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ABSTRACT 

A tokamak neutron source .that a neutron flux . 
- 1013 n/cm2/s over a wall test-area of 30 m2 is designed using 
near state-of-the-art tokamak and neutral-beam injection tech- 
nologies. To maximize fusion reactivity, 9 and T plasma ions 
are grouped in two distinct quasi-thermal velocity distributions, 
oppositely displaced in velocity along the magnetic axis. Such 
counterstreaming distribut,?ons can be set up by tangential injec- 
tion of all plasma ions by oppositely directed D and T neutral 
beams, by facilitating removal of completely decelerated ions, 
and by minimizing plasma recycling. Fusion energy is produced 
principally by head-on collisions between D and T ions, in the 
counterstreaming distributions. For injection energies of 
40-60 keV, and typical tokamak parameters, the fusioq power 
density can be - 1 w/cm3, with Q - 1 'attainable for T = 3.4 keV 

12 -3 and electron energy confinement parameter n T - 2 x 10 cm s. 
e E '  All plasma fueling is carried out by the in].ected beams, and 

when a significant fraction of the electron population is 
trapped, the plasma current can be maintained by the beams. 

:: ' 
The parameters of this tokamak neutron source are the 

following: plasma radius = 55 cm, R/a = 5.1, vertical elonga- 
tion = 1.30 B = 40 - kG, Wb a = 60 keV, P = 21 MW, - 
n = 4 x loi3 :m-3, T, 12 -3 - = 4 Rev, I = 1.4 r = 2 x 10 cm- r.,"., 

\ e 'E dEty factor > 68%. The 14-Mev neetron prgduct~cn is 9.6 x i018 'n/s , 
with a peak flux at the wall of 8:.4 x loLL n/cmvs, or. an annual 
fluerice of lo2' n/cm2 with 38% plant factor. The tritium through- 
put is 12 g/hr, with a fractional burn-up per pass of '1.1%. The 
40-kG toroidal field is provided by,a hybrid magnet composed of 

, 

copper coils ,and NbTi coils. The maxim.um field at the NbTi is 
65-70 kG. The test sample volume is'a 20-cm thick semi-toroidal 
shell on the outer region of the torus, and the useful test area 

2 is about 30 m . The.electrica1 power consumption of the entire 
facility is 97 MW, and the total estimated cost, including 
buildings, remote handling, and tritium handling, is $l'39M. 

* Presented at Irlternational Conference on Radiation Test Facilities for 
the CTR Surface and Materials Program, July 15-18, 1975, Argonne National 
Laboratory, Argonne, Illinois, USA. 
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The f i r s t  wa l l s  .of t o r o i d a l  fusion r e a c t o r s  must withstand uasi-.''. 
2 continuous 14-HeV neutron f l u x e s  i n  the  range 3 x 1013 - 2 x 10'' n/cm 1s. 

The durability of s t r u c t u r a l  m a t e r i a l s  t o .  such in tense  f luxes '  over per'iods 
of  many years  can be es t imated  only poorly, and many proposals  have been made 
f o r  t h e  cons t ruct ion  of t e s t  f a c i l i t i e s  t o  stiudy r a d i a t i o n  damage i n  a v a r i e t y  

, of m a t e r i a l s  (11 .,. While information on bulb rad ia t ion  damage (e .g.,  voids,  
creep,  s w e l l i n g 1 . i ~  requ i red  u l t ima te ly ,  surface-radia t ion  damage information 
(e  i t j .  ), spu. t te r ing ,  b1i:s ter ing) i s  pe;haps most urgent  f o r  near-term fus ion 

\ ' r eac to r  a p p l i c a t i o n s . '  S i g n i f i c a n t  surface  damage i s  expected t o  a r i s e  i n  
- ..-- r i a ' t e r i a l s  subjec ted  t o  14-MeV neutron f luence i n  the  range 

mar2i-l~a0 n / c d .  The :requirements o t  a  s u r t w e  r a d i a t i o n  e f f e c t s  facility "1 u 
. - 

a r e  [21.: . ,. . .. . - .. 
. , 2 .  

(1) Production of :  a  f luence  of lo2' n / ch  i n  a  reasonable t i i e ,  s u c h  a s  
..&A # 

6-12 months. ';: . . 

. . . . 

(2) Abi l i ty  t o  accommodate simu1taneousiy.a l a r g e  number of r a d i a t i o n  
experiments. : : .i I ' .  ': 

i 
. . 

( 3 )  Ease of access  and instrumentat ion of' t h e  test volume. . . 
. . .. . . .  . 

,. . 
(4 )  Relevant neu'iron spectrum. . . 

.: i 

(5) Possibly t h e  : inves t iga t ion  of s y n e r g i s t i c  e f f e c t s ,  which migd$" 
r e s u l t  from t h e  'simultaneous bombaraent  by ene rge t i c  p a r t i c l & ,  
photons, and neutrons.  ... ... 

. 1. . ... 

(6) Cost-ef fec t iveness ,  which can perhaps be measured by neutrons?kec/~$ 
c a p i t a l  c o s t ,  ' o r  by neutrons/sec/m., which r e f l e c t s  opera t ing ,  c o s t .  

I f  the  u l t ima te  o b j e c t i v e ' o f  such r a d i a t i o n  damage s t u d i e s  is  to a i d  i n  
t h e  developnient of  tokamak power r e a c t o r s  ( o r , o t h e r  quas i -s ta t ionary  tk&oidal 
fus ion.  r e a c t o r s ) ,  then .it appears t h a t  one sh-duld consider  tokamaks thern- 
s e l v e s  as poss ib le  r a d i a t i o n  f a c i l i t i e s .  Obv'$ous advhntages of  a  tokamak 
f a c i l i t y  a r e  tha t -  t h e  heutron spectr-  and "s$fnergismn a r e  most approp3iate, 
and t h a t  development expenditures are made i n  the  f i e l d . o f  tokarnak tecki- 

'- nologies  - r a t h e r  than f o r  o t h e r  equal ly  d i f f i c u l t  technologies t h a t  may 
l e a d  t o  i n t e n s e  14-MeV::'neutron production, b u t  cannot be used i n  tokamakpower 

,, . 
, . reactors. 

A near-term r a d i a t i o n  e f f e c t s  f a c i l i t y  iniist u t i l i z e  e s s e n t i a l l y  s t a t e -  
o f - the -a r t  techno1og.y:. This  paper cons iders  *he design of  a  beam-injected 
'tokamak neutron source : w i t h  a plasma size c h a g a c t e r i s t i c  of machines prekent ly  
teaming into opera t ion  ".'(.e. g. , T-10, PLT) , and -w&th n e u t r a l  beam i n j e c t i o n  
vo l t ages  i n  t h e  range 40-60 keV, where high-@Wer beams have a l ready been 
pf oduced. The machine'..de c r i b  d he re  ' n f  urnkshes a time-averaged .neutron f 3 1 f l u x  i n  the  range 5 x 10'' -10 n/cm /s over.!& t e s t  a r e a  of some 30 m 2 ,  and 
(meets a l l ,  t h e  ..requireh&ts l i s t e d  above. Th% device appears td be the,., most 
cos t -ef fec t ive '  r a d i a t i o n  source.  f o r  su r face  e g ~ e c t s '  s t u d i e s ,  and i ts  constr'~Ciic'- 
t i o n  and opera t ion  would' enable  considerable @&velopmeqt of tokamak , re&&tor 
techridlogies. . . .. . 

. . ? .  
.. . 

. I. 
< .  .. . 

. .. .. .,. 



In order to attain large neutron .flues with modest plasma size and . 

small in jected-beam voltage, the tokamak plasma-beams system must be operated 
in the counterstreaming-ion mode [3,4], whereby D and T neutral beams are 
injected in opposite toroidal directions, and particle recycling is pre- 
vented in order to minimize the cold-ion population. The physics of 
counterstreaming-ion tokamak (CIT.) plasmas is reviewed in Sect. 2, while 
CIT reactor aspects are discussed in Sect. 3. Section 4 presents the basic 
parameters for the reference design. Section 5 discusses engineering aspects, 
including the cost of the facility and the various technological developments 
required. 

