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For large inertial confinement fusion deuterium-tritium targets, a way to diagnose a slowing
might be via capture reaction y rays. Calculations are presented for two such methods: one uses

the o+ T direct capture y rays, the other is based on a series of resonant a-capture reactions. For
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temperature independent and proportlonal to the pR value. For large targets (pR>0.2 g/cm?),
this quantity becomes temperature dependent and pR independent. Some experimental aspects

are discussed.

I. INTRODUCTION

Fuel heating by energetic reaction products is a re-
quirement for efficient thermonuclear burn in both mag-
netic and inertial confinement fusion (ICF) devices.
Therefore, for deuterium-tritium (DT) fusion, the stop-
ping of the 3.5 MeV « particles in the fuel is very impor-
tant and diagnostic techniques for the o slowing should be
developed. Various techniques have been suggested (and
some of them implemented) in connection with magnetic
confinement fusion. The methods based on charge ex-
change reactions between « particles and neutral-atom
beams'? are useless in ICF research. Techniques based on
nuclear reactions, on the other hand, are useful for both
fusion approaches, although the experimental require-
ments are quite different. Slaughter® gives an extensive list
of nuclear reactions between a particles in the 0.5-3.5 MeV
energy range and light ions resulting in the emission of
penetrating ¥ rays or neutrons. Cecil ez al.*® describe the
use of ¥ rays from a series of resonant a-capture reactions
with different resonance energies. Kiptilyj® proposes a
method based on the Doppler shape analysis of the 4.44
MeV y ray from the *Be(a,n;7)%C reaction. Up to now,
nuclear techniques have primarily been used to investigate
the behavior of fast particles other than a particles in mag-
netically confined plasmas.”'°

We present here the results of the first investigation
into diagnostic methods for « slowing in ICF targets based
on a-capture ¥ rays. Section II summarizes the relevant
properties of capture reactions. Section ITI describes the
use of the @+ T - 'Li+ ¥ direct capture reaction. The ICF
target yields for a series of resonant reactions are presented
in Sec. IV. Section V discusses some experimental aspects.
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il. CAPTURE REACTIONS

A. General expression for the capture y-ray energy
spectrum

Consider a capture reaction 1+42— 3+4-y. Conservation
of energy in the center-of-mass system gives

E,+Ei=E|+E;+Q, (1)

where the prime denotes the kinetic energy in the center-
of-mass system and Q is the reaction Q value (total initial
minus final mass). Using conservation of momentum, we
obtain

(2)

UHE 172
E;:Eg[—1+(1+( +Q)) ]

Efi

where E’ = E} + E} and EJ is the rest energy of the final
nuclear state {most often the ground state). Transforma-
tion to the laboratory system gives the observed y-ray en-
ergy as

(1_/32)1/2

1—Bcos 8| (3)

E, E’[

where B=V/c with V the velocity of the center of mass
and c the speed of light; 8 is the angle between V and the
detector.

From Eqs. (2) and (3) it follows that different com-
binations of E’, ¥, and cos 0 can give the same y-ray en-
ergy. Thus, the y-ray energy spectrum is given by

Vmax 4
P(E,)dE,= fV " e(nav f Ifm $(E')P,(E")dE'
XP( )d—'udE (4)
Hag, "
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where P,(E,)dE, is the probability the y-ray energy lies
between E, and E, +-dE,, E(V)dV is the (normalized)
distribution of the velocity of the center of mass, ¢(E’) is
the (normalized) probability to have a reaction energy £,
P.(E")dE' is the reaction probability between energies E’
and E'+dE’ (it is assumed this depends only on E’), and
P(p)dp is the (normalized) y-ray angular distribution
(p=cos 0). At a certain V, the energy integration runs
over all reaction energies for which there is a p that gives
a y-ray energy equal to E,,.

Equations (1), (2), and (4) are only valid if the final
nuclear state has a zero natural linewidth (i.e., a long half-
life). If not, an additional y-ray energy distribution accord-
ing to this linewidth must be taken into account.

B. Direct and resonant capture reactions

A direct capture reaction is a one-step process in which
there is a direct transition from initial to final state accom-
panied by the emission of a ¥ ray. A resonant capture
reaction is a two-step process: first, a compound nucleus is
created in an excited state, then this state decays via par-
ticle emission or electromagnetic transitions (where the y
rays originate).

