window
into the w=-particle energy spectrum, thick-target yields can be
untolded to determine the energy spectrum. Each of these
reactions produces a radioactive Re nucleus which is a delayed
y-emitter as indicated in Table 4. The y-ray intensities from
different («a,xn) reactions can be measured simultaneously with a
high resolution Ge spectrometer and the number of radioactive
nuclei determined. Then a-particle intensities are deduced using
the cross sections dispilayed in Fig. 9.
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In summary, the following detection limits are representative
of the three different types of ions and energy ranges that I have
discussed. For low energy protons, (p,y) reactions leading to p+*
activity are used and the limit is ~ 10!2 protons. At higher
energies deuteron-induced reactions correspond to a limit of about
108 deuterons. A detection limit of ~ 107 is achieved for 20 to
60 MeV alpha particles by (a,xn) reactions.

IV. APPENDIX

The application of these nuclear techniques to diverse plasma
devices requires a knowledge of how neutrons and ions interact in
different materials under various conditions. Much of this type
of information is tabulated in specialized references. A list of
some sources that may be particularly useful is given below.

1. J.B. Marion and F.C. Young, Nuclear Reaction Analysis,
(North-Holland Publ. Co., Amsterdam, 1968).
This is a compilation of properties pertinent to

describing the interactions of charged particles, gamma rays and
neutrons in various materials,

o W. Whaling in Handbuch der Physik, ed. E. Fliigge, Vol. 34,
(Springer-vVerlag, Berlin, 1958),
This article on "The Energy Loss of Charged Particles in

Matter" gives a review of the experimental status of stopping cross
sections and ranges for protons and alpha particles as of 1958.

3. H.H. Anderson and J.F. Ziegler, The Stopping and Ranges of
Ions in Matter, (Pergamon Press, New York, 1977).
This is a recent extensive survey of the experimental

status of stopping cross sections and ranges for ions in matter.
It is arranged in five volumes:

Vol. 1 The Theory of the Stopping of Ions
in Matter

Vol. 2 Bibliography
Vol. 3 Hydrogen - Stopping Powers and Ranges
Vol. 4 Helium - Stopping Powers and Ranges

Vol. 5 Heavy lIons - Stopping Powers and Ranges

14




4, Ion Beam Handbook for Material Analysis, eds. J.W. Mayer
and E. Rimini, (Academic Press, New York,1977).
Chapters in this Handbook on "Selected Low Energy
Nuclear Reaction Data' and "Energy Loss and Energy Straggling"
are relevant to ion diagnostics.

5. C.E. Crouthamel, Applied Gamma-Ray Spectrometry, 2nd, Ed.
revised by F. Adams and R. Dams, (Pergamon Press, Oxford,
1970) .

The appendices in this book are particularly useful
for gamma-ray spectroscopy.

6. M.J. Berger and S.M. Seltzer, Tables of Energy Losses and
Ranges of Electrons and Positrons, NASA Report No.
SP-3012, 1964,

Available through the National Technical Information

Service, Operations Division, Springfield, Virginia, 22151}, as

Report No. N65-12506.

7. Neutron Cross Sections, BNL 325, 2nd. Ed., Supplement No. 2,
Sigma Center, Brookhaven National Laboratory, Vol. 1 (1964),
Vol. II (1966), Vol. III (1965).
An extensive compilation of cross sections for neutron
interactions for Z = 1 to 98 is provided by this group at BNL.
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Table 2

Limits of Detectability for (p,y) Resonance Reactions

Mean-life Detection Limit Energy Range
Reaction (min) (¢ protons) ( MeV)
132¢(p,y) L3N 15 2 x 101! 0.6 < E, s 1.5
14N( p,v) %0 3 1 x 1033 0.3 < Ep < 1.0
Table 3
Properties of Deuteron-Induced Reactions
for Diagnosing Deuterons
Natural Isotope Half-life of Energy of
Reaction Abundance Residual Delayed
of Target Nucleus y=ray
(min) (MeV)
12¢(q4,n) 13N 98.89 9.97 0.51
14N(d,n) 1% 99 .64 2.04 0.51
3754(d,p) 2%A2 100 2,24 1.78
81y(d,p) 83V 99.75 3.76 1.43
19




Table 4

Properties of '®!Ta(a,xn) Reactions

Gamma-ray Branching ;

Reaction Baii=11se Energy Ratio
(keV) (v/decay)

1817a(q,n) 184Re 38 da. 904 0.40

181Ta(q,2n) 183Re 71 da. 162 0.23

1817a(a,3n) 182Re 64 hr. 1121 0.20

1817a(,3n) 182Re 12.9 hr. 1121 0.38

1817a(q,4n)181Re 19.9 hr. 365 0.65

DA e Lot .




d = Q@ = SHe + n

(0.82 MeV) (2.45 MeV)
d + d - t + P

(1.01 MeV) (3.02 MeV)
d + t -+ 4He + n

(3.5 MeV) (14.1 MeV)

Fig. 1 - Fusion reactions for the hydrogen isotopes.
The amount of energy carried off by each particle is
indicated. The energy of the incoming particles is
assumed to be negligible,
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Fig. 2 = The product <ov~ for the d-t and d-d reactions as a
function of ion temperature based on a Maxwellian velocity
distribution of the ions.
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| - LIGHT-TIGHT ENCLOSURE
e { MAGNETIC SHIELD
LIGHT-PIPE
\ 2 INCH PMT
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Fig. 4 - Cross-sectional schematic of the 6L1-glaaa scintillator de-
tector for neutrons. The diameter of the scintillator is 5 inches.
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Fig. 5 = Time spectrum of the Oli-plass detector amplitier
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THICK TARGET YIELD OF >N PER 10'° PROTONS
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Fig. 7 - Thick-target yield of the 12¢(p,v) >N(8+)1%C reaction.
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