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Use ofg-ray-generating nuclear reactions for temperature diagnostics of DT fusion plasma
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A diagnostic application ofg rays emitted in6Li1D and 6Li1T nuclear reactions induced by admixing a
small amount of6Li in DT fusion plasma is investigated. It is shown that the reaction-produced monochro-
maticg quanta with energiesEg50.429, 0.478, and 0.981 MeV can be used for ion temperature measurements
in DT plasma. The proposed measurements are expected to be essentially independent of the plasma density
and its local fluctuations. The required reaction cross sections and the Maxwellian rate parameters of the
6Li1T g-ray production are calculated within a realistic nuclear model.
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I. INTRODUCTION

Temperature diagnostics of hot plasmas is an impor
problem in controlled nuclear fusion research. Conventio
diagnostic methods based on atomic processes are ab
measure the electron temperature while the most signifi
plasma parameters, such as its reactivity and the energ
leased, are determined by the temperature of an ionic c
ponent. However, any information on ion dynamics obtain
by conventional techniques is mainly indirect and is deriv
in many cases, under the additional assumption of ther
equilibrium between electron and ion components.

Direct control of the plasma ion temperature can be re
ized by nuclear-physics diagnostic methods based on de
ing products of nuclear reactions between charged partic
These methods should be sensitive and effective in the
portant temperature range 1–100 keV. Indeed, the yieldY of
a nuclear reaction between species 1 and 2 in a plasm
given by

Y5a12n1n2^sv&12, ~1!

wherea12 equals 0.5 or 1 for reactions between identical
different nuclei, respectively,n1 andn2 are densities of the
particles 1 and 2, and̂sv&12 is the reaction rate paramete
which is a function of ion temperature. The value of^sv&12
is mainly determined by the reaction cross sections at e
gies close to the Gamow peak energyEG . This peak corre-
sponds to the maximum overlap of the cross section and
product of the relative velocity of the colliding particles an
their velocity distribution function. For a Maxwellian plasm
at ion temperatureTi the value ofEG equals@1#

EG56.254S Z1
2Z2

2 A1A2

A11A2
Ti

2D 1/3

keV, ~2!

where Z1 (Z2) and A1 (A2) are the charges and atom
numbers of the reacting nuclei, respectively, andTi is ex-
pressed in keV. Simple estimations show that at temperat
of 1 to 100 keV the value ofEG for light nuclei does not
exceed a few hundred keV. In such a low-energy region
nuclear cross sections are strongly dependent on energy
1063-651X/2001/63~2!/026413~7!/$15.00 63 0264
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to Coulomb suppression and, therefore, the reaction yielY
should be a very sensitive function of ion temperature.

Thus, development of nuclear-physics methods of plas
temperature diagnostics is of particular importance. In
present work we examine the possibility of usin
g-ray-producing nuclear reactions for ion temperature m
surements in DT fusion plasma. These reactions seem t
very convenient for practical application. Gamma rays
capable of escaping freely from the plasma burning area
often can be separated from theg background, since theg
spectrum of a fusion plasma can be recorded with high re
lution.

The (d,g) capture reactions emittingg rays of high en-
ergy

T~d,g! 5He1 16.70 MeV, ~3!

D~d,g! 4He1 23.85 MeV ~4!

were proposed previously for diagnostic applications@2–5#.
It was suggested that information on ion dynamics could
derived from measurements of theg-ray yield @2–4# or from
the broadening of the D(d,g) 4He g line @5#. Here we wish
to draw the reader’s attention to the other capture proc
the (t,g) reaction

T~ t,g! 6He1 12.31 MeV, ~5!

which also must accompany burning in the DT plasma. T
reaction may give the interesting possibility of density ind
pendent temperature measurements in the DT plasma
fact, the measurements could be carried out by compa
the g-ray yields from all three reactions~3!–~5!. Using Eq.
~1! it is easy to show that the ratio of theg-ray yields

Yg
2~TD!

Yg~DD!Yg~TT!
5

4^sv&T(d,g)
2

^sv&D(d,g)^sv&T(t,g)
5 f ~Ti !. ~6!