2. PHYSICS OF CIT OPERATION 

Consider a toroidal plasma in which the D and T ions are grouped in two 
.distinct, quasi-thermal velocity distributions, oppositely displaced in 
velocity along the magnetic axis, as shown in Fig. 1. The relative displace- 
ment velocity v is near the optimum value for generating fusion power, which 
occurs principafly by nearly head-on collisions between D and T ions of the 
counterstreaming distributions. Such d.&stributions can-be set up by 
introducing - all ions by means of neutral beass injected parallel and anti- 
parallel to the toroidal magnetic field. The energetic ions slow down by 
Coulomb drag on the plasma electrons, and if completely decelerated ions are 
removed from the piasma in a time that is short compared with the fast-ion 
slowing-down time, virtually all plasma ions will be found in the tordidally 
directed "beams". We refer to this system of space-charge neutralized ion 
distributions as a counterstreaming-ion toroidal plasma, or CIT. Evidently, 
head-on nuclear collisions permit beam injection energies to be 3 or 4 times 
smaller than in beam-target. systems, for the same fusion react.iviq. 

1 

2.1 Ion Velocity Distributions 

A target plasma, which can be a low-temperature tokamak plasma, is 
required to initiate CIT operation. Once beam injection has begun, magnetic 
divertor coils are energized, so that recycling of outwardly diffusing ions 
is minimized: The inward flow rate of cold neutrals and ions from the wall 
region must be kept small con~pared with the rate of particle injection by 
the beams. After injection for several slowing-down times, T reaches an 

e 
equilibrium value, and the ion population is dominated by energetic ions. 
In the following, we consider only steady-state CIT operation. 

~nergetic ions are assumed to be confined until they decelerate to an 
energy W - 2T . Ions with energy W < 2Te are assumed to be lost at a rate 

- T - I I  wRere T is the electron energy confinement time. ~okker-~lanck E E analysis [3,51 has shown that Coulomb collisions among ions of the same beams 
cause significant energy diffusion during the slowing-down process, while 
interaction between ions in opposite beams tends to produce angular 
scattering. As a result of these processes, the ions in each beam tend to 
form a "thel;malU di.stribution , wi t1.1 a mean velocity in the laboratory f rtime 
somewhat less than the injection velocity, v Reference [4] describes a 

0 
simple physical model that provides ion distribution functions which can bc 
used to predict CIT proper tie^ (e . g . ,  11 .c vs Te, Q vs Te) that are in good 

e E agreement with the results of Fokker-Planck calculations. In this model, 
the ions in each beam form a displaced Maxwellian of .temperature Tb: 



Here 6 is the unit vector along the magnetic axis, and v = (2Ws/M) I/*, where. 
P Ws is the average energy of a test ion that, slowsdown to an energy 2T by 

e Coulomb drag on plasma electrons, but has no interaction with other ions. 
The parameter T is found by postulating an equipartition of energy between b 
the directed ion motion and the plasma thermal motion: 

Distribution functions for Do and To injected at W = 60 keV and T = 
4 keV are shown in Figs. 1 and 2. For this example. v O= 1.46 x lo8 cmys 
and "r = 10.5 keV.  or practical values of W 

0 
T,. an3 Th, the CIT plasma 

shouls be stable to electrostatic and electromagnetic velocity-space 
modes [3,61. 

2.2 Power Balance and Energy Confinement 

The electron temperature is maintained almost entirely by power flow 
from the fast ions. (Ohmic heating provides 10% of the total power input.,) 
T is found from the steady-state power balance relation e 

-13 where C = 1.06 x 10 (TeI W in keV). n is the density. A .  the atomic mass. i 
and Wi the average ion energy in each beam: 1 

If Z = 1, then n = n + n In this paper, we conslder only cases where e T ' 
n = n and W = W ? Given T and W , is readily found, and Eq. f 3 )  D e o 
gives The UniGBe vaPBe of ne~E. In practice, T~ and n are determined by 

e T and the energetic-ion source strength 5. Therefore, we plot in Fig. 3  
tRe Te that is produced for a given n r and Wo. Evidently, very large T 

E e can be attained with relatively modesg nT values. 

The ion source strength is . .. 
n . .  . . . s = -  i 

i T CS I hi 
-1 where 'rhi is the ion :lifetime. Defining T - - 1 - 1 

h - (ThD + T /2, T~[T~ is 
given by hT 

.. . 

where yT . 3/2 T is "the average 'energy of %he ions leaving the plasma. For 
most conlitions (6 >? T 1, the ion 1ifetime:must be many times r This o e E requirement seems compatible with observatio98 on beam-injected tokamak 

. .. 



plasmas[7],where in the absence of charge-exchange losses, the energetic ions 
remain in the plasq for their slowing-down time 2 10 ms., while T is in the 
range 2-5 :ms. : . E 

2.3 Neutral Beam Trapping 

Neutrals injected into the steady-state CIT plasma are trapped by the 
energetic, ions in the counterstreaming distributions, and by electron ioniza- 
tion. The relative collision energy U between a tangentially injected 

f 
deuterium atom (Do) and the D ions is very small (e.g., U = 7 keV for+the 
conditions of Fig. 11, while U for.collisions between the Do and the T ions 
is very large (U : 140 keV for th same.case). Approximately half the Do are 7 trapqed by charge-exchange with D , and.the other ha1.P by impact io-nization 
on T , and by electron ionization. Calculation of the neutral penetration 
length At is d'scussed in 141. The.results are shown in Fig. 4(a) for 
n = e 5x10i3 and Te = 4.0 keV. At is inversely proportional to h e 
but very weakly dependent on Te. 

Also shown in Fig. 4(a) is the probability of the injected neutral being 
trapped by charge exchange.. The average energy.of the secondary neutral is 
in the range 0.6 - 0-9 P, depending on W and Te. This neutral will be 

OD travelling nearly parallel to the magnetic axis, and will undergo charge- 
exchange or ionization before escaping. ~uccessive generations of neutrals 
are formed in this way, until finally ionization occurs, or-'the neutral 
escapes. Reference [4] shows that for aspe;t ratio A = 5.0, plasma radius 
a = At, T = 4 keV, and W = 60 keV, the 4th or 5th generation neutral is 
P OD lost, so tgat the fraction of the injected energy lost by charge exchange is 
10% or less. Ideally, neutrals enter the plasma only by beam injection 
(recycling is not permitted), so that the trapping process accounts 
completely for charge-exchange loss. 

2.4 Particle Recycling, Removal, and Impurities 

In order to maintain the ideal velocity distributions shown in Figs. 
1 and 2, two conditions must be met: 

(1) The rate of recycling of cold ions and neutrals must.be small 
compared w i t h  the  rate ,of particle input by the neutral beams.   his .con- 
dition can probably be met with the use of a poloidal magnetic,divertor that 

- exhausts from the torus those ions diffusing out of the reacting plasma. 
Even in tokamaks without divertors, it has been found that particle..recycling 
can be greatly reduced by special measures: In the Alcator device, .where 
special discharge-cleaning techniques are employed, the density drops 
continuously in time unless puffs of gas are injected into the p.l.asma 181. 
In the A K  device, the same result is obtained by titanium ge.ttering,,of 

I' ' 

the wall 191. . . , .  . 
e 

(2) Completely decelerated ions '(those with W < 2T must be removed 
from the plasma in a time T that is short compared with gheir slowing-dgwn 

r time; i , e . ,  T << Thore are se~vera1,proceSses that would be effective 
h ' 

for the rapid removal of decelerated ions: 

