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A 14-MEV BEAM-PLASMA NEUTRON SOURCE
FOR MATERIALS TESTING

A.H. Futch, F.H. Coensgen, C.C, Dainm, and A.W. Molvik

Lawrence Livermorc

National Laboratory

P.O. Box 5511, L-637

Livermore,

ABSTRACT. The design and performance of 14-MeV beam-plasma
seutron sources for accelerated testing of fusion reactor materials are
described. Continuous production of 14-MeY neutron fluxes in the
range of 3 to 10 M\W/m? at the plasma surface are produced by D-T
reactions in a two-component plasma. Iu the present designs, 14-MeV
neutrons result from collisions of energetic deuterium jons created by
transverse injeciion of 150-keV deuterium atoms on a fully jonized tri-
tium target plasma. The beam energy. which is deposited at the center
of the tritium column. is transferred to the warm plasma by electron
drag. which flows axially to the end regions. Neutral gas at high pres-
sure absorbs the encrgy in the tritium plasma and transfers the heat
t0 the walls of the vacuum vessel. The plasma parameters of the neu-
tron soufce, in dimensionless units, have been achieved in the 2XIIB
high-3 plasma. The larger magnetic field of the prese-t d~sign permits
scaling to the higher erergy and density of the neutron source cesign.
fa the extrapolation, care fias been taken Lo presecve the scaling and
plasma attributes that contributed to equilibrium, magnetohydrody-
namic {AMHD) stability, and microstability in 2XIIB. The performance
and scaling chiracteristics are described for several designs chusen to
enhance the thermal isolation of the two-component plasmas.

I. Introduction

In this paper we describe several designs for a 14-MeV neutron
source based on the deuterium-tritium (D-T}) reaction. In all present
designs. the reactions proceed in a linear two-component plasma pro-
duced by transverse injection of 150-keV deuterium atoms into a fully
ionized tritium target plasma. Parameters for such a neutron source
are selected 10 meet the requirements for accelerated testing of materi-
als in a fusion materials development program. The overall objective of
such a program is to develop new or improved materials with long lives
and low activation under 14-MeV neutron irradiation. A plasma-based
fusien source would avoid questions of extrapolation because of differ-
ences 1n the neutron energy spectrum and would give valuable design
informavion of synergisiic effects in this complex environment. .

For accelerated materials testing, source characteristics must be
related to auticipated reactior goals. The relevant reaclor goals' are
for a minimum neutron wal} loading of 3-6 MW/m?, a minimum first-
wall Lfetime of 2-5 yr, and hence a minimum integrated neutron wall

ing of ~10-20 MW .y, m?,
ug a design for a compact. intense neutron scurce,

loa

In

n approac
we review finear systemns based onr high-density two-component j las-

Tetium reinjection
(boih ends)
A High-pressure gas
(about 1 atm)

Samples
.
B

CA 94551

mas. The basic plasma physics of the reaction region is based on the
stable operation of the neutral-beam-dfiven 2XIIB experiment.? We
first discuss the thermal isolation and power transport for the “flow™
and “multiple mirror” models. Finally we focus on the high-density
two-component plasma system with powes lasses limited by clectron
thermal conductivity. Qur design goal for the high-fluence neutron
source was chosen as an uncollided 14-MeV neutron Aux equivalent ta
10 MW/m?, to provide the required radiation dose for materials Lesting
in approximately 1-2 yr.
II. Neutron Source Concepts

In the design studies discussed here for beam-plasma nevtron sources,
D-T neutrons are produced by injecting a current of encrgetic deu-
terium atoms into a dease, fully ionized tritium plasma column. As an
example. Fig. 1 shows a schemutic diageam of the aeutron source for
the electron thermal conductivity case, or Spitzer model. Except for
the power transport region, other beam- plasma designs are similar. As
shown in Fig. 1, the high-density target plasma and the hot devterium
plasma that is formed by ionization of the transverse-injected D® cur-
rent are confined by a lincar array of magnets. The usually difficuit
prablem posed by dispasal of beam power deposited in the target is
solved by conducting the injected power along the plasma column to
large area end tanks.