This ratio does not include any plasma density parameter
is a function of ion temperature only. However, it is difficu
to draw a final conclusion about the sensitivity of this tec
nique because the low-energy T(t,g) 6He reaction has no
been well studied yet.
©2001 The American Physical Society13-1
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A general disadvantage of radiative capture reaction
the small branching ratio ofg-ray to charged particle chan
nels. For example, the branching ratio for the T1D reaction
at thermonuclear energies is about 531025 @4#. Fortunately,
the dominant reaction channel T(d,n) 4He is well known to
exhibit a strong resonant behavior at low energies, due
which the T(d,g) cross sections turn out to be quite lar
enough for experimental measurements. In particular, 1
MeV TD g rays were recently reported@6# to have been
detected at the Nova Laser Facility and used for a study
burn history. However, the situation with employing th
D(d,g) 4He reaction is less optimistic. The branching ra
of this g-ray channel to the D(d,p)T reaction is only 1027

@4# and values of the D(d,g) cross sections are rather sma
They do not exceed 1025 mb at deuteron energies below
MeV @7#. Therefore, reliable measurement of the DDg rays
from a DT fusion plasma is not a simple problem.

To avoid the specific difficulties of the radiative captu
processes other nuclear reactions appropriate for diagn
applications can be induced in a fusion plasma by admix
some light elements. For example, in nuclear-physics act
tion methods@8,9# it is suggested to expose14N and 10B
samples to D-containing plasma and subsequently mea
the particle yields from 14N(d,n) 15O and 10B(d,n) 11C
nuclear reactions. These yields are expected to be found
cause of induced radioactivity in the samples by count
annihilationg rays accompanyingb1 decay of the unstable
nuclei 15O and11C. Another reaction channel10B(d,n) 11C*
emitting 4.319-MeVg rays has also been noted to have
agnostic application@10#. The proposed methods, howeve
have some disadvantages. In particular, the measureme
the 11C isotope yield can involve appreciable errors beca
a significant fraction of the induced radioactivity may be lo
due to rapid evaporation of the sample@8,9#. Besides that,
the plasma is seeded with undesirable impurities of14N and
10B with large charge numbersZN57 andZB55 that may
substantially increase radiation loss.

In the present work we propose an alternative and, in
opinion, preferable diagnostic method capable of avoid
the above disadvantages. This method could be realize
admixing a small amount of6Li isotope in DT fuel. We will
study hereg-ray-generating reactions induced by6Li in the
plasma and show that they can be used for the contro
measurement of ion temperature in the DT plasma below
keV. Moreover, the measurements are expected to be es
tially independent of the plasma density or its local fluctu
tions.

Among the various nuclear processes initiated by add
6Li to the DT fuel the reactions

6Li ~d,n! 7Be* @0.429 MeV# 1 2.95 MeV, ~7a!

6Li ~d,p! 7Li* @0.478 MeV# 1 4.55 MeV ~7b!

in the 6Li 1 D system and

6Li ~ t,d! 7Li* @0.478 MeV# 1 0.51 MeV, ~8a!

6Li ~ t,p! 8Li* @0.981 MeV# 2 0.18 MeV ~8b!
02641
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in the 6Li1T system must proceed and seem to be con
nient for diagnostic application for the following reasons.

~i! The reactions~7! and ~8! lead to formation of7Be*
and 7,8Li* excited nuclei which decay byM1 electromag-
netic transition to the ground states and emit monochrom
g rays of the well-defined energiesEg(7Be* )5429 keV,
Eg(7Li* )5478 keV, andEg(8Li* )5981 keV @11#.

~ii ! The excited states have appropriate lifetimes
;10–200 fs, so that the widths of the respectiveg lines are
small @11# and, hence, these lines could be resolved exp
mentally.

~iii ! Unlike the radiative capture reactions governed
electromagnetic force, the reactions~7! and ~8! are induced
by strong~nuclear! interaction and proceed with sizable cro
sections. This suggests that even at a low6Li concentration
~required to prevent a significant increase of radiation l
from the plasma! the g-ray yield may turn out to be high
enough for experimental measurements.