(i) 1-gstability-Induced Diffusion. Drift-type instabilities cause 
negligible radial diffusion o f  energetic ions,:. because of the short 



wave-par t ic le  c o r r e l a t i o n  t imes  [ l o ] ,  hu t  they  should be e f f e c t i v e  i n  
enhancing t h e  l o s s  o f  thermal  i o n s  and e l e c t r o n s .  ~icroinstabilify-induced 
t u rbu lence  causes~comparab le  l o s s  r a t e s  of  p a r t i c l e s  and energy, s o  t h a t  i f  
t h i s  p roces s  i s  c h i e f l y  r e s p o n s i b l e  f o r  t h e  e l e c t r o n .  energy l o s s  r a t e  T -1 

-1 . , one expec t s  T - ~  - T E 
E ' 

4ii) Charge-exchange. An app rec i ab le  f r a c t i o n  of  t h e  charge-exchange 
l o s s e s  cons idered  i n  Sec t .  2.3 involve  t h e  l o s s  of  low-energy ions.'; 

(iii) Toroida l  magnetic f i e l d  r i p p l e .  Ripple i n  t h e  t o r o i d a l  magnetic 
f i e l d  can l e a d  t o  enhanced d i f f u s i o n  of thermal  plasma p a r t i c l e s  [l'l]. The 
r i p p l e  can be l o c a l i z e d  t o  t h e  o u t e r  reg ion  o f  t h e  plasma, s o  tha t :  'the only  
i o n s  a f f e c t e d  would be  c o l d e r  i o n s  t h a t  have g radua l ly  d i f f u s e d  outward 
du r ing  t h e i r  slowing-down pe r iod  fol lowing i n j e c t i o n .  I n  any event ,  t h e  
e n e r g e t i c  i o n s  t r a , v e l  n e a r l y  p a r a l l e l  t o  t h e  t o r o i d a l  f i e l d ,  and chnnot be  
t r apped  i n  t h e  r i p p l e  f i e l d  u n t i l  they have l o s t  most of t h e i r  energy. 

, ... 
The p r i n c i p a l  e f f e c t  o f  impuri ty  i o n s  i n  t h e  C I T  i s  t o  enhance p i t ch -  

a n g l e  s c a t t e r i n g ,  which undermines t h e  advantage o f  head-on c o l l i s i o n s ,  and 
i n c r e a s e s  t h e  t r app ing  r a t e - o f  e n e r g e t i c  i ons .  A second d e l e t e r i o u s  e f f e c t  
i s  t h e  a d d i t i o n a l  ,coulomb d r a g  on e n e r g e t i c  ions,  by t h e  impuri ty  i ons  and 
t h e i r  n e u t r a l i z i n g  . e l e c t r o n s .  Pre l iminary  r e s u l t s  i n  [3,5'] i n d i c a t e  t h a t  f o r  
Wo = 60 keV, Te = : 5  keV, and i r o n  impuri ty ,  fu s ion  ga in  Q (Sect .  3,l)  i s  
reduced by 33% and:.46% f o r  Z = 2 and 4, r e s p e c t i v e l y .  Impurity r a d i a t i o n  e f  f  
l o s s e s  t end  t o  make, up only  a  s m a l l  f r a c t i o n  of t h e  t o t a l  power balance i n  a  
h i g h l y  beam-driven  plasma such as t h e  CIT. Impuri ty  r e d u c t i o n , o f  t h e  
neutral-beam p e n e t . ~ a t i o n  l eng th  [12] i s  l e s s  impor tan t  than  i n  t h e  ,TCT ca?e, 
because  impact i o n i z a t i o n  i n  t h e  CIT account  f o r  on ly  about  one-half t h e  
trapping r a t e .  . .  

While t h e  impur i ty  popula t ion  can presumably be  minimized by t h e  magnetic 
d i v e r t o r  (which musg be i n s t a l l e d  t o  prevent  r e c y c l i n g ) ,  it i s  r e l e v a n t  t o  
n o t e  t h a t  Ze = 1 plasmas ( a f t e r  c o r r e c t i o n  f o r  e l e c t r o n  t r app ing )  have 
been a t t a i n e e  i n  t h e  Alca to r  181 and ATC [?I devices  wi thout  a  d i v e r t o r  - 
under the c o n d i t i o n s  noted above. . - 
2.5 Maintenance of . .Toro ida l  Curren t  

The counters treaming-ion d i s t r i b u t i o n s  have c u r r e n t s  a s s o c i a t e d  wi th  
them. I n  Ref.. [ 4 l I . . l t  is  shown from momentum-balance equat ions  t h a t  when + 

'eff 
= 1, t h e  tota1:plasma c u r r e n t  is z e r o , u n l e s s  an e x t e r n a l  e l e c t r l c  f i e l d  E 

i s  app l i ed .  I f  the .p lasma has  an  impur i ty  popula t ion ,  o r  i f  a  s i g n i % i c a n t  
f r a c t i o n  of  t h e  e l e c t r o n s  a r e  t rapped  i n  ba.llana o r b i t s  o r  i n  t o r o i d a 1 , f i e l d  
r i p p l e ,  t hen  Z e f f  > 1, and a t o r o i d a l  c u r r e n t  can be maintained even'when 
E = 0 [131. Beam maintenance of  t h e  t o r o i d a l  c u r r e n t  i s  much e a s i e r  i n  t h e  
C I T  c a s e ,  where e s s e n t i a l l y  a l l  i ons  a r e  i n j e c t e d  v i a  t h e  beams, than  i n  t h e  
TCT case ,  where a  low-energy beam of  unce r t a in  p e n e t r a t i o n  must be . i n j ec t ed  
t o  ba lance  t h e  t a rge t - ion  momentum 1141. Since f u e l i n g  of t h e  C I T  i s  
c a r r i e d  o u t  s o l e l y  by t h e  i n j e c t e d  beams, it appears  t h a t  v i r t u a l l y s t e a d y -  
s t a t e  o p e r a t i o n  i s  a t t a i n a b l e  i n  p r i n c i p l e .  I .  



3. REACTOR ASPECTS OF CIT OPERATION 

3.1 Fusion Power Multi~lication and Power Densitv 

The fusion reactivity of the system of counterstreaming D and T ions, 
usihg Eq. (1) for the distribution functions, is [41 

C\ 

Here we have taken W = W and v >> Iv I + IvpTI . Also 
OD OT' max PD 

P = M M /(M + M 1 '  C = (1 + m) pv /T ,.and a(v 1 is the fusion cross 
D T  D T I  1 PD b, 12 

section for D and T nuclei with relative collision velocity v 12. Figure 5 

shows <ov> as a function of v = 1 vpUl + I vpTI , the relative displacement 
c r 

+ + 
of the peaks of f (v) and f+.v) [Fig. 11. As Tb + 0, the peak value of 

D \ 

<av> approaches the maximum value for a beam-target system .(1.67 x 1Ci15cm3/s 
C 

for W = 128 keV) . For any T , <av>. can be larger than the maxiqum 
b 

1 

C 

-16 3 
reactivity of a thermonuclear plasma,viz. 8.8 x 10 cm /s at Ti = 60 keV. 

Thus in the CIT mode, a low-temperature distribution of ions may have a very 

large fusion reactivity. 

