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

A.H. Futch. F.H. Cocnsgcn, C.C. Damm, and A.W. Molvik 
Lawrence Livcrmorc Naiional Laboratory 

P.O. Box 5511, L-637 
t ivcrmorc, CA 94551 

A B S T R A C T . The design and performanceof 1-1-MeVbeam-pIasma mas. The basic plasma physics of the reaction region is based on the 
neutron sources for accelerated testing of fusion reactor materiaJ;. are stable operation of the neutral-beam-driven 2XIIB experiment. 3 We 
described. Continuous production of 14-MeV neutron fluxes in the first discuss the thermal isolation and power transport for the "flow" 
range of 5 to 10 M W / r a 1 at the plasma surface are produced by D-T and "multiple mirror" models. Finally we focus on the high-density 
reactions in a two-component plasma. In the present designs, 14-McV two-component plasma system with power losses limited by electron 
neutrons result from collisions of energetic deuterium ions created by thermal conductivity. Our design goal for the high-flueoce neutron 
transverse injecrion of 150-feeV deuterium atoms on a fully ionized tri- source was chosen as an uncollided 11-MeV neutron flux equivalent to 
tium target plasma. The beam energy, which is deposited at the center 10 M W / m . to provide the required radiation dose for materials testing 
of the tritium column, is transferred to the warm plasma by electron in approximately 1-2 yr. 
drag, which flow? axially to the end regions. Neutral gas at high pres
sure absorbs the energy in the tritium plasma and transfers the heal I I . N e u t r o n S o u r c e C o n c e p t s 
to the wails of the vacuum vessel. The plasma parameters of the neu
tron source, in dimensionless units, have been achieved in the 2XI1B In the design studies discussed here for beam-plasma neutron sources 
high-J plasma. The larger magnetic field of the prese-.t design permits D-T neutrons are produced by injecting a current of energetic deu-
scaling to the higher energy and density of the neutron source design, tcrium atoms into a dense, fully ionized tritium plasma column. As an 
In the extrapolation, care has been taken to preserve the scaling and 
plasma attributes that contributed to equilibrium, magnetohydrody-
namir. (MHD) stability, and microstability in 2X1 IB. The performance 
and scaling characteristics are described for several designs chosen 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 to 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 
fusion source would avoid questions of extrapolation because of differ
ences in the neutron energy spectrum and would give valuable design 
information of synergistic effects in this complex environment. 

For accelt-raU'd materials testing, source characteristics must be 
related to anticipated reactor goals. The relevant reactor goals' are 
for a minimum neutron wall loading of 3-6 H W / m 2 , a minimum first-
wall lifetime <>i 2-> yr, and hence a minimum integrated neutron wall 
loading of - 1 0 - 2 0 MW-yr /m' . 

in approac.'iing a design for a compact, intense neutron scurce, 
we review iirifar systems based op. high-density two-component [ las-

Tf ilium reinjeclion 
. (boin ends) 
\ High-pressure gas 

\ (about i atm) 

example. Fig- I shows a schematic diagram of the neutron 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 deuterium 
plasma that is formed by ionization of the transverse-injected D° cur
rent are confined by a linear array of magnets. The usually difficult 
problem posed by disposal 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 stop most of the injected 
D° particles, and it is hot enough (electron temperature 1\ z: 0.2 keV) 
to increase the D-T reaction rale significantly above that obtained with 
sob'd targets. The trapped deuterons cool to the lemperatui .. 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 T, < 7", in the plasma column. Eval
uations of an optimum beam energy fur two-component plasmas have 
shown a b r o a d maximum to exist at —200 keV. 3 Figure 2 shows Q, the 
ratio of fusion power to injection power, as a function of the deuteron 
injeciion energy from the paper by Post et a ] . 3 For a fixed electron tem
perature, the maximum value of Q occurs at approximately 200 keV. 
Since the efficiency of positive-inn lx»am t*>rliur>loi*y IS adequate fur inn 
energies up to 150 keV, we have chosen 1^0 ki>V as the injection t-nergy, 
thus avoiding the need for an expensive arid protracted development 
based on negative-ion beams. The reaction rate is decreased about 2U5E 
by this cotllpr ::.:se. 
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along a chord where the electron density nc = n e e~K" * z Va i and the 
line density is 

ntdl = n e ^ e ' ' a = 0.32Gii ra . 
o 2 

By equaling Eqs. (1) and (2), we find: 

0.32Ga{l +6) ' 

(2) 

(3) 
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FIG. 2. Energy gain factor Q vs injection energy and electron temper
ature Te for a mirror ratio R - 10(1:7; = kTt). 