~iv! An interesting remark concerns the process~8b!. Al-
though this reaction is endothermic, its threshold energyEthr
is only 180 keV. Therefore, one may hope that the mo
chromatic 981-keVg rays could be detected at therm
nuclear temperatures due to the contribution of the hi
energy part (E.180 keV) of the ion distribution function in
the plasma. Moreover, the yield of theseg quanta should be
an extremely sensitive function of ion temperature at a f
tens of keV because this range corresponds to the Ga
peak energy close to the reaction thresholdEthr where the
energy dependence of the cross sections is especially str
In addition, the threshold behavior completely excludes
contribution of the slow particles (E,180 keV) to the re-
action yield. This may help in inferring the behavior of th
high-energy part of the tritium distribution function, which
somewhat distorted due to scattering of fast 14-MeV D
neutrons by T ions in dense plasma@12#.

II. NUCLEAR REACTION CROSS SECTIONS

To verify the above suggestions and to explore the ap
cability of the 6Li-induced reactions for DT plasma diagno
tics at thermonuclear temperatures below 100 keV, it is n
essary to know the6Li1D and 6Li1T reaction cross
sections at energies below;1 MeV. The 6Li1D reactions
~7! have been studied previously in detail and experimen
measurements@10,13–16# supplemented by theoretical low
energy extrapolations@17,18# cover the required energ
range. The appropriate reaction rate parameters calcul
for the Maxwellian ion velocity distribution function ar
given in @19,20#. However, cross section data on the oth
g-ray-producing reactions6Li1T ~8! are still very scanty.
These processes have been measured at center-of-mass
giesE above;2 MeV @21# only, while in the lower-energy
region experimental and reliable data are not available.

Therefore, finding the cross sections of the6Li( t,d) 7Li*
and 6Li( t,p) 8Li* nuclear reactions at energiesE below 2
MeV is an objective of the present work. The essential e
ment here is a calculation of the cross sections in the lo
energy region, which determine a major part of the reactiv
at thermonuclear temperatures. The conventional factor
3-2
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USE OFg-RAY-GENERATING NUCLEAR . . . PHYSICAL REVIEW E 63 026413
tion of the 6Li1T reaction cross sectionss(E)

s~E!5
S

E
W~E! ~9!

is employed to find the sub-barrier energy behavior ofs(E).
The main energy dependence comes fromW(E), describing
Coulomb suppression of the6Li1T reactions in the low-
energy region. The astrophysicalS factor in Eq.~9! is gen-
erally a smooth function of energy and in certain cases m
be assumed to be constant.

In the present study we adopt this assumption but try
reproduce a precise, physically justified, energy depende
of W(E). Since the6Li1T nuclear reactions~8a! and ~8b!
have small positive and negativeQ values, respectively, thei
cross sections are determined, in general, by Coulomb
pression in both the entrance (a) and the exit (b) channels.
This means that theW factor is of the form

W~E!5Pa~E!Pb~E1Qb!, ~10!

where the transmission coefficient~or penetrability! Pa(b) is
defined by the ratio of the particle flux traversing the pote
tial barrier between the participating nuclei in thea (b)
channel to the incident flux. In order to findPa(b) we employ
a technique developed by us earlier@22,23# and used to cal-
culate low-energy cross sections of the6Li( d,n)7Be* and
6Li( d,p)7Li* reactions@18#. Very recently it was also ap
plied for the extrapolation of 6Li( d,pa)T and
6Li( d,na)3He nuclear reaction cross sections down to l
energies typical of primordial nucleosynthesis@24#. Accord-
ing to this techique, the transmission coefficientP(E) is de-
termined not for an ideal~Coulomb! but for a realistic
~nuclear-Coulomb! form of the potential barrier and is foun
by an accurate quantum-mechanical calculation. This ba
explicitly includes a nuclear potential tail in the system a
allows for the internal cluster structure of the participati
particles. The nuclear potential used to establish an e
form of the barrier is determined in terms of a cluster foldi
model involving no adjustable parameters. It is obtained
folding the microscopic Hamiltonian of the system of t
reacting particles over their nuclear wave functions. T
folding model was successfully applied earlier to study int
action potentials between6Li and the lightest nuclei with
A51 –4 @22,25#.