In' steady-state operation, the fusion power multiplication is 
Q = P /P where P i3 the fusi~ri power denslty and P is'the injected 

f b' f. 
power density: 

b 

P f = n n < a v > ~  = 
D T  c f  

I n 2<av> E 
4 e c f '  

A .- w h  = 17,608 lrcvi aiid 11 - I - n . Defining T as in ~ q .  (6), f D T 2 e  h 

Then 



Te "d n r are Gelateti  by Eq.  ( 3 ) .  I n  p m c t i c c ,  Te and ne a r e  determined 
by t h e  re Ghat i s  c h a r a c t e r i s t i c  o f  t h e  plasma, and by t h e  beam source  
s t r e n g t h ?  5. Figu re  6 shows t a t  f o  W = W = 60 keV,  Q = 1 ("break-even") 

?2 -5 OD OT i s  a t t a i n e d  a t  n- . r  = 1 . 4  x 1 0  cm s and Te = 3.3 keV. ~ h e . r e q u i r e d  i on  
e E confinem t ti e . i s  g iven  by Eq .  ( 6 ) ,  and f o r  t h e s e  cond i t i ons  i s  n.T = E9 -Ys 1 . 5  x 1 0  c m  . Figu re  7 shows t h e  dependence of  Q on W and T . 

e For 
each  T , t he re '  i s  a broad maximum i n  t h e  range w = 40-60 Rev, corresponding 

e o 
t o  a r e l a t i v e  c o l l i s i o n  energy o f  130-200 keV a t  i n j e c t i o n .  The maximum 
p r e s s u r e  p of  a tokamak plasma is  g iven  by t h e  MHD e q u i l i b r i u m . c o n d i t i o n  
on  t h e  p a l o i d a l  b e t a :  

wheae A = R/a i s  : t he  a s p e c t  r a t i o ,  and q is  t h e  s a f e t y  f a c t o r  a t  t h e  
l imi te r .  ~ h e g  Pf i s  found from Eqs. (7) and (8) , us ing  

3 F igd re  8 shows Q vs P f o r  p = 0.19 J h m  , corresponding t o  B = 59 kG,: f t 
q = 2.5, A = 5.0, B = 3.0. Each p o i n t  on 'a cbnstant-W curve corr,esponds 
t b  a p a r t i c u l a r  va lge  of n r and t h e r e f o r e  a d e f i n i t e O ~  giver1 by. Eq. ( 3 ) .  

e E' 
There i s  a t rade-off  between Pf and Q, the l a r g e s t  valueseof  Pf being 
ob ta ined  a t  t h e  s m a l l e s t  n T and T . Thi s  low-n r r eg ion  is  t h e  '&st 

e E e a t t r a c t i v e  f o r  maximizing neu t ron 'p roduc t ion .  e E 
. . 

3.2 Neutron product ion  and Wall Loading 

F igu re  9 show5 t h e  14-MeV neutron product ion r a t e  from C I T  plasmas' 0.6 
c i r c u l a r  c r o s s  s e c t i o n  as a func t ion  of a .  and W , when n T is  such t h a t  . . P o e E T = 4.0 kev Jcf.  P ig .  3 ) .  For a . g i v e n  a ., t h e  neut ron  ou tpu t  i s  propor-, e t l o n a l  t o  : ne < O V > ~ .  A t  sma l l  Wo, n i s  'determined by t h e  neutral-beam 
p e n e t r a t i o n  requirement ,  which we t age  as X = a A t  l a r g e  W , n is  

t P'  e , l i m i t e d  by t h e  al lowed plasma p r e s s u r e ,  which we t ake  t o  s a t i s P y  B = 2/3ffi. 
Therefore ,  f o r  each  a t h e r e  is 'an op t imal  W t h a t  p rovides  maximum Pneutroii  

P 0 ou tpu t .  Evident ly ,  f o r  tokamak plasmas ofi PLT s i z e  (a = 40-50 cm), and 
u s i n g  beam v o l t a g e s  a t  which high-power n e u t r a l  b e f p  g r e  now a v a i l a b l e  

'wo - 40 keV),  neu t ron  i n t e n s i t i e s  i n  the range 10  -lo1' s-I a r e  a t t a i n a b l e .  

I n  t h e  ca se  o f :  a c i r c u l a r  plasma wi th  uniform n and Te, and & , : c i r c u l a r  e 
vacuum chamber o f  t a d i u s  d t h e  neut ron  w a l l  load ing  i s  . . .  

w 

F igu re  1 0  shows WL v s  a and W f o r  t h e  same c o n d i t i o n s  a s  F ig .  9 ,  and 
0 ' 

a -a = 2 cm. '$he walq load ing  is  1imiti .d t o  less than 0.2 bIw/m2 
(8.gPx loP3 n/cm / & u n l e s s  v e r y  l a r g e  plasfia r a d i i  and beam e n e r g i e s  a r e  
used. However, t h e , e f f i c i e n c y  of neutral-beam i n j e c t o r s  (without  direct?  



: ,  ' i .  
:,, j;, , 

conversion) decrearg drastically for Wo 80 keV. Somewhat large WL can be 
obtained by using $!noncircular plasma cross section, or by slightly relaxing 
the condition At ="a , but it appears that WL of the magnitude required to 

2 study neutron-indud& bulk-radiation effects (-1 MW/m ) cannot be achieved 
in a CIT reactor. : (A target-plasma reactor ha's been proposed for this 
purpose 1151 . 
3.3 Tritium Burn-UD 

An important figure-of-merit is the fractional burn-up of tritium per 
pass. A large fractional burn-up implies a small tritium throughput per unit 
neutron production, so that the tritium inventory can be smaller, and the 
demands on the tritium processing system are reduced. If f is the frac-. 
tional burn-up of tritium (once-through the torus), then 

B 

Using Eq. (9) and T~~ = 1.5 r we have 
h ~ '  

It is evident from the Q-values of Fig. 7 that fB increases rapidly with T 
but rather slowly with W : At'W = 60 keV, f is 0.4% at T = 2 keV, and e ' 

0 3.9% at Te = 12 keV. 0 .  B e 

3.4 Effect of a Cold 1on.Population 

If the particle recycling rate cannot be made insignificant (e.g., if no 
divertor is provided), or if completely decelerated ions do not rapidly 
leave the discharge,. then a "cold" ion population at a temperature T 3 T 

i e will be present. The reactivity of the total ion population can be 
seriously reduced, since the relative velocity between the."cold" ions and 
the energetic ions is well below the optimum value for fusion production. 
Provided that beam self-collisions continue to.dominate during the slowing- 
down process, an approximate expression for the velocity distribution of 
each ion species is 

where a 1s the ratio of the number of "cold" ions (at temperature T ) to the 
c e 

number of energetic ions. Fiyure ll(a) shows the fusion reactivity as a 
function of ac, taking into account all possible D-T fusion reactions among 



. . . . 
h o t  and c o l d  components. m e n  a = .l, <uv> is;  redliced by 50-70%. ... . C 

... 
Ori.the o t h e r  hana",.the neut ron  i n t e n s i t y  from a given s i z e  device' .need 

n o t  d r a s t i c a l l y  dec rease  i n  t h e  presence  of a co ld  ion  popula t ion .  I f  ac 
i n c r e a s e s ,  t h e  a v e r a g e t i o n  energy dec reases ,  s o  t h a t  t h e  same p re s su re  
can  s u p p o r t  a l a r g e r  plasma d e n s i t y  ( c f .  Eg. 1 2 ) ,  and t h e r e f o r e  a l a r g e r  
beam, i n j e c t i o n  r a t e .  

F igu re  l l ( b )  shows t h a t  f o r  c o n s t a n t  p ,  Pf decreases  r a t h e r  slowly wi th  
a . While t h e  allowed i n c r e a s e  i n  ne would i n  p r a c t i c e  be l i m i t e d  by, 
C 

difficulty i n  beam p e n e t r a t i o n ,  it t u r n s  o u t  t h a t  f o r  a - 1 and W 2 60 keV, 
0 t h e  r e d u c t i o n  i n  neut ron  o u t p u t  need be only  about  one-Ehird. 

. .. ... 

(Although Q i s  reduced by a t  l e a s t  50% when a , 1, Q i s  n o t  a s  ,. 
C 

i-mpqrgtznt. a s  s h e e r  neut ron  product ion  i n  a r a d i a t i o n  t e s t  f a c i l i t y .  " .  
-. R e ~ : e _ ~ ~ . ~  r16] c a l c u l h t e s  Qyalues fnt? a count+qrstroaming gystenl usiilq ;i 

+geatme!lt t h a t  i s  a p p r o p r i a t e  when t h e  cold-&n- popula t ion  i s  dominant, ' t h a t  . -  . . . is:,, a 53 1. 
q .. d .. ... 

.. ,. 
4. BASIE'I'PARAMETERS OF TIIE CIT RADIATION FACILITY I 

. . . . 

4 .1  Cho.ice o f  I n j e c t i o n  Energy 
, . . .- , . - .-*- .. . . . 