Direct capture can occur at all projectile energies. At
low energies, the cross section for charged-particle-induced
direct capture reactions is dominated by the Coulomb bar-
rier penetration factor. It is therefore convenient to factor
out this energy dependence and express the cross section
o(E'") as

, S(E")
(B =—F— expl — (E/E")'?], (5)
with the Gamow energy E given by
E=097912222 -2 ey (6)
G—VY- 1 2A1+A2 ’

where Z;, Z, are the atomic numbers and 4,, 4, the mass
numbers of the reacting nuclei. Cross sections are then
conveniently discussed in terms of the astrophysical factor
S(E"). .
When the energy in the entrance channel (E'+Q)
matches the energy of a state in the compound nucleus,
resonant capture may occur (angular momentum and par-
ity conservation laws also play a role). The cross section
for the resonant reaction 142344 as a function of the
reaction energy is given by the Breit—-Wigner formula (all
energies and widths are in the center-of-mass system)

2J+1 'l
(21 +1) (21, +1) (E'—ER)*+(T/2)*’
(7
where A=#/{(2mE’')? is the reduced de Broglie wave-

o(E') =i’

length, m is the reduced mass of the reactants, J; and J; are .

the angular momenta of the initial nuclear states, J is the
angular momentum of the resonant state in the compound
nucleus, and [Ep is the resonance energy.
T'=T,+ T+ -+ (all other possible decay channels) is
the total width of the resonant state. I';, is the partial
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FIG. 1. Center-of-mass energy relationship for the a+T capture reac-
tion. All energies are in MeV.

width for the reemission of 1 and 2 (elastic scattering) and
I'34 is the partial width for the emission of 3 and 4. This
width can refer to particle as well as y-ray emission. The
total capture cross section consists of resonances super-
posed on a smooth direct capture “background.” A more
extensive overview of charged-particle reactions at energies
relevant to fusion research can be found in Ref. 11.

Ill. «4T CAPTURE y RAYS
A. The a+T-"Li+y reaction

Below 3.5 MeV « energy, the a+T reaction is purely
direct capture with a constant astrophysical factor'? equal
to 0.064 keV b. The reaction has two channels: directly to
the ground state, resulting in the emission of a ¢, and to
the first excited level of "Li at 478 keV, resulting in a y,75
and a consequent 478 keV y ray (Fig. 1). Griffiths er al.'?
measure a drop of the y,73/7, branching ratio from 0.45 to
0.36 when the ¢ energy decreases from 1.32 to 0.56 MeV.
Since these two values are inadequate to determine a good
energy dependence of the branching ratio, the calculations
described in Sec. III C assume it to be constant and equal
to 0.45.

B. Relationship between « slowing and y-ray energy
spectrum

When considering the o slowing in a thermalized
plasma, the motion of the plasma nuclei is assumed to be
negligible compared to that of the a particles. In this case
(Ey=0), we have

E=—2 _F (8)
w"‘na + mr “ )
and
(2m E,)'? 9)
T omg4mp
Dendooven, Drake, and Cable 3639



Because of this one-io-one relationship between ¥ and E_,
one integration disappears from Eq. (4) and the y-ray en-
ergy spectrum is given by

PAE,)dE,= J‘Em $(E) PAE,)dE, Y(1) %" dE,
E\:Hﬂ 1/
(10)
The reaction probability is given by
Ny  o(Ey)
P(E)dE,=—2———% __4E_, (11)

Ay |dE,/d(px) |

where A/ is the fuel mass number, N, is the Avogadro’s
constant (=6.022% 10%3/mol), o(E,) is the reaction cross
section, and £dE /d{px)| is the specific stopping power
[MeV/(g/cm™)].

The symbol px designates the areal density along some
o trajectory. In general, this is the integral of the density
along the trajectory. If the fuel consists of a mixture (or
compound) of one active (subscript 1) and a number of
inactive elements, Eq. (11) becomes

fiNg  o(Ey)
P’(E“)dE“-EL-f;Ai |dE,/d(px) | e

(12)

where A; is the mass number and f; the relative density
(number of nuclei/cm?) of the ith element (2f, ;=1). The
stopping power is that for the mixture or compound, which
is equal to the sum of the stopping powers for the individ-
ual elements, each weighed by the weight fraction
SfiAi/Zfid;. Equations (10)—(12) show that the a+ T cap-
ture y-ray energy spectrum depends on the reaction cross
section, the « stopping power in the fuel and the energy
distribution of the a particles. Thus, if the two former are
known, the latter can be determined from the y-ray spec-
trum. This is analogous to the use of secondary DT neu-
trons from DD fuel for measuring the triton slowing.'?