The target plasma is sufficiently dense to stap most of the injected
D° particles, and it is hot enough {electron temperature 7, = 0.2 keV)
to increase the D-T reaction rate significantly above that obtayned with
solid targets. The trapped deuterons cool to the temperatui . of the tar-
get plasma and eventually diffuse out the ends of the device. Energy
transfer between hot deuterium ions and electrons heats the tritium
ions, so the warm-ion temperature 7, < 7 in the plasma columan. Eval-
uations of an optimum beam energy for two-component plasmas have
shown a broad maximum to exist at ~200 keV' .2 Figure 2 shows Q, the
ratio of fusian power to injection power, as a function of the deuteron
injection energy from the paper by Post et al.® For a fixed electron tem-
perature, the maximum value of Q occurs at approximately 200 keV.
Since the efficiency of positive-ion bram techunlogy is adequate fur ion
energies up 1o 150 keV, we have chosen 150 keV as the injection energy,
thus avoiding the need for an expeusive and protracted developnient
based on negative-ion beams. The reaction rate is decreased ahaut 20%
by this cotpr ise.
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FIG. 2. Energy gain factar § vs injection energy and electron temper-

ature T, for a mirror ratio & = 10 (kT; = kT).

III. Reaction Chamber Plasma Model

Because radial density profiles in neutral-beam-driven lincar sys-
tems are observed to be Gaussian, we model the plasma with a radial
density of the form n = fie~{"/%)* where a is the e-folding distance for
the density fall-off. To enhance the plasma deasity and consequently
the reaction rate. we inject the neutral beam off-axis where the plasma
density is n, = f.e~!. To fucl the center of the plasma and to min-
imize the plasma radius, we direct the neutral beam so the Dt ions
curve toward the axis, as shown in Fig. 3. The magnetic field at the
injection position is chosen so 2p = a, where p is the gyroradius of the
hot deuterium ion.

The total plasma density is determined by beam penctration. As a
condition for beam penetration with nearly complete beam absorption,
we chose ... line density to the midpoint along the chord through the
plasma to be equal to 2055

/_m nedl =

where 0iryp incledes beam itonization by electrons and jons as well as
rharge-exchange cobisions, and # is the correction factor for muftiple-
collision enhancement® of trapping. This condition determines the total
plasina density. Figure 3 shows the geometry for pencil beam injection
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FIG. 3. Neutral beam injection geomctry. Central ray of nevtral beam
is located one orlet diameter frowm axis for full erergy DY Magnetic
field direction is chosen so velority of injected ions is toward plasma

Tenter,

along a chord where the electron density n. = fi. el(a+s2)1%] and the
line density js

/' nedt = 7. ¢"a = 0.326%a . @
oo 2
By equating Eqgs. (1) and (2), we find:
. 20,4
trag (3)

" = Uit +6)
The condition for validity of the flow model is that the electron

mean free path X is greater than [./2; this requirement results in the
following expression for the maximum electron density:

e < 3.4 x 162721, . [C)]

where I is the full length of the plasma column. The peak hot-ion
density is determined from the expression for §:
. 3p2
iy =

L3 3
= IXITE, jons/m>,

{5)

where E) is the average hol-ion energy in keV {delermined scparately
from a Fokker-Planck code) and 8 is the magnetic fieid in tesla.

IV. Thermal Isolation and Parallel Power Flow

A. Flow Model

1f the electron mean free path is longer than the mid plane-to-mirror
distance, then mass low dominates over electron thermal conductivity,
and the heat flow per unit area, Q,, through the magnetic mirrors is

-MW/m? (6)

T,
=1 x 1073200, 2l
=tx7==eg
with v, the sound speed and p = ¢+ T, where ¢ is the plasma potential.
Both ¢ and T, are expressed in keV. With ¢ =~ 4.37,, and

e = /[Te + (5/3)T}/my = 177 % 10%T. V/* . m/s , 6}
where p = [L+ 5/3(F)}'/? and m, the triton mass, we obtain
Qs = 142x 107 Tpng T2 /R - MW /m? . .8)

For a cylindrical plasma of unit cross-sectional area and hot-ion length
Ix, the electron drag on the hot devterium jons is

n.np Epely,
(N74rag)

SAMW/m?