T h e  c h i e f  advantage of  o p e r a t i n g  a t  v.Ery,. Zow n e u t r a l  beam energy 1 :  - \ 
(-30-4,O. kcV) i s  e f  f  i c i e&cy  o f  product ion .  Fox. example, o v e r a l l  e f f i c i e n c i e s  
of 60% (busba'r-to-beam) have been achieved fo;~ Do beams a t  40 keV (al though 
pqesent-day beams conFain apprec i ab le  f r a c t i o q , ~ ,  of Do and Do). Figure 7 

2 3 shows t h a t ,  i d e a l l y ,  maxinn~.m Q i s  a t t a i n e d  i n . t h e  range W = 40-50 keV, 
0 when T = 3-10 keV. Never the less ,  , t h e r e  a r e  se-veral reasons f o r  

e 
somewhat l a r g e r  beam e n e r g i e s :  

. . .- . . 
(1) The at ta inab4.e  neut ron  i n t e n s i t y  i n c q q s s e . ~  wi th  W (Fig. .9) ,. 

0 a l though  t h e  corresponding plasma s i z e  must aXao i n c r e a s e .  . - 

(2 )  I f  a s u b s t a n t i a l  co ld- ion  p o p u 1 a t i o n . i ~  p r e s e n t ,  a t  . l a r g e r  W . one 
can  t a k e  b e t t e r  advantage of target-plasma r e a c t i o n s .  s o  t h a t  neutron !!lux 
i s  n o t  as s e v e r e l y  degraded (Fig.  11). 

I . ... . . 
( 3 )  Charge-exchange energy l o s s  (Sect.  2..,3)decreases,with inc reas ing  W . 

0 .. . 
. . 

( 4 )  1 f  Zeff > 'l,.: angu la r  s c a t t e r i n g  is  re-4uced a t  l a r g e r  W . . .. 
0 

. . 
S a t i s f a c t o r y  i n j e c t o r  e f f j - c i ency  ( 2  40%) can be a t t a i n e d  up  t o  about  

80 keV f o r  Do and 120 .keV f o r  To ,  and t o  e v e n , t a r g e r  e n e r g i e s  i f  d i r e c t  
convers ion  of  unneu t r a l i zed  i o n s  i s  u t i l i z e d .  &.t any r a t e ,  g iven  a d e s i r e d  
f l u x  l e v e l  and a ~ a l l a b . l e  magnetic f i e l d ,  t h e  s&ze.of t h e  plasma and t h e . ,  
op t ima l  W a r e  f a f  ~ l y  c l  s e l y  determined.  In! t h e  p r e s e n t  des ign ,  where a 

.. 9 neut ron  fyux - 1 0  nLcm /s is  d e s i r e d ,  t h e  p&~ma i s  somewhat e longated ,  
t h e  a x i a l  f i e l d  i s  4 0 : k ~ ,  and t h e  beam energy &s chosen t o  be 60 kev. 

While 90 keV To beams a r e  produced wi th  the same e f f i c i e n c y  and have 
t h e  same plasma pene t r a f ion  a s  60-keV Do beams4,the p r e s e n t  des ign  s p e c i f i e s  
60-kev To,  s o  t h a t  a 1 l ; : i n j e c t o r s  have identicazJ9,power supp l i e s .  The t r app ing  

. .. - 
. .. 



profiles of To and Do beams of equal energy can be made more similar by 
injecting To in the direction of the' current, so that the T+ drift  surface.^ 
shift inward, while the D+ 'drift surfaces shift outward. 1i practice, the 
relative energies of the Do and To beams may be adjusted to produce a 
specified beam-induced current 1131. 

4.2 Plasma. and Machine Parameters 

~ o n g  pulses and 3argk duty factor are necessary for obtaining large 
neutron fluence f.rom a tokamak reactor. While.room-temperatijre copper TF 
(toroidal field) coils can be designed to produce a steady-state axial field 
of 30-33'kG, superconducting coils are required for obtaining higher fields,. 
and of course are essential if power consumption must be minimized. Because . 

superconducting.TF coils must be protected by approximately 70 cm of shield- 
ing,, in a small machine an axial magnetic field significantly larger than . 
30 kG cannot be obtained, if NbTi is the coil material. This situation can 
be resolved by a hybrid magnet design,wherebysome of the shielding volume 
is taken up by water-cooled copper.coils, which then permit a reduction in 
the maximum field at the NbTi [171. The copper coils of the 'hybrid magnet 
in the present design supply a relatively small field (10 kG on axis), and 
therefore can be operated steady state. 

A schematic layout of the CIT.zeactor'is shown irr Fig. 12. The. dimen- 
sions have been chosen to yfve ths, smalkst possible device that provides a 
peak neutron flux'- 1 x 10 n/cm /s. The major radius of the plasma is 
determined .by the minimum allowed thicknesses of the air-core region, the 
toroidal field coils, and the shilding required to protect these coils. .The 
core size shown allows a flux swing of 15 volt-sec, which is adequate for 
driving currents up to 1.5 MA for periods up to at least 30 s. Most of the 
thermal output of the reacting plasma is removed by a coolant that flows in 
the shielding region; the remainder of the heat load is removed in the 
divertor chamber. The,total copper-plus-shield thickness of 70 cm adequately 
protects the copper stabilizer in the superconducting coils, when the 
uncollided neutron flux 4 2 loi3 n/cm2/s. A Scrape-off thickness of 20 crn n 
is roquircd for satisfautury operation of a poloida1,magnetic divertor [181. 
As a result of these considerations, the inner edge of the plasma column is 
located at 2.25 m. 

The present design calls for operation at Wo = 60 keV and Te = 4.0 keV, 
so that thb ideal Q is slightly larger than unity (Fig. 7 ) .  The fusion power 
density is then given by 

where B is the field on the magnetic axis (in kG)., and K = (plasma . ' 

t circumference) / 2na . Thc ncutrsn flux requirement is met with B a 40 kG, 
a =.55 cm,' and ~-gha~ed p.l.as& cross section with maximum elonggtion of 
P 1.30, so that K = 1..40. Other plasma parameters are shown in Table I . ,  The 
inside-D crosb section envisioned here iq...convenient for the implementation 
of a double-null poloidal divertor [la]. .The.maximum;'fi@ld at the &Ti is 

. . . . . . 

, . . . . . ,... r t .  i' .. 0 a,({ .,:I 
. . 
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'nominally 65 kGI axthough leakage field fr& the copper coils, andl'contribu- 
tions from the pokoidal field of the plasma current and the vertical 
equilibrium field,:'increase the total field strength to 70-75 kG, which is 
still acceptable. . (Without the copper TF coils, the field at the NbTi would 
be 86-92 kG.) 

Figure 13 shows the trapping profiles of 60-keV Do and To beams, which 
are 'inj'ected in the'plasma midplane. The focussed beam diameter is 30 cm, 
and the beam axis is tangent to a radius 20 cm inside the magnetic axis, as 
'shown in Fig. 4(b). While the.trapping profiles are quite favorable, if,the 
ion velocity distri.butions are not ideal (i.e., a > 01, n would have to be 
increased to. maintain the neutron flux (Sect. 3.47. 3ccepeable trapping - 
profiles are still obtained for n up to 5 x loz3 cm , so that if a = 1 . 

C 
, (<av> reduced by 62%) , the neutrog flux is reduced by 37%. (At the., same time, 
the injected power"must be increased to &out 30 MW.) 

:: ,. 
In this device about 5.5 MW of fusion alpha particles are generated, of 

which approximatelg 50% are confined in the plasma. While some of :the 
remainder will be swept out by the divertor, most nonconfined alphas will 
have orbits that, ca:rry them to the first" wall. 

4.3 Burn Cycle ., . ., .. . . 
.. . 

 he' sequence of..events . . during a burn cycle is the following: 
. . .. \ 

(1) Form target plasma and ramp up current: 2 s " 

( 2 )  Begin injeCtion and attain equilibrium plasma : 
. . 