C. Calculations for different burn distributions

The a energy distribution ¢(£,) depends on the burn
distribution and the fuel density distribution. Following
Cable and Hatchett,' ¢(E,) is written in terms of the
probability that an a particle traverses a fuel areal density
between px and px+d(px) before leaving the fuel,
pr(px)d(px):

px(0)
$Ed= [ Pulpmid(pn)
px(Eg)

px(Ey)
=1— f pr(px)a’(px), (13)
0
where

is the amount of fuel needed to slow the «’s from their
initial energy ES (=3.5 MeV) down to an energy E,.
Inverting this relationship gives
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< d(px). (15)

d(px)

Epm = [

Equation (13) is only valid if the fraction of a particles
thaot rannte 1a armmall DPasariga AF tha grmall ~ 1T AwAcs gans
tilat itcacvid 1d dilliail. pluaudc Ul. L11T olliall u.-r L CIUDY dCL™
tion, this is always the case.

Using the above formulas, we calculated the a-+T
y-ray spectrum for different burn distributions. These cal-
culations, using Monte Carlo techniques, proceed as fol-

lows:

(1) choose px according to pr( px),

(2) calculate the final a energy after crossing an
amount of fuel equal to px,

(3) choose an « reaction energy randomly between
the final a energy and 3.5 MeV,

(4) calculate the reaction probability at this energy
using Eq. (12),

(5) choose one of the two y-ray branches according to
69% v, and 31% Y433,

(6) choose cos 8 according to an isotropic angular
distribution,

(7) calculate the y-ray energy using Eqgs. (2) and (3),

(8) digitize the y-ray energy (determine the spectrum
channel),

(9) add the reaction probability to the spectrum chan-
nel.

Repeating these steps a large number of times (typically
10%) creates a y-ray energy spectrum. The a stopping
power, which is strongly temperature and weakly density
dependent, was calculated according to Sivukhin.'* In the
following, the results of the calculations for two burn dis-
tributions are given and discussed.

1. The hot spot model

In the hot spot model it is assumed that the reaction
products are produced at a point at the center of a sphere
of radius pR (g/cm?) with time- and space-independent
temperature and density. This is consistent with an implo-
sion where the burn occurs in a small, high-temperature
“hot spot” surrounded by colder fuel mass. In this case, all
reaction products traverse the same amount of fuel, thus

P (px)d(px)=8(px—pR)d(px) (16)
$(Ey=1 px(E,)<pR
=0 px(E,)> pR. (17)

Figure 2(a) shows the calculated y-ray spectra for differ-
ent pR values for a fuel density of 21 g/cm® and a temper-
ature of 5 keV. The 478 keV y ray is not shown since its
shape hardly changes as a function of pR. The ratio of the
v-ray yield and the primary neutron yield as a function of
PR for different temperatures is given in Fig. 3. The plotted
y-ray yield does not include the 478 keV y ray. Due to the
weak density dependence of the a stopping power, the den-
sity dependence of the y-ray yield is quite small.

Dendooven, Drake, and Cable 3640
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FIG. 2. Simulated a+ T capture y-ray energy spectra in the hot spot (a)
and uniform burn (b) models for different pR values. The calculations
were performed for a density of 21 g/cm’ and a temperature of 5 keV.

2. Uniform burn of spherical fuel

In the case of the uniform burn of spherical fuel with
uniform temperature and density and an areal density pR,
it can be shown that

KT=10 keV o
o et

LY A
LIV A

%

A

—— hot spot
----------- umform burn

4-—-5 } %450‘}; i J;
0.01 0.1 1
PR [g/cni]

FIG. 3. Ratio of the a+T y ray and D+T neutron yield vs pR for
different temperatures in the hot spot and uniform burn models for a
density of 21 g/cm’.
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3 PX) la 1

P, (px)d(px)= 4pR[1 4(pRH (px), (18)
3Px(Ea) 1 px(Ea) 3

piE) 1= (220 (19)

Figure 2(b) shows the y-ray spectra calculated using
this model. The ratio of the y-ray yield and the primary
neutron yield as a function of pR for different temperatures
is given in Fig. 3.