Using a three-bodya1n1p model to describe6Li one
can find thet16Li nuclear potential in the entrance chann
of the reactions~8! from

Vt6Li~R!5^C6Li~anp!x t~j!uVat1Vnt

1VptuC6Li~anp!x t~j!&. ~11!

Here,C6Li (anp) is an accurate wave function of6Li found
by numerical solution of the three-body Schro¨dinger equa-
tion @26,27# and x t(j) is an internal triton wave function
whose form is not specified in the given case as the trito
treated as a cluster. The pairat and Nt interactions in Eq.
~11! were taken from@28,29# ~see details in@25#!. The cal-
culated potential~11! has been found to lead to a good d
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scription of experimental data fort16Li elastic scattering in
the forward hemisphere. This means that the poten
Vt6Li(R) reproduces properly the peripheral part of the tr
interaction in the system and, hence, thet16Li potential
barrier should be of a realistic form. It is shown in Fig.
together with its nuclear and Coulomb components. The
tractive tail of the nuclear potential is seen to strongly aff
the barrier shape and reduces the barrier height down to
keV. The calculated transmission coefficientsPt16Li(E) of
the realistict16Li barrier in the entrance reaction chann
are given in Fig. 2.

The penetrabilitiesPb(E1Qb) in the exit channels of the

FIG. 1. The realistic potential barrier in thet16Li system and
its nuclear and Coulomb components.

FIG. 2. The penetrabilitiesPt16Li(E) and Pp18Li* (E2Ethr) of
the entrance and the exit potential barriers, respectively, for
6Li1T reactions.E is the center-of-mass energy in the entran
reaction channel.
3-3
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V. T. VORONCHEV, V. I. KUKULIN, AND Y. NAKAO PHYSICAL REVIEW E 63 026413
6Li( t,d)7Li* and 6Li( t,p)8Li* reactions were evaluated un
der the assumption that the exit potential barriers are clos
those for thed17Li gr.st.andp17Li gr.st.systems, respectively
A cluster folding procedure similar to~11! was used to find
the barriers needed. It employs a reliable deuteron w
function obtained with a realisticNN potential ~RSC! @30#
and a two-body wave function of7Li. The latter is calculated
in the a1t cluster model and reproduces well the nucle
binding energy in thea1t channel and the rms charge r
dius. The height of thed17Li barrier has been found to b
;400 keV and thus smaller than theQ value of the
6Li( t,d)7Li* reaction~8a!. Therefore, this reaction does n
undergo Coulomb suppression in the exit channel and
penetrability Pb(E1Qb) in Eq. ~10! should be taken as
unity. However, the other endothermic reacti
6Li( t,p)8Li* , having the threshold energyEthr5180 keV,
is still of a tunnel nature in the exit channel. The calcula
transmission coefficientsPp18Li* (E2Ethr) for the exit reac-
tion channel are shown in Fig. 2 as a function of the entra
center-of-mass energyE. Thus, the energy dependen
~9!,~10! of the reaction cross sections in the sub-barrier
gion can be established.

At higher energies the6Li( t,d)7Li* and 6Li( t,p)8Li*
cross section behavior was assumed to be similar to tha
the respective reactions with transitions to the ground sta
i.e., for 6Li( t,d)7Li gr.st. and 6Li( t,p)8Li gr.st.. This assump-
tion is realistic atE well above the potential barrier wher
the reaction modes leading to the excited and the gro
state of the final nucleus7Li ~or 8Li) have the same mecha
nism. Nuclear data for the ground-state reaction modes ta
from @31# were employed to extrapolate the energy dep
dence of the cross sections up toE;2 MeV where experi-
mental data become available@21#. Finally, the full curves of
s(E) over the 0–2 MeV energy range were properly sca
by combining with the lowest experimental point atE
;2 MeV. The calculated cross sections of the6Li-induced
reactions~8! are given in Fig. 3. The observed rapid drop
s(E) of the endothermic reaction6Li( t,p)8Li* with de-
creasing energy in the region of;200 keV close to the
reaction thresholdEthr is caused by extremely strong su
pression in the exit reaction channel.