_a e Enly
=93x 107" E%

Qurag = {9

&

where n. is the total density, n, the hot density, £, 1he average hot-
ion energy, e the electronic charge, and (17 )4p0p = 1% 10‘9:\.’[}]“(1/ na)
Therefore, for deuterons, whereIn A = 11.6, (n7)¢ray = 1.72x 108 ™
(keV'].
Assuming gnly axial heat loss, we cquate Q@ = Qu,q, on the axis
and solve for 7,. obtaining
Te= 187 % 167% ren By it}

17 ev
nenp

(10}
for the peak clectron temperature. We estimate Ei from the expression
En = E1/W(£1/207;), where £ is the hot deuterium imjection energy.
For a Gaussian radial density profile, the axial power flow Py be.
comes -
) 2
S .
v =‘.’.'r(l.l'.'x1[)‘”)v/:x% p/ ey
S | 8

where we have neglected the complex dependence of 7, with tadiys.
Fora= U39 m, n=>53and R =3,

.
Py 122 107 Pnrldp - MW



For the flow modal, the confinement time for warm tritium plasmais
not sufficiently long for equilibrium to be established with tke electrons.
We estimate the tritium-ions temperature from analytic equations to
be = 0.1 keV for the paramcters of Table I,

As a check on the simple flow cquations discussed here, we have
calculated a neutron source case using the FPPAC multispecies Fokker-
Planck code.® For this example, the midplanar magnetic field is 4 T,
the magnetic mirror ratio is 3, ¢y = 0.15m, L. = 1 m, ¢/T. is set equal
to 4.3, v, = 1.35 x 10% m/s, ne = 2.36 x 10%, and 7, = 1.03 x 107,
Table | shows a comparison between the Fokker-Planck vode and the
simple analytic equations. In general, the agreement is good.

Table I: Comparison of Equilibrium Plasma Parameters from Analytic
Equations with Parameters from the FPPAC Fokker-Planck Code,

Parameter Analytic Equations FPFAC Code
n. (electrons/m7)® 2.36 x 1077 2.36 x 10°T
ny, (ions/m?)e 1.03 x 10** 1.03 x 102
nr {ions/m)® 1.34 x 102 1.34 x 10%
T, (keV) 040 0.38

Ey (keV) 51.0 46

T, (keV) 0.11 n.117

Py (AW) 50 62
LMW /m?) 14 44

“All densities aze input paramnetcrs.
Por = 431 x 1077 m¥s
B. Multiple-Mirror Model
Additional thesa} isolation may be achieved by the use of multiple
mirrors.® If the scaie 1engths are such that

I € Ac € R,

where I, is the magactic field scale length and & is the mirror c-ll
tength. then the power Gux for a multiple mirror is

L
Qsr=1x 10'3$eq% [Z‘I\'] . (13}

where L s the total system iength and K is a parameter which varies
between 1 and 2, approaching 2 for a large number of mirror cells.
Solving Eq. (9) for T/ and substituting into the expression for Q
gives
L
0 . L Klp}T 2
Q,:3o:xlg‘74’m ToMw/m?, (19)
! { RL
with 1 = 33. Sisce Q5 = Qurayr the net result is that for the same
plasma parameters and wall loading, a mulliple;mirror neutron source
requwtes less input power by the factor (KI./L)T .

C. Conductivity Model

For the Spitzer conductivity model,” the power flow Q yag per unit
ral plasma to the ends is

area from the te

Qona = 7
I—‘.n; MW/m?

7 {15)

with K = 0.25 ¢ 107 7278 MW/ueheV In this expression, I, is the
full length of the plasina column, and & is the 1atio of field in the
solenoid B, to the central field 5. We use ST units, excep. 1% is in
keV The powet canducted slong the plasma columns can be expressed
by itegrating Fq. (1%) aver 7.

MW/ e (16)

Tar)t
Quung = 332 5 1002

The theury only apphes for A, < 1 /2, where A, Qs the elertron-
electron mean-free path,

2 % 1027
Ae= <.
n.dn A

(n

For A > I./2, ccllisionless power flow due to the:mal convection is the
proper model.