3. Discussion

The fuel pR value can be determined from the y-ray
energy where the intensity drops to half of its maximum
value (at the low-energy side of the maximum). This half-
maximum point is rather insensitive to the burn distribu-
tion. This method of pR measurement breaks down for
target sizes such that most a particles are completely
stopped.

At small pR values (the linear part in Fig. 3), Y,/Y,
is temperature independent, although the a energy loss is
highly temperature dependent. The reason for this is the
fact that the a+T capture reaction cross section drops
little over the a energy interval covered at these small pR
values. The a energy has to drop from 3.5 to 0.9 MeV for
the cross section to drop by a factor of 2. The measurement
of Y,/Y, thus results in a temperature-independent deter-
mination of pR. There is, however, a small dependence on
the burn distribution. A fit for pR below 0.032 g/cm? gives
the following results:

hot spot:  Y,/Y,=6.1X10""pR,

uniform burn: Y, /Y,=4.7X10""pR.

The fitted exponent of pR is, as expected, equal to 1
(within the error). The total yield in the uniform burn
model is 77% of that in the hot spot model, refiecting the
fact that the average px for a uniform burn is equal to
3/4pR. Since any burn distribution with its maximum at
the center of the fuel results in y-ray yields between the hot
spot and uniform burn models, the error due to the uncer-
tainty in the burn distribution is rather small (at most 15%
around pR=0.01 g/cm?).

For pR values larger than the range of the « particles,
Y,/Y, depends less and less on pR (for a hot spot model,
Y / Y, actually becomes constant), but is strongly temper-
ature dependent. This is the result of the decreasing stop-
ping power (increasing range) with increasing tempera-
ture. In this region, Y,/Y, can be used to estimate the
temperature without accurate knowledge of pR and the
burn distribution.

In extracting pR values from the y-ray spectra, one
needs to know the stopping power of the « particles in the
fuel. Consequently, if one knows the pR value from some
other measurement, y-ray spectra can give information on
the stopping power.

Dendooven, Drake, and Cable 3641
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section shows a series of narrow resonances. (a) The cross section vs
energy. (b) The y-ray intensity vs y-ray energy (bottom axis) and «
energy (top axis) (in the center of mass, there is a one to one relationship
between ¥ and « energy).

IV. THE USE OF A SERIES OF NARROW
RESONANCES

The center-of-mass a-capture y-ray energy spectrum is
proportional to the product of the reaction cross section
and the o particle energy distribution. A narrow resonance
in the cross section thus results in a narrow y-ray peak in
the spectrum, who’s intensity is proportional to the num-
ber of a particles with an energy equal to the resonance
energy. In the laboratory frame, the Doppler effect broad-
ens this peak. If an ICF target contains nuclei with which
the  particles undergo a series of resonances, the intensi-
ties of the different y-ray peaks give the number of ¢ par-
ticles slowed down to the different resonance energies, i.e.,
a “stepwise” picture of the a slowing is obtained. This is
illustrated in Fig. 4.

The only resonant a-capture reaction below an a en-
ergy of 3.5 MeV with either deuterium or tritium is with
deuterium at an energy of 2.109 MeV. A series of resonant
reactions can thus only be obtained by seeding the fuel
with appropriate reactants. The only useful resonances of a
particles below 3.5 MeV with light elements are the a-%Li
and a-Li resonances. The properties of these reactions are
listed by Cecil er al.*®

3642 J. Appl. Phys., Vol. 74, No. 6, 15 September 1993

Now we calculate the total yield of resonant reactions
for ICF targets. Let us assume a Breit~Wigner cross sec-
tion [Eq. (7)] and neglect the nonresonant contribution to
the total cross section. If we further assume that the stop-
ping power changes little over the width of the resonance,
it can be replaced by its value at the resonance energy £jp.
For a narrow resonance (I"<Ep), the de Broglie wave-
length is also replaced by Ay, its value at the resonance
energy. Under these assumptions, the yield integrated over
the total resonance is given by

N,

N A T 5252
Y=N, 4, IdE/d(Px)lER 2 ARy

Ny 1 r
=N T T TOR, (20)

VP4, TdE/d(px) |5, 2

where NV, is the total number of projectiles (in this case the
number of « particles slowed down to the resonance en-
ergy), og=0(Eg) and the resonance strength «y is de-
fined as

_ 2J+1 Pl
N =D (2ht) T

For mixed fuel, Eq. (20) changes in the same way as Eq.
(11) does.