III. DIAGNOSTIC APPLICATION

The next step in evaluating theg-ray yields in the fusion
plasma should be finding the6Li1T reaction rate parameter
^sv&. For a Maxwellian ion velocity distribution function
the rate parameters are given by

^sv&5S 8

mp D 1/2

~kT!23/2E
0

`

Es~E!e2E/kTdE, ~12!

wherem is the reduced mass of the6Li1T system andkT is
the plasma temperature. The calculated values of^sv& are
given in Table I and in Fig. 4 together with the rate para
eters of the6Li1D g-ray-producing reactions~7! @19,20#.
For comparison, the reactivity of the D(d,g)4He radiative
capture reaction@4# is also shown there. The6Li( d,n) and
6Li( d,p) channels are not resolved well in Fig. 4 due to t
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small difference of their cross sections@15,16#. The
6Li-induced reactions~7! and ~8a! are seen to have rathe
high values of̂ sv& which considerably exceed those for th
D(d,g) reaction. The reactivity of the endothermic reacti
6Li( t,p) is also larger than the D(d,g) reactivity at ion tem-
peraturesTi.20 keV. Figure 4 also confirms the suggesti

FIG. 3. The cross sections of theg-ray-producing 6Li1T
nuclear reactions as a function of center-of-mass energyE.

TABLE I. Maxwellian rate parameters^sv& of the
6Li( t,d)7Li* @0.478# and 6Li( t,p)8Li* @0.981# nuclear reactions as
a function of ion temperatureTi . Numbers in square brackets ind
cate powers of 10.

Ion temperature Rate parameter (cm3 s21)
~keV! 6Li( t,d)7Li* 6Li( t,p)8Li*

1 2.73@233# ,1.00 @250#

2 4.38 @229# ,1.00 @250#

3 4.64 @227# ,1.00 @250#

4 8.63 @226# 4.36 @245#

5 6.84 @225# 1.87 @240#

6 3.29 @224# 2.72 @237#

7 1.15 @223# 5.55 @235#

8 3.21 @223# 3.26 @233#

9 7.63 @223# 8.25 @232#

10 1.60 @222# 1.15 @230#

20 1.08 @220# 4.00 @225#

30 7.86 @220# 5.38 @223#

40 2.65 @219# 8.09 @222#

50 6.17 @219# 4.62 @221#

60 1.16 @218# 1.57 @220#

70 1.90 @218# 3.88 @220#

80 2.83 @218# 7.80 @220#

90 3.94 @218# 1.36 @219#

100 5.21 @218# 2.15 @219#
3-4
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that the 0.981-MeV g ray yield Yg(0.981) from the
6Li( t,p)8Li* reaction should be a very sensitive function
Ti in a region of a few tens of keV and this may grea
improve the accuracy of plasma temperature measurem
The 6Li( t,p)8Li* reactivity rapidly increases with rising
temperature and is fully determined by the contribution
the particles with energyE.Ethr . Therefore, detection o
the 0.981-MeVg rays may help to get valuable informatio
on the high-energy part of the tritium distribution function

Although the rate parameters~and, hence, the respectiv
g-ray yieldsYg) obtained are strongly dependent onTi , the
direct use of absolute values ofYg for finding ion tempera-
ture is not an obvious matter as they include unknown val
of the plasma current density. Fortunately, one can avoid
difficulty by comparative measurements of any pair
monochromaticg lines with Eg50.429, 0.478, and 0.981
MeV accompanying the6Li1D and 6Li1T reactions~7!
and ~8!. It follows from Eq. ~1! that

Yg~0.478!

Yg~0.429!
5

^sv&6Li( d,p)7Li*
1h^sv&6Li( t,d)7Li*

^sv&6Li( d,n)7Be*

, ~13a!

Yg~0.981!