1 s  . 
. . 

, * 

(3) Burn period (continuous injection) : , ' 3 3 0 s  . 
. .  , . .. . . 

. . .. . 
(4) Shut beams and ramp down current: ' . ' 1 s 

( 5 )  Exhaust vessel to 10-~torr: . 
. .. 

10 s :.. 
.. . 

Since.all fileling is carried out by the beams, the .length of the burn 
period ( 3  30 s) is 'detrmined either by impurity buildup, or by the "olt-sec 
available in the transformer core to drive, the toroidal current. In the 
present design,,I = 1.4 MA can'be maintained for 32 s with a maximum field 

P 
in the core of 60 kG. A 30 s burn perio'd results in a duty factor of 68%. 
Since plasma current can also be driven by the beams under many conditions [13], 
significantly longer burn periods and .duty: factors seem possible. . .  '1n 
practice, impurity.buildup may eventually cause a drastic reduction'in neutr.on 
flux, necessitating shutdown and exhaust. While 5-10% of the injacted energy 
is lost in the form:of charge-exchange neutrals, the wall sputtering problem 
in the CIT should .still be much less severe than in more conventional tokamak 
operation, since most of the injected energiy goes out via electron transport 
and radiation' (i.e ,.:, r << rh). At any rage, impurity buildup should be 
limited by the poloidaF magnetic divertor installed to minimize te&cling . . 
(Sect. 2.4). .. . . .. , 

. . .. . . 



4.4 Neutron Source Characteristics 

. Table I1 lists the characteristics of the CIT neutron source for the 
plasma conditions of Table I. The uncollided flux during the burn is 
8.4 x 1012 n/cm2/s , so that an annual flwnce of 102' n/cm2 requires a plant 
factor of 38%: For a minimum duty fact0.r of 68% (Sect. 4.3), the down time 
can be as large as 44%. Accessibility considerations limit the wall area 
useful for testing purposes to the outer torus region, .where the total area 
is about 65 m2. Considerable space in this latter re ion is taken up by 9 beam injection ducts (-2 m2) , diagnostic ports (-3 m ) ,  bellows sections 

2 2 (-8 m ) ,  protection plates opposite beam injedtion ducts (-6 m ) ,  and 
miscellaneous vacuum structures (-5 m2. ) Nevertheless, the area available 

2 for test Sam les is at least 30 m , so that about 25% of the total neutron 
outputof loP9 n/s can be utilized. (In adaition, materials l6ft untouched 
on the inner torus wall for the lifetime of.the machine would be subjected 

2 to a total fluence - 1021 n/cm , and might exhibit significant bulk-radiation 
damage. ) 

5.1 Neutral Beam Injectors 

The characteristics of the neutral beam injection systems are given in + Table 111. For equal densitites of 'd+ and T in the plasma, the To injec- 
tion rate need be only 2/3 as large as thb Do injection rate, since the 
triton slowing-down time is about 1.5 times the deuteron slowing-down time. 
The total beam-duct aperture is specified for 6 beam lines. The use of a 
.larger number of beam lines would result in intolerable crowding'of injector 
assemblies outside the tokamak, while.the total area of the beam ducts would 
have to be increased, in order to ensure penetration [191. (Note that all 
vacuum pumping is carried out via the beam ducts and the divertor channels.) 
The specified injector efficiency of 60% compares with values of 50-60% 
that have been achieved with beam injectors at ORNL and Berkeley operating 
at 40 keV and 20 keV, respectively. This efficiency should be maintained 
at 60 keV energy [201, eve'n witliuuL Lilt! use of direct conversion. However, 
a serious drawback of present injector systems is that the. ion beams contain 
20-30% molecular ion content, so that the efficiency of pro,duction, at the 
plasma, 'of 60-keV D+ and T+ woulld be somewhat less that 60%, unless the + + D2 and D components are separated out before acceleration [201, or the 

3 source composition is improved.' While present 40-keV injectors with water- 
.cooled grids have been operated for.pulse lengths of only 0.3-0.5 s [21], 
t h e  pcrlr;w hiaJLntlon i3 due ,to power supplies and pumping load; there appears 
to be no insuperable obstacle to steady-state high-power operation. 

Table IV shows the tritium throughput characteristics of the CIT 
facility. The throughput of 12 g/hr is sufficiently large that on-line 
reprocessing is mandatory. The total inventory specified is rather small, 
but requires a turn-around time (beam injection, collection, purification, 
re-injection) of 1.5 day or' less. The annual consumption of 760 g represents 
an ~perating cost o f  approximately $3M. 



.. . 

5 .2  Power ~ e q u i r e m e n t s  
. . 

T a b l e  V s h o w s ' t h e  power r e q u i r e m e n t s  o f  t h e  CIT e l e c t r i c a l  sys tems.  The 
c o p p e r  wind ings  o f " t h e  h y b r i d  TF magnet (F ig .  1 2 )  d i s s i p a t e  20 MW,~while 
p r o v i d i n g  a f i e l d  o f  1 0  kG on t h e  magnet ic  a x i s .  These c o i l s  a r e  o p e r a t e d  - 
s t e a d y  s ta te ,  i n  o r d e r  t o  a v o i d  s e t t i n g  up eddy c u r r e n t s  i n  t h e  NbTi windings .  
The l a r g e  peak  p o w e r - i n  t h e  OH c i r c u i t  i s  due t o  t h e  i n d u c t i v e  l o a d  dur. ing 
t h e  1-s d i s c h a r g e . c u r r e n t  ramp-up a t  t h e  beg inn ing  o f  each burn  c y c l e ,  b e f o r e  
beam i n j e c t o r  turn-on.  The EF power requ~i rement ,  which i n c l u d e s  t h e  d i v e r t o r -  . . 
f i e l d  c o i l s ,  r emains  l a r g e  a f t e r  t h e  beam i n j e c t o r s  a r e  t u r n e d  o n , , a s  t h e  
e q u i l i b r i u m  p r e s s u r e  d i s t r i b u t i o n ' i n  t h e  plasma i s  b e i n g  e s t a b l i s h e d .  The 
OH and  EF c o i l s  a r e  wa te r -coo led  copper .  Although t h e  OH and EF r e s i s t i v e  
,power l o s s e s  c o u l d  b e  e s s e n t i a l l y  e l i m i n a t e d  by go ing  t o  superconduc t ing  
'wind ings ,  t h e  r e q u 5 s i t e . t e c h n o l o g y  is probab ly  t o o  a m b i t i o u s  f o r  a  near- term 
:~aeiff ne . 8 , : l o ,  

During t h e  o-£fiperiod o f  t h e  burn c y c l e  ( 2  3 0 % ) ,  t h e  t o t a l  power 
r e q u i r e m e n t  d r o p s  t o  a b o u t  35 MW, s o  t h a t 1 6 5  MW must b e  swi tched  approx imate ly  
o n c e  p e r  minute .  T,his r equ i rement  i s  su':f'f:iciently l e n i e n t  t h a t  it i s  f e a s i b l e  
t o  s u p p l y  a l l  t h e  £ . a c i l i t y  power (97 MW) < d i r e c t l y  from a  u t i l i t y  g r i d  v i a  
t r a n s  f o r m e r - r e c t i  f  l e r  systems.  

