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ABSTRACT 

T a n g e n t i a l l y c o - i n j e c t e d deuter ium beam ions were a c c e l e r a t e d from 82 keV 

up t o 150 keV dur ing a major r a d i u s compression exper iment in TFTR. The ion 

energy spectr-a and the v a r i a t i o n i n fus ion y i e l d were i n good agreement w i t h 

Fokker-Planck code s i m u l a t i o n s . In a d d i t i o n , the plasma r o t a t i o n v e l o c i t y was 

observed t o r i s e dur ing compress ion . 
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The Tokamak Fusion Test Reactor (TFTR) project was i n i t i a t e d to study 

tokamak physics near D-T break-even conditions (2 = P f u s i 
on^hea t = 1 ) l n a 

two-component plasma, because the n e"t E requirement for break-even was 

considerably less s t r ingent than the conventional Lawson c r i t e r i o n . The 

prac t ica l implementation of the two-component approach i s through neutral beam 

in jec t ion . If W denotes the inject ion energy of the deuterium beam, the 

optimum Q near break-even is expected to occur a t WQ = 150-300 keV. i t was 

pointed out by Furth and Jassby that subs tan t ia l improvement in 2 can be 

achieved by clamping the injected ions a t the energy giving the maximal r a t io 

of fusion-reaction rate to plasma drag, ra ther than inject ing a t higher energy 

and passing through the optimal region duri n-j decelerat ion. One proposed 

method was to inject tangential beams, accelerate the beam ions to the optimal 

energy by rapid magnetic compression in major radius, ' and then maintain 

th is energy by slow compression. Congressional accelerat ion of low-energy 

beam ions (~ 15 keV) was f i r s t observed in ATC. In th is l e t t e r , we present 

experimental resu l t s which demonstrate that magnetic comproasion in major 

radius can accelerate tangential ly injected beam ions from B2 keV up to 150 

keV, accompanied by enhanced fusion neutron emission. The evolution of the 

fas t ion energy d is t r ibu t ion function was investigated in de t a i l and found to 

be in good agreement with a bounce-averaged Fokker-Planck simulation. Unlike 

the ATC experiment, 3 plasma rotat ion was also observed, and i t s change during 

compression was roughly consistent with conservation of angular momentum. 

The experiment was performed in TFTR with the follrwing plasma parameters 

before compression; plasma major radius R = 3.0 m, minor radius a = 0.57 m, 

plasma current I = 450 kA, toroidal magnetic f ield B = 3.3 T a t R = 3.0 m, 

cen t ra l e lectron temperature T e (0) ~ 3.3 keV, centra l deucerium ion 

temperature Tj(0) ~ 3.8 keV, and l ine- integrated electron density 
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n eL ~ 1,5 x 10 m . 82 keV deuterium r.autral beams a t 2.1 HW were injected 

pa ra l l e l to the toroidal plasma current from t — 2.3 to 2.5 seconds. At t = 

2.5 sec, the plasma major radius was compressed to 2.17 m by ra is ing the 

ve r t i ca l magnetic f i e ld . Figure 1 shows the waveforms of I , n f iL, and R in a 

typical plasma shot. Data from the multi-channel Thomson sca t te r ing (TVTS) 

system and the electron cyclotron emission (ECE) diagnostic ware used to 

determine the evolution of R, n e ( r ) , and T (r) during compression. A f ive-

ch^rd infrared interferometer {MIRI) was a lso used to determine the plasma 

density p ro f i l e . The locations of maximum electron density were obtained by a 

standard f ive-point s p l i n e - f i t t i n g technique, e..id they are compared with TVTS 

resu l t s in Fig. l b . The agreement i s reasonably good throughout the 

compression duration of approximately 15 ras. The post-compression T (0) and 

n e (0) were somewhat lower than expected from adiabat ic sca l ing . This feature 

h^s been described in some d e t a i l previously, and is outside the scope of 

this Se t te r . 