Assuming the power loss Qgraq is by thermal conduction, we can
equate this loss to the power input per unit arca to the plasma through
clertron drag of injected deuterons [Eq. (9)]. Equating Qcond = Qurag,
we obtain an expression for T.:

e = 244 % 1071 Enfi dyd R)V/S e~ W507F ey, (18)
Now, integrating Eq. (1) over radius to r, = 2a, we obtain
;72 7
Poona = 239 x 10852 apw (19)

IR
neglecting the power flow for r > r,. In our analytic model, we used
< ov > and Ej, calculated using the multispecies FPPAC code.

In this paper we emphasize the conductivity model for primarily
three reasons. First, the high-density column provides the best iso-
lation between the hot core plasma and the refluxing gas in the end
region. At the same time, a slight imbalance between the gas pres-
sure in the two end regions provides sufficient fueling of the tritium
target plasma. The second advantage of the long dense column is that
the plasma temperature decreases steadily as the end regions are ap-
proached, maintaining a constant plasma pressure as 7, increases. Be-
fore impacting the end walls, we expect Lhe jons either 1o recombine
into gas atoms or to strike the walls with such low energy (< 10 ¢V)®
that wall sputtering will not be a problem. The third, and possibly
most important, advantage of the conductivity model is that the argu-
ments for plasma stability, particularly microstability, are more certain
because of the dense target plasma present in that case. The basis for
stability comes both from theory and from the experience of the 2X11B
experiment. Asin 2XIIB, the hot plasma is maintained in a local mag-
netic field minimum provided by a quadrupole magnet. The neutron-
source end cells are designed to absorb the plasma power flowing out
of the solencidal Spitzer region with negligible erosion of the vacuum
walls, minimum reflux of wall materials, and a minimum inventory of
tritium. The plasma heat is removed by expanding the radial walls as
the magnetic field lines fun to maintain the power density at the wall
below 3 MW /m?; this power flow is readily removed by conventional
water-cooling techniques.

V. Neutron Sousce Design

For a detailed estimate of the uncollided neutron flux, we assuine
the source to be a Linear source of finite ength. The nevtron flux &
observed at coordinates ry. 2y is

" t
o= ?:/ ngny <ov> rdr/
o -1 T
where z is a source cvordinate, extending fruom —{ to {. (Note: &) =
21, where I, is total source length.) Integrating over the Ganssian
distribution to obtain a source streagth per unit Jength and then along
the source Jength, we vhtain

4 [l:u\" (i';l) —tan ! (5“—!”} BRI
51y n fno

2
@ =l ng o> {——

dz

Trin -

We define the peutran widl loading P oas the neatran pover per unit
area of surface at the taidpli = 0)and &b wradina ry 2 v, Ueing
Eq. (20), we ubtam the folluwing expression for [

/' sin bl (22)

NEETE ]

s
/ nony o> Ferdr
u

where < or > 45 *ne reaction rate patatetor obtuned from Fokker-
Planck runs, Eis the nentron energy (111 MeV) e s the
charge, and @ is the angle between the axis and a line from the souree

pont at : to the observalion point at ry. Integrating over the radid

rcLrotic



Gaussian density profile and alo..g the source length, we obtain

2
L= 112 x 10"7, Ay <ov> (L) cosf; - MW/m?,

pTS (23)

where 6; = § at = = ¢. Note that Eq. (23) is simply the value of [ from
the infinite cylindrizal model, with the factor cosé; correcting for the
finite source length.

A. High-J Design

With By = 4 T, a 150-keV D* ion has a gyroradius p = 0.020 m,
making a = 2p = 0.040 m. For this case, dyrap = 2.78x 1072° m?, With
a correction factor. 1 + & = 1.75. Eq. {38) gives fie = 3.2% 10 m~2. The
hot-ioa density is determined by the 3 limit, which for this base case
is taken as 3 = 1 consistent with 2XIID operation. Thus, neglecting
other small contributions to 8,

3p*
1% 10732Ey
where E, = 50 keV' as estimated from Fokker-Planck calculations. For
the hot plasma length, we selected a value of {y = 0.15 m. This is a
compromise 1o vield a moderate-sized test volume with good perfor-
mance at a reasonable power level and al demonstrated neutral-beam

=8x10°m™? (24

fin =

densities.

