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T A N G E N T I A L N E U T R A L - B E A M - D R I V E N INSTABILITIES 
IN T H E PRINCETON BETA E X P E R I M E N T 

W.W. Heidbrink, K. Bol, D. Buchenauer," R. Fonck, G. Gammel, 
K. Ida,6 , R. Kaita, S. Kaye, H. Kugel, B. LeBlanc, W. Morris/ 

M. Okabayashi, E. Powell, S. Sesnjc, H. Takahashi 

Plasma. Physics Laboratory, Princeton University 
Princeton, New Jersey 08544 

ABSTRACT 

During tangential neutral beam injection into the PBX tokamak, bursts of two types 
of instabilities are observed. One instability occurs in the frequency range 120-210 kHz and 
the other oscillates predominately near the frequency of bulk plasma rotation (20-30 kHz). 
Both instabilities correlate with drops in neutron emission and bursts in charge-exchange 
neutral flux, indicating that beam ions are removed from the center of the plasma by 
the instabilities. The central losses are comparable to the losses induced by the fishbone 
instability during perpendicular injection. 
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For efficient heating of a tokamak with neutral beams, the injected beam ions must 
remain confined long enough to transfer their energy to the plasma. Injection of neutral 
beams nearly perpendicular to the toroidal axis of the PDX 1 and Doublet III 2 tokamaks r 
resulted in instabilities ("fishbones") that degraded the confinement of the beam ions. The
orists suggested that the fishbone was an internal kink mode destabilized by the trapped , 
beam ions'* and showed that a resonance between the mode rotation and the toroidal 
precession of the beam ions should eject the resonant ions. 4 Many groups had studied tan
gential neutral beam injection and, although repetitive instabilities at toroidal /3 — 0.5-3% 
had been observed on the ISX-B, 5 J F T 2 , 6 and PLT T tokamaks, measurements of beam-ion 
loss during tangential injection had not been well documented. So, when the PDX tokamak 
was converted irto the Princeton Beta Experiment (PBX), two of the four perpendicular 
neutral beam injectors were reoriented to inject tangentially in the hope of reducing beam-
ion losses.8 At normal operating densities (n e £4 x 10 1 3 c m - 3 ) , two-beam, bean-shaped 
PBX plasmas were less susceptible to fishbone instabilities than typical PDX plasmas, 9 

making comparison of plasma stability with high-power perpendicular and tangential neu
tral beam injection difficult. By operating at low densities (ne 5.2.5 x 10 1 3 c m - 3 ) with 
weak plasma shaping, a regime was found where two perpendicular beainr excited strong 
fishbones.9 Using this regime to compare perpendicular and parallel injection, we have 
found that, although there are differences between perpendicular and parallel instabilities, 
the beam-ion losses from the plasma center are comparable in both cases. 

In these experiments, 2.7 MW of 44 keV deuterium neutrals were co-injected with a 
tangency radius of Rtan = 130 cm into a deuterium plasma with Z e /y — 4.5. The outer 
flux surfaces of the plasma had a weakly indented (12%) bean shape (e]ongation= 1.4; 
amiti = 38 cm; RQ — 149 cm). Reducing the indentation to 5% did not appreciably 
alter the virulence of the instabilities discussed here. The plasma current (Ip = 240 kA) 
was fairly constant during the beam pulse and the toroidal field was kept low {Bt — 
0.84 T) to increase 8 {fi± = 2.3%). The electron temperature and density measured by 
Thomson scattering were T e(0) = 0.9 keV, (Tt) - 0.4 keV, nJO) = 3.1 x 10 1 3 cm" 3 , 
and n c = 1.7 x 10 1 3 c m - 3 . The central ion temperature (2 keV) and toroidal plasma 
rotation ('D (̂O) ~ 2.4 X 10 7 cm/sec) were measured using charge-ex. uange recombination 
spectroscopy. r 

Under these conditions, repetitive bursts of activity were observed with Mirnov coils, 
soft X-ray detectors, neutron scintillators, a fast neutral analyzer, and a diamagnetic loop ' 

"" (Fig. 5 of Ref. 9). Large bursts with dominant internal fluctuation frequencies between 20-
30 kHz occurred approximately every 5 msec and smaller bursts with typical frequencies 
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between 150-200 kHz occurred approximately every 2 msec. The neutron emission /„ 
dropped ~ 20% at the low frequency bursts and -- 2% at the high frequency events. 
Data from a low frequency event that had a high frequency precursor (which is usually, 
but not always, observed) are shown in Fig. 1. At 501.7 msec, high frequency activity is 
observed with a Mirnov coil at the outer midplane. The burst correlates with an increase 
in charge exchange (CX) flux and a 2% reduction in neutron emission. At the end of 
the high frequency burst, the amplitude of low frequency oscillations grows. As the low 
frequency oscillations approach their maximum amplitude, high frequency oscillations in 
the frequency range 140-220 kHz reappear. About 0.1 msec after the mode ;eaches its 
maximum amplitude, the CX flux peaks and the rate of decrease of the neutron emission 
is greatest (Fig. lb). 