Two charge-exchange neutral pa r t i c l e analyzers were used co measure the 

ion energy spectra before and af ter compression. One analyzer was aimed 

approximately along the post-compression magnetic ax i s , while the second 

enalyzer was aimed for tangency a t R = 0.52 m. The change in the ion energy 

spectra due to compression i s depicted in Fig. 2. The charge exchange spectra 

were averaged over 10 ms, and a l l ihe spectra shown in th i s figure were taken 

during the same shot. Before compression, the ion energy d i s t r i bu t ion 

function showed a cut-off near the inject ion energy (82 kev; . This cut-off 

energy was raised to 150 keV immediately af ter compression. This was expected 

i'or the compression ra t io C = 1.38, since the energy of pa r t i c l e s moving along 

magnetic f ield l ines increases by a factor of C 2 . In order to i n t e rp re t these 

data quant i ta t ive ly , s. bounce-averaged Fokker-Planck code ' was used to 
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fo l low the ion d i s t r i b u t i o n func t ion f \E , £, r , t ) i n t ime a s a f u n c t i o n of 

ene rgy , p i t c h a n g l e , and minor r a d i u s . Since the e q u i p a r t i t i o n time fo r the 

beam ions i s much longe r than the corapression t ime (~ 15 ms) , we can t r e a t the 

beam-ion a n g u l a r momentum abou t the major a x i s , Vi R = Vj R, and the magnet ic 

moment, u = 1/2 m v^ /B , as i n v a r i a n t q u a n t i t i e s . Th i s me-ans 
dVj v . c'.v. v, . 

t h a t - — = - ^— -77- and -rr~ - - -rr- T T . U t i l i z i n g t h e s e r e s u l t s t o g e t h e r d t R d t a t ZR a t 

w i th the u s u a l e f f e c t s of c l a s s i c a l c o l l i s i o n a l s lowing down, energy 

d i f f u s i o n , p i t c h ang l e s c a t t e r i n g , n e u t r a l beam i n j e c t i o n , and charge exchange 

l o s s e s , we so lve fo r f̂  and the charge exchange s p e c t r a can then be c a l c u l a t e d 

a long d i f f e r e n t s i g h t l i n e s a t v a r i o u s t i m e s . The r e s u l t s a r e shown by the 

dashed l i n e s in F i g . 2 . The shapes of the p r e d i c t e d s p e c t r a a r e i n good 

agreement wi th e x p e r i m e n t a l d a t a , p r o v i d i n g f u r t h e r ev idence t h a t the energy 

g a i n e d by f a s t ions d u r i n g compress ion i s c o n s i s t e n t wi th c l a s s i c a l 

e x p e c t a t i o n s . S ince the n e u t r a l d e n s i t y v a r i a t i o n dur ing compress ion i s no t 

known, we canno t c a l c u l a t e the a b s o l u t e magnitude of the charge exchange 

s i g n a l . Af te r compress ion , dR/d t = 0, and the decay of the f a s t ions i s a l s o 

observed to behave c l a s s i c a l l y . 

The fus ion neu t ron y i e l d was observed to i n c r e a s e du r ing corapression 

because of the d e n s i t y r i s e and beam-ion a c c e l e r a t i o n . The measured neu t ron 

y i e l d i s compared wi th t h a t c a l c u l a t e d from the Fokker-Planck code i n 

F i g . 3a- The d o t t e d l i n e r e p r e s e n t s the c a l c u l a t e d neu t ron y i e l d r e s c a l e d t o 

f i t the e x p e r i m e n t a l d a t a , which i s about h a l f of the va lue expec ted i f the Z 

= 1 plasma ions a r e assumed to be 100% d e u t e r i u m . However, the f r a c t i o n a l 

i n c r e a s e due to compression and the decay time due t o Coulomb r e l a x a t i o n a r e 

i n good agreement wi th the e x p e r i m e n t . Cons ide r ing the u n c e r t a i n t i e s in the 

n e u t r o n d e t e c t o r c a l i b r a t i o n , deuter ium c o n c e n t r a t i o n , n e u t r a l be^m s p e c i e s 

mix, and d e p o s i t i o n p r o f i l e , a f a c t o r two d i s c r e p a n c y in a b s o l u t e magni tude i s 
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within experimental e r ro r . In th is experiment, the neutron emission mainly 

comes front beam-target i n t e rac t ions . The agreement in neutron yield indica tes 

that the absolute magnitude, as well as the shape of the energetic ion 

d i s t r ibu t ion function, i s not far from the Fokker-Planck code simulation, 

with 4 m of neutral beam power, a peak neutron yield of 5 x 10 / s e c was 

observed, which is the highest so far achieved in TFTR. 