5 . 3  U t i l i z a t i o n  o f ,  t h e  T e s t  Volume 

The p r e s e n t  d e s i g n  p r o v i d e s  a  s e m i ' t q o i d a l  s h e l l  o f  20-cm t h i c k n e s s  'for 
. ; n s t a l l a t i o n  o f  t e s . t  samples  ( F i g .  1 2 ) .  To enhance a c c e s s i b i l i t y ,  t h e  
s h i e l d i n g  m a t e r i a l  around t h e  o u t e r  t o r u s ' m a y  have t o  b e  removable.  An 
i n c r e a s e  i n  th ickne.ss  would make t h e  t e s t  r e g i o n  more v e r s a t i l e ,  and minimize 
down-time. S i n c e  t h e  magne t ic  f i e l d  i s  r e l a t i v e l y  s m a l l  on t h e  l a r g e  major- 
r a d i u s  s i d e ,  t h i s  i n c r e a s e  can  be  o b t a i n e a l a t  modest c o s t  by s p e c i f y i n q  a  
l a r g e r  TF c o i l  b o r e ,  The a d d i t i o n a l  s p a c e  cou ld  be used t o  i n c r e a s e  t h e  
e f f e c t i v e  n e u t r o n  f l u x  a t  t h e  t es t  samples  ,by o p t i m i z i n g  b a c k s c a t t e r .  For 
example ,  a high-Z scatterer such  a s  l e a d  o r  s t e e l  cou ld  be  p l a c e d  behind t h e  
t e s t  samples ,  i n  o r d e r  t o  minimize energy  a e g r a d a t i o n  o f  b a c k s c a t t e r e d  
n e u t r o n s .  Neutron m u l t i p l i c a t i o n  i n  a  Be r e f l e c t o r ,  backed by g r a p h i t e ,  
would l e a d  t o  a  l a r g e  i n c r e a s e  i n  f l u x  a t  t h e  t e s t  sample.  I t  is  i m p o r t a n t  
t o  n o t e  t h a t  l a r g e  i n c r e a s e s  i n  e f f e ~ t i v e ~ n e u t r o n  y i e l d  by b a c k s c a t t e r e d  
e n e r g e t i c  n e u t r o n s  would b e  d i f f i c u l t  t o  a c h i e v e  i n  small-volume n e u t r o n  
s o u r c e s , - b u t  a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  a t t a i n  i n  t h e  p r e s e n t  f a c i l i t y  
b e c a u s e  o f  t h e  enormous i l l u m i n a t e d  a r e a .  

A t e s t  volume:'20-40 c m  t h i c k  cou ld  a!lso be  used t o  i n v e s t i g a t e  h e a t  
t r a n s f e r  i n  s m a l l  b l a n k e t  modules,  a l t h o u g h  t h e  the rmal  l o a d  i n  t h e , C f T  i s  

2 r e l a t i v e l y  s m a l l  (2.0 W/cm peak n e u t r o n  power) .  Cross  s e c t i o n s  fo r . :neu t ron  
m u l t i p l i c a t i o n ,  b r e e d i n g ,  . .. a c t i v a t i o n ,  and g a s  p r o d u c t i o n  c o u l d  o f  c o u r s e  b e  
r e a d i l y  de te rmined .  ." 

5.4 F a c i l i t y  Cos t  '.' . . 
. . . . . . 

The e s t i m a t e d ' : c o s t s  o f  t h e  var ioussubs ,ys tems o f  t h e  CIT r a d i a t i o n  
f a c i l i t y  are g i v e n  i n  T a b l e  V I .  The c o s t  o:f t h e  n e u t r a l  beam i n j e c t o r s ,  
i n c l u d i n g  power con 'vers ion equipment ,  is  t a k e n  a s  $ 6 0 0 / k ~ .  The power 
equipment  f o r  t h e  v a r i o u s  magne t ic  c o i l s  - c o n s i s t s  l a r g e l y  o f  t h e  t r a n s f o r m e r -  
r e c t i f i e r  sys tems  r e q u i r e d  f o r  c o u p l i n g  t o  : the  u t i l i t y  g r i d .  Thetime-avex:xqe'a 

. . . . 



thermal power generated in the facility is 80-85 MW; the cost of a cooling 
tower has not been included. Clearly, the total cost could be substantially 
reduced by making use of existing building facilities with remote handling 
equipment and hot cells. 

For,a 50%. plant factor .the total cost of $139M gives a "specific- cost 
neutron yieldvo of 3.4 x 10'' n/s/M$. While only 25% of the 14-Mev neutron 
output is directly utilized, a similar fraction applies to other proposed 
radiation test facilities [1,2]. The neutron yield referenced to power 
consumption is 1017 n/s/MW. If we measure cost-effectiveness by either of 
these quantities, the CIT is many times more favorable than other proposed 
radiation sources for uncoilided f lux  levels - 1013 n/cm2/s. 
5.5 Required Technological Development 

The size of the CIT plasma is similar to that of tokamaks presently 
coming on-line, and the required beam injector performance has already been 
approached.. Nevertheless, considerable development of plasma and reactor 
technologies is required for successful construction and reliable operation 
of the CIT faci1it.y. These development needs are briefly outlined in the 
following. 

Neutral Beams. As discussed in Sect. 5.1, the principal advances re- 
quired in neutral-beam technology are post-acceleration of high current ion 
beams to 60 keV, reduction of moleclar-ion composition, and cryogenic pumping 
in the beam ducts to'allow steady-state operation. Up to 70 A-equiv. is : 
required per beam line, which can be met by stacking 2 of the 40-A sources 
now under development 1211. 

Superconducting Magnet. The NbTi TF coils are D-shaped with bore 
dimensions 3.2 m x 4.2 m. These coils are sufficiently small that no over- 
whelming stress p~oblei~ls are expected. The windings, stabilization, and 
structural support for such coils are essentially state-of-the-art. 

'Plasma Divertor. The PDX tokamak presently under construction will be 
equipped with a poloidal magnetic divertor whose configuration can be readily 
changed [22]. The PDX plasma dimensions (a = 42 cm, A = 3.3, K < 1.5) are 
fairly similar to those in the present desien, and 4 MW of neutrai beam 
injection at 40 keV will be provided. o~his beam injection, together with 
divertor operation to prevent recycling and control impurities, will enable 
thorough testing of CIT plasma operation, especially minimization of the 
cold-ion population. Thus the PDX device is a "critical assembly" for the 
CIT radiation facility. 

Remote Handling. The special equipment needed for remote maintenance 
and d'isassembly of highly activated tokamak reactor components'has not been 
developed to any extent. While a great deal of relevant design has been 

' carried out recently in conjunction with' the proposed TFTR, JET, and T-20 
devices, work in this area would have to be substantially acceieraeed in 
order that remote.handling of a near-term device be feasible. 

~ritium. The handling and containment of tritium (which has not yet 
formed part of any controlled fusion program) is perhaps the area that 
presents the most severe technological problems. The CIT tritium throughput 



o f '  12 g/hr requir 'es  a c l o . & d - ~ ~ ~ l ~  c ~ e r i ; ~ : ~ ~ ~ ~ j p ~ a ~ ~ ~ s i ~ g  p l a n t ,  inci&$ng gas  
' p u r i f i c a t i o n ,  a b s o r p t i o n  6n s d l i d  mater i&l i  'rtXjeneration, and. dS1.ive.r~.  h he 
o p e r a t i o n ,  of neutral-beam i n  j e c f o r s  w i th  t f i e i u m ,  and t h e  c d n t r o l  of  .tritiuni 
. d i f f u s i o n  through var ious 'machine  components, a r e  problems n o t  y e t  r e so lved .  

A X 1  t h e s e  tfechnologies must be  pursued', : in  any e v e n t ,  i n  t h e  cou r se .o f  
deve lop ing  tokamak power r e a c t o r s .  I t  i s  t h i s  t e chno log ica l  re leva,nce,  
combined w i t h  enormous t e s t  a r e a ,  t r u e  fu s ion  neutron spectrum a s  be:.l.l a s  
' t h e  e n e r g e t i c  p a r t i c l e  and photo~i 'bombardment c h a r a c t e r i s t i c  of  tokamak 
.devices ,  t h a t  make t h e  C I T  a c o s t - e f f e c t i v e  s u r f a c e  r a d i a t i o n  test  f a c i t i t y .  

; i ' h " b s s  work was 'supported by t h e  United S t a t e s  Energy Research and 
r~e"iie~k61jineiit Adminis"tr-ation C o n t r a c t  E (11-'1) -3073. 
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TABLE T 

Plasma Parameters of the CIT Radiation Facility 

a 
P 

Aspect ratio 

Elongation (D-shape) 

K = circum. /2ra 
P 

Midplane wall radius 

Wall area 

B on magnetic axis 
t 

Maximum B at NbTi coil 
t 

Beam energy 

Q (ideal.) 

f 

Injection power 

Total neutron power 

Total thermal power 



. . '20 
. . .  