Yg~0.478!
5

h^sv&6Li( t,p)8Li*

^sv&6Li( d,p)7Li*
1h^sv&6Li( t,d)7Li*

, ~13b!

Yg~0.981!

Yg~0.429!
5h

^sv&6Li( t,p)8Li*

^sv&6Li( d,n)7Be*

, ~13c!

whereh is the fuel density rationT /nD . Since at thermo-
nuclear temperatures below 100 keV the reaction T(d,n)4He
strongly dominates among all nuclear reactions proceed

FIG. 4. The Maxwellian rate parameters of theg-ray-producing
6Li1D, 6Li1T, and D1D nuclear reactions as a function of io
temperature.
02641
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in the DT16Li plasma, the rates of T and D burning a
almost equal to each other. Therefore, within good accur
the density parameterh can be assumed to be constant a
thus all the combined measurements~13! are determined by
plasma ion temperature only. The ratio of the monoch
matic g-ray yields ~13a! denoted by ‘‘0.478 to 0.429’’ for
h51 is shown in Fig. 5. The dotted lines represent the se
rate contributions of the 0.478-MeVg quanta from the (d,p)
and (t,d) reactions. The former leads to a weak temperat
dependence of the yield ratio ranging within;0.8–0.9. The
contribution of the (t,d) reaction is seen to be masked ne
the origin but it rapidly increases and makes the total ra
~13a! ~solid line! a quite sensitive function ofTi . The value
of Yg(0.478)/Yg(0.429) increases by 3.5 times when the i
temperature rises from 1 to 100 keV. This technique of te
perature measurements seems to be productive for a trit
rich DT fuel with the density parameterh;1. If h,1 the
contribution of the important (t,d) component in Eq.~13a!
becomes smaller and the necessary sensitivity of the me
may be lost.

The diagnostic application of the otherg-ray measure-
ments ~13b,c! for h51 is well illustrated in Fig. 6. The
ratios ‘‘0.981 to 0.478’’ and ‘‘0.981 to 0.429’’ are clearl
seen to reveal the extremely strong temperature depend
resulting from the rapid rise of the reactivity for th
6Li( t,p)8Li* reaction. In particular, the values o
Yg(0.981)/Yg(0.478) andYg(0.981)/Yg(0.429) increase by
a few orders of magnitude when the temperature rises f
20 to 100 keV. Therefore, it seems reasonable to emp
such a counting technique for DT plasma temperature m

FIG. 5. Temperature dependence of the ratio of the 0.478
0.429-MeV monochromaticg quanta yields in DT plasma with ad
mixture of 6Li isotope ~solid line!. The dotted lines represent th
separate contribution of the6Li( d,p) and 6Li( t,d) reactions. The
fuel density ratioh5nT /nD51.
3-5
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surements atTi.20 keV and, probably, for deriving infor
mation on the high-energy part of the ion distribution fun
tion.

We estimate now the6Li concentration in the DT plasma
needed to produce the necessary flux of monochromatg
rays. This flux must be counted experimentally in the pr
ence of a strongg-ray background. Since the latter may d
fer significantly for various nuclear fusion devices, we r
strict our estimation to the particular example of Princeto
Tokamak Fusion Test Reactor~TFTR!. For the background
typical of the TFTR the so-called delayed counting techniq
has been shown@32# to be able to observe 4.825-MeVg rays
with Yg;900 cm23 s21 ~released in a7Li-a capture reac-
tion proposed to studya-particle confinement!. The same
conclusion is likely to be valid also for the6Li1D and
6Li1T g rays since the background is roughly constant w
energy below 10 MeV@32#. It is easy to show that, at the fue
densitynT5nD51014 cm23, a 6Li concentration of 1% pro-
vides the required values ofYg(0.429) andYg(0.478) at an
ion temperature of ;6 keV, and Yg(0.981) at Ti
;22 keV.