The d(d,n) 3He cross section increases by a factor 3.2 when the deuteron 

energy goes from 80 keV ro 150 koV. Since the He(d,p)a cross sect ion 

increases 14 times over th is energy range, a more dramatic increase in t h i s 

reaction ra te i s expected, which would reinforce the neutron measurement. A 

small amount of He gas was puffed in to the vacuum vessel 250 ms before 

compression (at t = 2.25 sec) , j u s t before inject ion of the 82 keV D° beams. 

The 15 HeV protons produced by d- He reactions were unconfined in th i s 

experiment, and were detected by surface ba r r i e r detectors s i tua ted a t the 

bottom of the vacuum vessel . Fig . 3b shows tha t the proton detector s ignal 

increases over an order of magnitude by the compression, and the decay time 

corre la tes with the slowing-down time of Che energetic ions. I t should be 

noted that the proton detector efficiency has considerable uncertainty and 

varies during compression because the 15 fieV proton orb i t s which reach the 

detector depend upon the plasme posi t ion . Orbit code ca lcula t ions ind ica te 

that the efficiency for the post-compression plasma i s about one half the 

value for the pre-compression plasma. Thus, the d- He ra te increased by about 

25 times when the beam ions were accelerated up the steep cross sect ion. 

The co-inject ing neutral beams in th i s experiment caused the toro ida l 

plasma to rotate about i t s major ax i s . Since the momentum confinement time 

(~ 80 ms with neutral beams) was s ign i f ican t ly longer than the compression 

time <~ 15 ms), th*s plasma angular momentum was approximately conserved during 
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compression, and the rotation velocity v± was expected to increase by the 

compression ratio (v, + C v*), provided that the radial profile of v, was 

unchanged. In the experiment, Vi was measured by the Doppler shift of the X-­

line from helium-like titanium ions. As the excitation energy is 4.75 keV for 

this line, emission mainly comes from the center of the plasma. Fig. 4 shows 

the variation of rotation velocity in a typical compression shot; v. went up 

by a factor 1.28, somewhat lower than the compression ratio (C = 1.38). The 

accuracy of this measurement l~ ± 10%) is limited by mechanical vibration, as 

well as by the low counts associated with the high temporal resolution. 

Detailed analysis of these data, including the effects of the finite momentum 

confinement time, beam slowing down, and sawtooth acitivties will be published 

later. 

In summary, we have experimentally demonstrated that major radius 

compression can accelerate deuterium beam ions up to the energy range where 

optimal Q is expected to occur. Increase in plasma rotation velocity was also 

observed. 

He are grateful to the many engineers, computer programmers, technicians, 

and other staff members who have supported the TFTR program. Special thanks 

are due to Professor T.H. Stix for his critical reading of the manuscript. 
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DE-ACO2-76-CHO-3073. 
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Figure Captions 

1. (a) Experimental wave forms for plasma current , l ine- in tegra ted 

densi ty, and plasma major radius. (b) Plasma major radius on 

expanded tirae scale , the dots being Thomson sca t t e r ing data and the 

open c i rc les • being resu l t s from the five-chord infrared 

interferometer. Compression s t a r t s a t 2.5 sec . 

2. Comparison of charge exchange spectra with simulation by 

Fokker-Planck code (dashed l i n e ) . (a) Charge exchange analyzer 

viewing approximately tangential to the toroidal f ie ld a t R = 2.19 

m. (b) Charge exchange analyzer viewing a t R = 0.52 m. 

3. Fusion product measurements. (a) Neutron yield from d(d,n) He 
3 react ion. (b) Proton count re.te from He(d,p)a react ion. The dashed 

l ines indicate the Fokker-Planck code simulations, including the 

detector efficiency. 

4. Change of rotat ion speed due to compression. The dashed l ines 

bracket the signal osc i l l a t ions (caused by mechanical vibration) 

which are eliminated by averaging over the osc i l l a t ion period. 
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