In Table I, the yield per « particle slowed down to the
resonance energies for two fuel mixtures is given: 49%
deuterium, 49% tritium, 1% °Li, 1% Li and 40% deute-
rium, 40% tritium, 10% °Li, 10% "Li (these percentages
refer to number densities). The stopping power makes the
yield temperature and slightly density dependent. The cal-
culation has been performed for temperatures of 1 and 5
keV and a density of 21 g/cm®. Reducing the density by a
factor of 10 increases the stopping power only by about
40% at 1 keV and about 20% at 5 keV. The stopping
power decreases by about a factor of 5 when going from 1
to 5 keV. These dependencies are quite insensitive to the
lithium contents. When going from 19 to 10% lithium,
the y-ray yield increases only by about a factor of 6 (not a
factor of 10) because the same mass density was assumed
in both calculations. For a 10% lithium contents, the y-ray
yield is of the order. of 10~''-107° per a particle.

The number of a particles at a certain reaction energy
is determined from the detected y-ray intensity, the reso-
nance parameters and the stopping power. Since this last
one is strongly temperature dependent, a good knowledge
of the temperature is required. However, a qualitative pic-
ture of the « slowing can be obtained without good knowl-
edge of the temperature because the relative variation of
the stopping power with « energy is not strongly temper-
ature dependent.

(21)

V. EXPERIMENTAL ASPECTS
A. Some detector aspects

v rays from magnetically confined fusion plasmas have
been detected with standard scintillation detectors.*”-1%13
The detection of y rays from ICF targets demands a dif-
ferent concept because all y rays are emitted in a very short

Dendooven, Drake, and Cable 3642



TABLE 1. y-ray yields of resonant a-capture reactions in deuterium-tritium ICF targets seeded with 1% and 10% Li and "Li, for temperatures of 1
and 5 keV and a density of 21 g/cm®. The yield is relative to the number of a particles slowed to the resonance energy Eg.

Y,/Y,
(10719

Eg? E}

1% °Li & "Li

10% °Li & "Li

Reaction (MeV) (MeV) 1 keV 5 keV 1 keV 5 keV
a-D 2.109 2.186 15.3 80.7 9.33 48.9
@SLi 0.500(25) 4.056 1.3 60.2 84.9_ 446

1.085 5.110 5.84 337 4.9 251
4392 277 16.0 20.8 119
3,370 0.495 2.86 172 213
1175 5.164 1.61 9.49 12.1 69.1
4.446 8.05 45 60.5 346
3.010 232 137 174 995
1.577 277 16.4 20.8 119
2435 5.920 7.48 36.5 56.3 273
5.201 1.57 7.69 1.9 57.5
2.605 6.025 127 59.6 96.0 446
@i 0.401(3) 8.920 263 132 19.6 9.5
4.475 0.125 0.626 0.934 4,59
0.814(2) - 4740 34.1 195 255 1450
2.442 3.16 18.1 23.6° 134
0.953(2) 9.274 28.6 165 214 1220
4.830 118 683 885 5070
2532 18.8 108 140 802

*a energy in the laboratory system.
Center-of-mass y-ray energy.

time (<1 ns). Also, since all ¥ rays travel at the same
speed, time-of-flight techniques, commonly used for neu-
tron energy measurements, are impossible. The measure-
ment of a y-ray spectrum therefore requires a detector that
can detect a large number of individual y rays at the same
time. Several such detector concepts have been thought of
and are briefly outlined in the following.