Although the presence of6Li with charge numberZLi
53 in the hydrogen DT plasma increases radiation loss,

FIG. 6. The ratio of the 0.981- to 0.429-~and 0.478-!MeV
monochromaticg quanta yields in DT plasma with admixture o
6Li isotope forh51.
-
-

ys
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6Li concentration is rather small to drastically worsen bu
ing conditions. The specific power of bremsstrahlung lossPB
due to electron-ion scattering in the DT16Li plasma can be
estimated as follows:

PB5const3neTe
1/2~nTZT

21nDZD
2 1nLiZLi

2 !, ~14!

where ne and Te are the electron density and the electr
temperature, respectively. Simple estimations show that
1% 6Li concentration increasesPB by only 6%. Moreover,
this value may be partly compensated by additional nuc
energy released due to several exothermic reactions in
6Li1D system with the totalQ value of 43 MeV@17#. The
major part of this energy (;84%) is carried by charged
particles and, therefore, remains in the plasma@33#.

IV. CONCLUSIONS

Summarizing the results of the present work, we conclu
that the6Li1D and 6Li1T reactions~7! and~8! induced by
admixing a small amount of6Li in DT plasma have an im-
portant diagnostic application. The reaction-produced mo
chromatic g rays can be used for measurements of
plasma ion temperature. The measurements are expect
be essentially independent of the plasma density and its l
fluctuations.

The study carried out did not take into considerati
9Be* excited states near the6Li1t threshold at E*
;17.5–18.5 MeV, which may affect the6Li1T reaction
cross section behavior at low energies. Some of these s
have not been investigated with sufficient care, so their r
in the low-energy6Li1T reactions is still unclear. Therefore
further experimental study of the6Li( t,d)7Li* @0.478# and
6Li( t,p)8Li* @0.981# reactions at energies below 1 MeV
desirable.

It would also be important to consider some other p
cesses that may contribute to production of the diagnostg
rays. The first one is the suprathermal6Li1D and 6Li1T
nuclear reactions induced by fast D and T ions. These e
getic ions are mainly created by recoil in 14-MeV neutr
scattering and they have been shown to play a certain ro
fusion plasmas~see, for example,@34#!. The other process
appears due to the buildup of7Begr.st. in the DT16Li plasma.
Although the half-life of this nucleus is rather long (t1/2
553 days) it is capable of producing 0.478-MeVg rays in
its decay by electron capture to7Li* @0.478# @11#. Therefore,
the background buildup of7Begr.st. is worth studying further.
y,

on
@1# D. D. Clayton,Introduction to the Principles of Stellar Evolu
tion and Nucleosynthesis~University of Chicago Press, Chi
cago, 1968!.

@2# S. S. Medley and H. Hendel, Bull. Am. Phys. Soc.26, 980
~1982!.

@3# F. E. Cecil and D. E. Newman, Nucl. Instrum. Methods Ph
Res. A221, 449 ~1984!.
.

@4# F. E. Cecil, D. M. Cole, F. J. Wilkinson III, and S. S. Medle
Nucl. Instrum. Methods Phys. Res. B10Õ11, 411 ~1985!.

@5# A. Fubini and M. Haegi, Fusion Technol.25, 330 ~1994!.
@6# R. A. Lerche, M. D. Cable, and P. G. Dendooven, inProceed-

ings of the 12th International Conference on Laser Interacti
and Related Plasma Phenomena, Osaka, 1995, Part 1, edited
by S. Nakai and G. H. Miley~AIP Press, New York, 1996!,
3-6



m

A

J

ys

c

v,

.

.

t.

n-

A.
o-

m.

K.
n

.
ion

USE OFg-RAY-GENERATING NUCLEAR . . . PHYSICAL REVIEW E 63 026413
p. 527.
@7# H. R. Welleret al., Phys. Rev. C34, 32 ~1986!.
@8# F. C. Younget al., Rev. Sci. Instrum.48, 432 ~1977!.
@9# F. E. Cecil, Lek Keah Len, and R. J. Peterson, Nucl. Instru

Methods175, 293 ~1980!.
@10# F. E. Cecil, R. F. Fahlsing, and R. A. Nelson, Nucl. Phys.