III . R e a c t i o n C h a m b e r P l a s m a M o d e l 

Because radial density profiles in neutral-beanvdriven linear sys
tems are observed to be Gaussian, we model the plasma with a radial 
density of the form n = n e ~ ' r ' 0 ' , where a is the c-folding distance for 
the density fall-off. To enhance the plasma density and consequently 
the reaction rate, we inject the neutral beam ofF-axis where the plasma 
density is ne = n e e ~ ' . To fuel the center of the plasma and to min
imize the plasma radius, we direct the neutral beam so the D + 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 penetration. 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 2t?.~' : 

The condition for validity of the flow model is that the electron 
mean free path A is greater than lr/2; this requirement results in the 
following expression for the maximum electron density: 

ht < 3.4 x W-Tlllt (4) 

where / c is the full length of the plasma column. The peak hot-ion 
density is determined from the expression for 0: 

4 x 1 0 - « Eh 

• iotts/m (5) 

where E\ is the average hol-ion energy in keV (determined separately 
from a Fokker-Planck code) and B is the magnetic fieid in testa. 

I V . T h e r m a l I so la t ion a n d Paral le l P o w e r F l o w 

A . F l o w M o d e l 

If the electron mean free path is longer than the midplane-to-mirror 
distance, then mass now dominates over electron thermal conductivity, 
and the heal flow per unit area, Qf, through the magnetic mirrors is 

5 / = , x l O - ^ ^ . M W / ^ (6) 

n,dl = d + 0 ' (1) 
with v, the sound speed and n = <?+ T* where 4> is the plasma potential. 
Both <? and Tt are expressed in keV. With <p = 4.37;, and 

where olTap includes beam ionization by electrons and ions as well as 
charge-exchange coUisions. and 6 is the correction factor for multiple-
collision enhancement 4 of trapping. This condition determines the total 
plasma density. Figure 3 shows the geometry for pencil beam injection 

". = ^ + (5 /3)7 ,1 /™;= 1.77 x l O V ; " * - m/s . (7) 

where p - [1 4- 5/3(7*-)] ' ' 3 a n t * ""> t n e t r ' t o n mass, we obtain 

Q} = 1.42 x IQ-^pnjrf'^TiJR • M W / m 1 . .S) 

For a cylindrical plasma of unit cross-sectional area and hot-ion length 
Ih, the electron drag on the hot deuterium ions is 

Qir,9 = h = 9-3 x l O " 4 1 '• ' , * * • M W / m 2 , (9) (riTtfra! IV 

where ne is the total density, nh ihe hot density, Eh ihe average hot-
ion energy, e the electronic charge, and (<ir ) d t a 9 = \ x 1 0 1 9 / l , T e

3 / 2 ( l / In A). 
Therefore, for deuterons, where In A = 11.6, (nr)drag = 1.72 x 1 0 l a T?'2 

(keV). 

Assuming only axial heat loss, we equate Q} =• Qjra3 on the axis 
and solve for T,. obtaining 

Te 1.37 x 1G~ i « » ^ f l | * . 
"r'tp 

LcV ( 1 0 ) 

Neutral 
beam 

FIG. 3. Neutral hi-.uu injection geometry. Central ray of neutral he-am For a = 
is Itjcaifd one orliii diameter from axis fur full i-r.ergy I ) + . Magnetic 
fiL-!d direrlion is chosen so velorjty .. ' injected iorin is toward plasma 

for the peak electron temperature. We estimate £ \ from the expression 
Eh = Eifht(E//20Tt), where /.'/ is the hot deuterium injection energy. 

For a Gaussian radial density profile, the axial puwi r (low / ' , UP. 
comes 

/'/ = 2 T ( | . I 2 * I 0 - " ) i / I l p fij'r <- ! , ' r J r - .MIV (11) 

L- nci;l('rtL-d the nmiplcx ,li-[>finlt'ncc i.f 7, w,[!i Nulns. 
, = .', :l. anil R = 3. 

^ 1.22 X 1U-



For the flow model, the confinement l ime for warm tri t ium plasma is 
not sufficiently long for equilibrium to be established with the electrons. 
We estimate the tritium-ions temperature from analytic equations to 
be * 0.1 kc-V for the parameters of Table I, 

As a check on the simple flow equations discussed here, we have 
calculated a neutron source case using the FPPAC multispecies Fokker-
Planck code. 5 For this example, the mid planar magnetic field is 4 T, 
the magnetic mirror ratio is 3, If, = 0.15 m, lc = 1 m, 0 / T e is set equal 
to 4.3. v, = 1.35 x 10 s m/s , nr = 2.3G x 1 0 " , and n A = 1.03 x 1 0 " . 
Table I shows a comparison between the Fokker-Planck code 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 Fokke,-Planck Code. 