The most “classic” is a large detector array, such that
each detector sees at most one ¥ ray. This type of neutron
detection array using liquid scintillator is in use at
Nova.'%7 For y rays, the scintillator would have to be Nal
(best energy resolution), BaF, (fastest), or BGO (highest
efficiency). More complex systems are thinkable, e.g., a
BGO “core” to enhance the primary interaction of high-
energy v rays, surrounded by Nal to detect the secondary
radiation, thus improving the overall energy resolution.
Adding BaF, can provide a fast timing signal. Since the
size of such an array has to increase with y-ray energy,
construction related limits will impose an upper limit on
the detectable y-ray energy.

Another detection scheme uses the fact that there is a
one-to-one relationship between the energy and angle of a
Compton scattered electron and the primary y-ray energy.
In this scheme, collimated y rays impinge on a foil, thus
creating Compton electrons in all directions. Using a con-
ical slit, one selects the electrons scattered at just one angle.
A CCD can record the position of these electrons after
their trajectory has been bent by an electric or magnetic
field. From this position distribution, the electron energy
spectrum can be calculated and, using the known scatter-
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ing angle, the y-ray energy spectrum can be constructed. A
good energy resolution requires a thin scattering foil and a
narrow angle selection, resulting in a very small detection
efficiency. For an electron energy resolution of 20 and 400
keV (at several MeV electron energy), the intrinsic effi-
ciency is estimated to be only 6X 1075, respectively
1.2 10™* This number does not include the solid angle
covered by the scattering foil, which has to be very small as
well.

A detailed picture of the y-ray spectrum from ICF
targets might be obtained from a heavy liquid bubble
chamber. y-ray energies are deduced from the path of the
secondary electrons and positrons in the magnetic field.
Holographic photography provides a large depth of field,
has an excellent spatial resolution (8 ym measured,'® 1.5
pum predicted,'® in the plane perpendicular to the laser
beam), and subsequently allows a large track density (es-
timated 50 000 tracks in a 25 cm diameter by 15 cm deep
volume'®) and a good y-ray energy resolution. Therefore,
this approach is very promising because a large number of
¥ rays can be detected individually in a small volume and
with a good efficiency and energy resolution. A small heavy
liquid bubble chamber is presently being built at Lawrence
Livermore National Laboratory.

B. Neutron and y-ray background

Since there are at least 107 times as many primary DT
neutrons as there are a+T capture.y rays (see Fig. 3), it
seems quite impossible to prevent any y-ray detector from
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being “flooded” by these neutrons. This suggests that in
any case, y-ray data will have to be obtained before the
neutrons arrive at the detector.

From the maximum a+T y-ray yield (about 107 per
primary neutron) and the D+ T—y+°Heto D+ T—n+a
branching ratio (5.5 X 10~%) (Ref. 20) we deduce that the
primary ¥ rays are at least 500 times more intense than the
a-capture y rays. Another source of contamination are
neutron induced ¥ rays. For an n+D—y+T cross section
of 8 ub (at 14 MeV neutron energy),*! the intensity ratio
of these secondary ¥ rays to the primary neutrons is equal
to 1.0X10~°pR, with pR expressed in mg/cm® The
n+T—»y+4H intensity is at least three times lower.?* Be-
cause the 14 MeV neutron-induced breakup of D and T has
a high cross section and creates high-energy protons {up to
12 MeV),? the p+D—y-+>He tertiary reaction gives a
non-negligible tertiary y-ray intensity of 3 X 10_9pR (rel-
ative to the primary neutron yield). The p+T-y+*He
yield is 300 times lower. The neutron induced y-ray inten-
sity from a plastic and/or glass target shell and any radi-
ation connected to the D+D fusion reaction products are
negligible. The linear increase with pR of the above given
yields of secondary and tertiary reactions is only valid for
small enough pR (analogous to Fig. 3). The conclusion of
all this is that a detector must mainly be shielded from or
be able to discriminate primary ¥ rays. Although it can be
an issue, we do not consider here neutron-induced y rays
from material in the vicinity of the target, since this cannot
be treated in a general way. Collimation, however, will
reduce this background.

V1. CONCL.USION

Two y-ray diagnostics of the a slowing in ICF targets
have been investigated. One is based on the a+T ¥ rays,
the other uses a series of resonant a-capture reactions.
Some experimental aspects and possible detection schemes
were discussed. The calculated necessary yields are above
those produced in present day targets. However, yields at a
next generation ICF facility will allow y-ray diagnostics,
provided appropriate detectors are developed.

[
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