. .. 
TABLE I1 

C I T  Neutron Source C h a r a c t e r i s t i c s  

. . . . . . :a 
A l l  numbers r e f e r  t o  unco l l i ded  14-MeV neut rons .  

a  Neutron i n t e n s i t y  

Neutron power: 

Neutron w a l l  l o a d i n g  

Neutron f l u x .  1.. 

. . 
,pyA$e ' l enqth  

, . 
Annual f l u e n c e  a t  50% 

. . 
p l a n t  f a c t o r  

Wall a r e a  a i r k l a b l e  f o r  
t es t  samples 

. .. 

. . .  
TABLE I11 

9.6 i 1018 n/s 

22 MW 

2  0.19 :MW/m 

2 8.4 jt 1012 n/cm /s 

>, 30 s 

,2 0 1.5 k 10 n/cm 2 

"2 . 
30 m 

. . .. -. . . 

Neut ra l  Beam I n j e c t i o n  Systems 

I n j e c t i o n  energy 
. .. 

I n j e c t i o n  power 
. .  . 

I n j e c t i o n  c u r r e n t  

. . 

Number o f  beam l i n e s  

T o t a l  beam a p e r t u r e  
. . . . 

F r a c t i o n  of w a l l  a r e a  

Ove ra l l  e f f i c i e n c y  

. - 
Power consumpti.on 

.-. . . 

60 keV 

1'2.6 MW D O  

8 . 4  MW T o  

210 ;A (equiv.  ) D o  
140 ,Ar(equiv.') T o  

6  . .  

2  
1.75.m a t  0.02 ~ / c m ~  

1 .5% 

60% 

35 ' M W f e )  



T r i t i u n  Throughput 

Throughput a t  75% d u t y  f a c t o r  1 2  g /h r  

Throughput a t  50% p l a n t  f a c t o r  69 .kg/yr 

F r a c t i o n a l  burn-up p e r  p a s s  1.1 % 

Annual consumption a t  50% 760 g /y r  
plant f a c t o r  

T o t a l  i n v e n t o r y  500 g 

Reprocess  t ime  1 . 5  d a  

TABLE V . 

Power Consumption 

Hybrid magnet 20 MW 

a 
Beam i n j e c t o r s  35 MW . 

OH c o i l s  ( c u r r e n t  26 MW peak 
s t a r t - u p  o n l y  1 

OH c o i l s  ( r e s i s t i v e )  9 MW 

EF c o i l s  21 MW peak 

Misce l l aneous  p l a n t  1 2  MW 

T o t a l  CIT f a c i l i t y a  97 MW 

a 
. ~ e a m . i n j e c t o r s  a r e  n o t  o p e r a t e d  d u r i n g  c u r r e n t  s t a r t - u p .  



TABLE VI 

Estimated Cpst of CIT Radiation Test Facility 

. I  . . ... . , .  

~okamak Components Cost (MS ) a 
. . 
. . 

TJj' co~&j 
. . 14 
. , . .. 

~ e f  ri,ieration 
. . 

~t~uc?$ral support 
i 

c 2  8 

pH, ?5F +.oils 
. .. ,... 

NeutraIebeam injectors 
. . . ... . 

Vacuw,vessel and equipment .. . . . 

TrithG',handling sys Ser11, i1,19$ 9 
i n v e n ~ ~ r ~  . . 

, . .. 

.Shielding 
. . ,. .. . . 

6 - 

Auxiliary Systems 
. - 

. . 
Electrical conversion equipme~p .." 12 
for TF,~"OII, EF' coils 

..... . 

Remote maintenance 10 

Heat removal 4 

Instrumentation and controls I 6 

~ssentia plasma diagnostics I .  . . 

~iscellaneous Plant 
. . I Buildings, incl. hot cell 1 8 I 

M ~ s c ,  plant. equipment 7 - 
(energy distrib., air cond.) 

I Engineer5ng a,nd administration 2 3 
@ 20%. 

.. . 
. .. . . 

TOTAL - S139M 
.-.....- " 



Fig. 1. Counterstreaming-ion velocity distributions parallel, 
to the toroidal magnetic field. Injection velocities are indicated 
by the arrows. The two distributions have the same density and total 
energy 



Fig. 2. Contours of displaced-~axwellian velocity distributions 
of counterstreaming D and T ions, for steady-state injection at 60 keV, 

e 
8 and T = 4.0 keV. Velocities are normalized to 1.46 x 10 cm/sec. The 

large dots indicate ,f (v) = 1.0. 



Fig. 3. Dependence of T on electron energy confinement time 
e 

for various injection energies. Steady-state CIT operatipn. 



Fig .  4. ( a )  Trapping l e n g t h  A t  of deuterium atoms of  energy W 
0 i n j e c t e d  i n t o  a  counters treaming-ion plasma formed by i n j e c t i o n  a t  W . 

0 
RO i s  t h e  f r a c t i o n  o f  atoms t rapped  by charge exchange. (b) Geometry 
o!?xtangential  neutral-beam i n j e c t i o n  i n t o  a  t o r u s .  
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Fig. 5. Fusion reactivity of -D and T displaced-Maxwellian 
distributions, each of temperature Tb, with relative displdcement 
velocj-ty v . The rndximm reactivity of a D-T beam-taxget system r 
is denoted by A. The maximum reactivity of a thermonuclear D-T 
plasma is denoted by B. 
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Fig. 6. Dependence of fusion pow$p amplification Q on electron 
energy con~inement' time fur various injection energies. Steady-state 
CIT operation,, with W = W 17.6 MeV per reaction. 
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Fig. 7. Fusion power amplification- Q for steady-state counterstreaming- 
ion operation in 13-T, as a function of injection energy and T . 17.6 MeV per e 
reaction. 



\ .  
Fig. 8. Fusion power amplification Q qersus power density P for 

f 
a counterstreaming-ion D-T plasma. The so1i.d .curves are contours of constarlt 
injection energy, and the dashed curves are .Ed-ntours of constant n -r . 
Bt = 50 kG, A = 5.0 ,  q = 2 . 5 ,  B = ' 3 . 0 .  e E 

P 



INJECTION ENERGY (keV) 
75353.9 

rig. 9. Production rate of 14-MeV neutrons from D-T counterstreaming- 
ion tokamak plasmas of circular cross section. Dcuteroils ar~d tritons are 
injected with the same energy. Bt = 40 kG, A = 5.0, q = 2.5, Bp : 3.3, 
At )' ap. 



F i g .  10.  Neutron w a l l  load ings .  ( u n c o l l i d e d  14-MeV) i n  D-T 
counters t reaming- . ion tokamak plasmas o f  c i r c u l a r  c r o s s  s e c t i o n .  
Deute rons  and  t r i t o n s  are i n j e c t e d  w i t h  t h e  same energy .  Bt = 40 kG, 
a = 5 . 0 ,  q = 2 . 5 ,  B $ 3 . 3 ,  A > , a .  
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T, = 4.0 keV  - 
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F i q .  11. (dl Reduccian in CIT fusion reactivity <av> by a Maxwellian 
"cold-ion" population at temperature T . a (cold-ion density)/ 

C 
(energetic-ion density). (b) Maximum fusion power density in 'a CIT 
plasma with a Maxwellid11 "culd-ion" population at 4.0 kev. The plasma 
density is inc--eased with a so that the total plasma pressure is constant. 
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Fiq. 12. Schematec layout of the CBT radiation facility. The 
test-sample volume is a 23-cm shell on the outer cegicn of the torus. 
The toroidal feeld on C,k-e magnetic axis is 410 k G .  
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Fig. 13. Trapping profiles of 60-keV D and T neutral beams 
injected tangentially into the CIT plasma, as shown in Fig. 4 (b). 
The arrow indicates the edge of the current channel. 