As seen from Eq. (13), T, can be modestly increased by increasing
the magnitude of the field and the length [, of the power transport
region. \We consider the maximum practical field sirength B, to be
12 T, consistent with demonstrated magnet performance.® We chose
I, = 10 m as a standard length for all cases, since the gain beyond
{. = 10 m is small. The power of the injected beam is equal to that
tost by canduction and is given by Eq. (19). Parameters for the high-3
design are listed in Table I

Tahle i1: Operating Point Parameters.

High 3 Low 3 Low 3
0.15m 03m 0075 m
D? beam energy (keV) 150 150 130
D® beam power (AMW) 60 50 13
FiMW/m?) T2 nse 49
Fusion power (MW) 1.0 11 D17
Plasma (peak) 3 1.0 0.25 0.16
fin {r =0} (m~3) 8x 10 8x1w0*° 35x10"
e tr =0y (m™7) 3.2x 10 6.3 x 10 6.3 x 107
Teir = 0) (heV) 0.22 0.2 0.14
E, (keV) 50 51 16
Iy (m) 0.15 0.30 0.075
a(m) 0.04 0.02 0.02
rp = 2a {(m) 0.08 0.04 0.04
pctm) 0.02 0.01 0.0}
I tm) 10 10 10
Ba (T 4 8 8
B,1(T) 12 12 12
Magnet power (MW) 6K 1] 0

B. Low-3 Design

At sufficiently Jow . MIID stability can be provided i axisym-
metnie linear systems by of panderomotive forces or by providing suffi-
aent perpendicutar plasma pressuse in regions of positive curvature, '
Eliminaung the quadrupole magnet greatly simplifies magnet design,
IMProves access o the plasma, and reduces operating rost by reducing
puwer consurmption  Although the data base for these approaches to
MUD stabality 15 not as extensive as that for quadrupole stabilization,
it s sullicient to warrant ennsideration of these systems as neutron
sources. it the desipn discussed below, the exiting magnetic field lines
have strong postive curvatuce similar to that in the Gas Dynamic
Trap'? experunent, where MHD stability is provided by the pressure of
the end-loss plisma. In the axiaymmetric design, J is reducest without

sacrificing plasma density by increasing the magnetic field B, to 8§ T.
‘At 8 T, the plasma radius r; is reduced from 0.08 m in the high-g
design to 0.04 m. With the reduced plasma size the density can be
increased to fi. = 6.3 x 10" m~2 with adequate beam penetration. At
8 T using 50 MW of beam power, I at the plasma surface is 160% that
of the 4-T, 60-MW design. The 8-T, 50-M\Y design also provides a
factor of two gain in sample volume and a tedu-tion by a factor of four
in B compared to the 4-T, 60-MW design.

Table 11I gives plasma size and parameters for one high-g design,
three low 8 designs, and au earlier accelcrator-based D-Li neu‘ron
source.!

VI. Summary

In this paper we have desci.bed tle contepiual design of a fusion
D-T neutron source based on plasma physics and technologies devel-
oped in the international effort to develop fusion power. Freedom from
the requirement of net power production has permitted the design of a
system that js relatively small and low-zost, has low physics risk, and
requires little developmert. Because the D-T reaction is restricted to a
small volume, the volume of activated material and tritium consump-
tion are small. The total neutron production rate is approximately
proportional to injected beam power and, because the beam system
is the largest cost item, the construction cost increases neasly linearly
with the total neutron production.
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Table [I: Neutroa Source P

Neutroa Neuttan
source Plasma pawer
beam Ceatral size, Beam (plasma Total  Valume, &>
energy  field Lxr, power  edge) souree 10" afem?s
(keV) (T) {m} 3 (MW) (MW/am?) {efs) (liters]
50 4 015x016 10 60 T2 36x 10" 57
150 8  030x003 025 SO e 41x10° "
150 8 015x008 D6 65  122x107 20
150 8 0075x008 bLiE 13 19 06x 0 048
FMIT® (35 MeV D* beam, Litarger) 7 03 x207 0.4%
“FMIT = Fumoo Matenals Lradsavion Test Farabiy
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