Xe = 
2 x 1 0 " T? 

n e In A 
(17) 

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

Assuming the power loss Qdrag is by thermal conduction, we can 
equate this loss to the power input per unit area to the plasma through 
electron drag of injected dcuterons [Eq. (9)]. Equating Qconi — Qdrag, 
we obtain an expression for Tt: 

Te = 2.44 x 1 0 _ l ° ( n f c £ \ n , , y f f l ) " 5 e-WW • keV. (IS) 

Now, integrating Eq. (Ifi) aver radius to rp - 2a, we obtain 

: 2.39 X 10' 
•12 „ 2 

Parameter Analytic Equations FPPAC Code 
ne (e lec l rons /m J ) a 2.36 X 1 0 " 2.36 X 1 0 " 
nh { ions /m 3 ) Q 1.03 x 1 0 " 1.03 X 1 0 " 
nT ( ions /m 3 )" 1.34 x 1 0 " 1.34 X 1 0 " 
T, (keV) 0.40 0.38 
£•» (keV) 51.0 46 
T, (keV) 0.11 11.117 
P, (MW) 50 62 
r (MW/m2)' 4. 4 4.4 

TV 
leR 

MW , (19) 

B . M u l t i p l e - M i r r o r M o d e l 

Additional the-T'U isolation may be achieved by the use of multiple 
mirrors. 0 If the scai»> lengths are such that 

tm <£ Xf < Rtc , 

where U. is the n w n e t i c field scale length and lc is the mirror e l l 
!<T.gih. ilien the power fiux for a multiple mirror is 

1 x l O - 3 - ^ — er,-" « u - j - ( I 3 ) 

where L is the total system iength and A' 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 Qj 
gives 

Q , = 3 . 6 J « 1 0 - » [ " " t " ' " f f W ' > ] 

neglecting the power flow for r > r p . In our analytic model, we used 
< av > and £/,, 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 n e increases. Be
fore impacting the end walls, we expect the ions either to recombine 
into gas atoms or to strike the walls with such low energy (<. 10 eV) B 

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 2XIIB 
experiment. As in 2X1IB, the hot plasma is maintained in a local mag
netic field minimum provided by a quadrupole magnet. The neutron-
source end cells arc designed to absorb the plasma power flowing out 
of the solenoidal 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 fan lo maintain the power density at the wall 
below 3 M W / m 3 ; this power flow is readily removed by conventional 
water-cooling techniques. 

V . N e u t r o n S o u r c e D e s i g n 
• M W / m 2 , (14) 

For a detailed estimate of the uncollidod neutron flux, we assume 
with T, = 5.3. S.rice Q, = Q i r a j , the net result is that for the same t h e s m i r c e t Q b e a ^ ^ s o u r f ( . o f finjle , e n g l h T h e n e u l r o n flux d 

plasma parameters and wall loading, a multiple-mirror neutron source 0 b 5 e r v e d at coordinates r , , r, is 
requires leis inp'ji power by the factor [Jile/I,)1 . 

<p = 2x f ' nunh <ov> rdr I — r - , (20) 
C. Conductivity Model JB J-i •>- 7] + 1 =i " - '*J 

id-jciivity model, 7 thi- power flow Qtanj per unit where z is a source coordinate, extendinc fruni - J lo (. (Note: / h = 
pliuina to the ends is 2/, where i f. is total source Im^il..) Integrating OV.T the Gaussian 

distribution to obtain a sourer i i r e n ^ h per unit length ami tla-n along 
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Gaussian density profile and alo..g tlie source length, we obtain 

V=l.UxlO~l9nwiih<av> f — J c o s ^ - M W / m 2 , (23) 

where 0t = G at z = (. Note that Eq. (23) is simply the value of T from 
the infinite cylindrical model, with the factor cosflj correcting for the 
finite source length. 

A . H i g h - J D e s i g n 

With tfo = -1 T, a 150 keV D + ion has a gyroradius p = 0.020 in, 
making a = 2p = 0.0-10 m. For this case, a t r a p c= 2.78 x 1 0 ~ M m 2 . With 
a correction factor. 1 + * = 1.75. Eq. (S) gives fie = 3 . 2 x l 0 : ! l m " 3 . The 
hot-ion density is determined by the 3 limit, which for this base case 
is taken as j = 1 consistent with 2XIIB operation. Thus, neglecting 
other small contributions to /?, 

where £,, = 50 keV as estimated from Fokker-Planck calculations. For 
the hot plasma length, we selected a value of if, = 0.15 m. This is a 
compromise lo yieid a moderate-sized test volume with good perfor
mance at a reasonable power level and at demonstrated neutral-beam 
densities. 