376, 379 ~1982!.
@11# F. Ajzenberg-Selove, Nucl. Phys. A413, 1 ~1984!.
@12# Y. Nakao, T. Honda, M. Fujita, K. Kudo, and H. Nakashima,

Nucl. Sci. Technol.30, 18 ~1993!.
@13# C. R. McClenahan and R. E. Segel, Phys. Rev. C11, 370

~1975!.
@14# A. J. Elwyn et al., Phys. Rev. C16, 1744~1977!.
@15# F. E. Cecil, R. J. Peterson, and P. D. Kunz, Nucl. Phys. A441,

477 ~1985!.
@16# K. Czerskiet al., Phys. Lett. B307, 20 ~1993!.
@17# J. E. Monahan, A. J. Elwyn, and F. J. D. Serduke, Nucl. Ph

A 269, 61 ~1976!.
@18# M. Kamal, V. I. Kukulin, and V. T. Voronchev, VANT: Term.

Sintez3, 37 ~1989!.
@19# A. J. Elwyn, J. E. Monahan, and F. J. D. Serduke, Nucl. S

Eng.63, 343 ~1977!.
@20# V. T. Voronchev, V. I. Kukulin, V. M. Krasnopolsky, Y. Na-

kao, and K. Kudo, Mem. Fac. Eng. Kyushu Univ.51, 63
~1991!.

@21# S. N. Abramovich, B. Ya. Gujovsky, and V. N. Protopopo
Izv. Akad. Nauk. Kaz. SSR, Ser. Fiz. Mat.4, 24 ~1984!.

@22# V. I. Kukulin, M. Kamal, V. T. Voronchev, and V. M. Kras-
nopolsky, J. Phys. G10, L213 ~1984!.

@23# V. T. Voronchev, V. I. Kukulin, V. M. Krasnopolsky, Y. Na-
02641
.

.

.

i.

kao, and K. Kudo, Mem. Fac. Eng. Kyushu Univ.50, 517
~1990!.

@24# V. T. Voronchev and V. I. Kukulin, J. Phys. G26, L103
~2000!.

@25# M. Kamal, V. T. Voronchev, V. I. Kukulin, V. M. Krasnopol-
sky, Y. Nakao, and K. Kudo, J. Phys. G18, 379 ~1992!.

@26# V. I. Kukulin, V. M. Krasnopolsky, V. T. Voronchev, and P
B. Sazonov, Nucl. Phys. A453, 365 ~1986!.

@27# V. I. Kukulin, V. N. Pomerantsev, Kh.D. Razikov, V. T
Voronchev, and G. G. Ryzhikh, Nucl. Phys. A586, 151
~1995!.

@28# V. G. Neudatchin, Yu. F. Smirnov, and V. I. Kukulin, Let
Nuovo Cimento Soc. Ital. Fis.5, 834 ~1972!.

@29# H. S. Cherif and B. S. Podmore, inProceedings of the Inter-
national Conference on Few-Particle Problems in Nuclear I
teractions, Los Angeles, 1972, edited by Ivo Slauset al.
~North-Holland, Amsterdam, 1972!, p. 691.

@30# R. V. Reid, Jr., Ann. Phys.~N.Y.! 50, 411 ~1968!.
@31# S. N. Abramovich, B. Ya. Gujovsky, V. A. Jerebtsov, and

G. Zvenigorodsky,Nuclear-Physics Constants of Therm
nuclear Fusion~TSINIIatominform Publ., Moscow, 1989!.

@32# F. E. Cecil, S. J. Zweben, and S. S. Medley, Nucl. Instru
Methods Phys. Res. A245, 547 ~1986!.

@33# V. T. Voronchev, V. I. Kukulin, and V. M. Krasnopolskij,
Nucl. Fusion24, 1117~1984!.

@34# Y. Nakao, V. T. Voronchev, Y. Tabaru, T. Johzaki, and
Kudo, in Proceedings of the International Conference o
Plasma Physics, Nagoya, 1996, edited by H. Sugai and T
Hayashi~Japan Society of Plasma Science and Nuclear Fus
Research, Nagoya, 1997!, Vol. 2, p. 1774.
3-7