As seen from Eq. (13), Te can be modestly increased by increasing 
the magnitude of the field and the length te of the power transport 
region. We consider the maximum practical field strength B, to be 
12 T, consistent with demonstrated magnet performance. 9 We chose 
fs = 10 m as a standard length for all cases, since the gain beyond 
/. = 10 ra is small. The power of the injected beam is equal to that 
iost by conduction and is given by Eq. (19). Parameters for the liigh-J 
design are listed in Table II. 

Tab!*1 II: Operating Point Parameters. 

High i Low a Low J 
0.15 m 0.3 m 0.075 m 

D 5 beam energy Iti-V) 150 150 150 
D° beam power ( MU'I 60 50 13 
n.Mw/,„>i T.2 I I JS 4.9 
Fusion power [M\V) 1.0 I.I 0.17 
Plasma (peai) J 1.0 0.25 0.16 
5» (r = 01 ( m " 3 ) 8 X 10 !° 8 x 10 2° 5 x 1 0 " 
5, (r = 0i ( m - 3 ) 3.2 x 10" 6.3 x 10'" 6.3 x 10 ! 1 

T, Ir = 01 IkcV) 0.22 0.21 0.14 
JT»(kcVl 50 51 46 
IK (m) 0.15 0.30 0.075 
a (ml 0.0J 0.02 0.02 
', = 2a (m | 0.08 0.04 0.04 
p. (ml 0.02 0.01 0.01 
'.- (ml 10 10 10 
fla (Tl 4 8 8 
B, IT) 12 12 12 
Mai^iiol power (>. IW] 6.8 0 0 

B . Low- . i D e s i g n 

At sufficiently low .). MHO stability can be prov'ded m axisym-
meine linear iysu-m*. by ff paiideminotive forces or by providing suffi-
cj.-nt perpendicular plasma pressure in regions of positive curvature . 1 0 

F.liminatuig the qj.adrupolo magnet greatly simplifies magnet design, 
improves iKfcu io iiic plasma, and reduces operating cost by reducing 
power consumption Alilioue.h the data ba.se for these approaches to 
MUD stability is not a.i extensive as that for quadrupole stabilization, 
it is sullicieiil to warrant consideration uf these systems as neutron 
sources, in the dfsiun diirussed below, the exiting magnetic field lines 
h a v strong positiw curvature similar lo thai in the Gas Dynamic 
T r a p 1 0 "xpf-nni'-'ni, where- MUD stability is providi-d by the pressure of 
the '-tid-loss pliLsma. In th<- a.xiaytriiiiftric design, ,i is reduced without 

sacrificing plasma density by increasing the magnetic field Bc to S T. 
•At 8 T , the plasma radius rp is reduced from 0.08 m in the high-/? 
design to 0.04 m. With the reduced plasma size the density can be 
increased to fie = 6.3 X 10 3 ' i n " 3 with adequate beam penetration. At 
8 T using 50 MW of beam power, T at the plasma surface is 160% 'hat 
of the 4-T, 60-MW design. The 8-T, 50 MW design also provides a 
factor of two gain in sample volume and a tedu' t ion by a factor of four 
in 0 compared to the 4-T, 60-MW design. 

Table III gives plasma size and parameters for one high-jtf design, 
three low Q designs, and au earlier accelerator-based D-Li neu'ron 
source. 1 1 

V I . S u m m a r y 

In this paper we have descr.bed the conceptual design of a fusion 
D-T neutron source based on plasma physics and technologies devel
oped in the international vfffrl to develop fusion power. Freedom from 
the requirement of net power production has permitted the design of a 
system that is relatively small and low-cost, has low physics risk, and 
requires little development. 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 
pioportional to injected beam power and, because the beam system 
13 the largest cost item, the construction cost increases nearly linearly 
with the total neutron production. 
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Table III: Sf j t roa Sourte Parameters 
Neutron 

P l u m * 
Neutron 

b e u n Central size. Beam ( p l u m * Totil Vo lume, t> > 
energy field t x r , po»er «i««l source 10' * n / « n ' » 
(keV) (T) in) a (MW) ( M W / n i 1 ) f6/») finer,] 

150 4 0.15 K0.16 1.0 60 : .2 3 6 • 10 1 ' S.7 
150 s 0.30 x 0 09 0.35 50 11 6 4 1 x 101* 17 
150 6 0 15 x 008 D.35 21 6.5 1.22 x 10" 3 0 
150 8 0.075 x 0.08 0.16 13 4.9 0 G > : D , r 0-1* 

F M J T t 35 MeV D* beam. Li larRel) 7 0 3 * 10 1 T 0 4* 

' f MIT = FBIIOB M*iriiili liiadiiKoii Tni FUTLIJ 
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