The neutron and CX measurements indicate that beam ions are removed from the 
center of the plasma by the instability. Calculations show that the neutron emission for 
tangential D° — D+ injection into PBX is dominated by beam-plasma reactions near 
the center of the plasma. In general, rapid reductions in neutron emission indicate either 
rapid deceleration of some of the beam ions or the expulsion of beam ions from the center 
of the plasma to a region of lower deuterium density. Following Strachan er al.,7 we 
interpret the drops in neutron emission as due to the escape of beam ions from the plasma 
center and relate th? slope of the neutron emission to the beam-ion confinement time 
TB{t) — ln(t)l' Jn(to) — /n(<)]i where I„(to) is the slope of the neutron emission before 
the instability. The CX data are from a compact analyzer 1 0 that views co-circulating ions 
in the horizontal midplane along a variable line of sight. In general, CX bursts do not 
necessarily imply radial transport of beam ions since the flux can change due to scattering 
in velocity space or changes in neutral density profile. Variations in neutral density profile 
are not a likely explanation for the bursts since the relative change in signal is a strong 
function of analyzer energy. Scattering in velocity space cannot be excluded but, from a 
scan of analyzer angle, there is no evidence for appreciable pitch-angle scattering. The 
most likely explanation for the bursts is that beam ions are expelled from the center of 
the plasma (a low neutral density region) to the plasma edge (where the CX probability 
is an order of magnitude higher). The neutron and CX meaurements in Fig. l b evolve 
similarly in time, suggesting that both diagnostics monitor central beam-ion confinement. 
In contrast to fishbones,10 the CX flux (Fig. lb) is only weakly modulated at the mode 
frequency {A/Ai.1%); modulations in flux £30 kHz were beyond the bandwidth of the 
electronics for both the neutron and the neutral detectors. 

The low frequency mode seems similar in structure to the instability studied on 1SX-
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B 5 and to the fishbone instability.1 The instability rotates in the direction of the injected 
beam and plasma current with a m = 1, n = 1, structure (identified with SXR and B? 
arrays, respectively). On large events {Bg/Bg ~ 10" 2 at the outer wall; A/ T I / / n <,20%), 
the X-ray oscillations are jagged and non-sinusoidal [A/A ~~ 0.5) and are seen out to 
- = 32 cm. The mode usually decays rapidly from its maximum amplitude (r^ ~ 50/xsec), 
although successor oscillations often persist for -~ 0.5 msec. On events that rapidly .'ecay, 
the central soft X-rays typically drop 5% and the amplitude outside z — 20 cm increases, 
as in a sawlooth. Other times (as in Fig. 1), the mode decays more slowly (r d ~ 300//sec) 
and no "sawtooth" drop is observed on the X-rays. The rate of decay of the mode does 
not correlate with £In/I„- Some power between 120-220 kHz is always observed at low 
frequency events. 

The frequency of the low frequency mode behaves differently than the frequency of 
the fishbone. For fishbones, the mode frequency at peak amplitude exceeds the frequency 
of toroidal rotation of the bulk plasma at the center of the discharge by a factor of two 
or more. 1 For parallel injection, the mode frequency never exceeds the measured central 
rotation frequency by more than 10%. In addition, while the internal oscillations of a 
fishbone typically slow down by a factor of two, 1 0 the mode frequency during parallel 
injection only falls 19 ± 7% for large amplitude, low frequency events. The frequency 
reduction is even less for small amplitude events. These results suggest that the low 
frequency mode may be stationary in the plasma frame. 

Less is known about the high frequency events. The growth rate of these modes 
is typically (100-150^sec) - 1 and the decay rate is (100-200^sec) - 1 . The peak mode 
amplitude at the wall is B#/Bo = 0( 1 0 - 4 ) , The power spectrum of a high frequency event 
often has no identifiable peaks below 100 kHz. For events that do have an identifiable 
low frequency peak, the frequency of the high frequency mode is independent of the lower 
frequency. High frequency events have not been observed at frequencies higher than the 
circulation frequency of the injected beam ions (220 kHz). 

During fishbones, neutral bursts £ 5 keV above the injection energy were observed 1 0 

and strong ion cyclotron instabilities were present. 1 1 Both are absent during parallel in
jection. This observation supports the hypothesis 1 1 that the high-energy perpendicular 
ions seen during fishbones are accelerated by an ion cyclotron instability destabilized by 
escaping perpendicular beam ions at the plasma edge. 

A direct comparison of the severity of beam-ion loss for parallel and perpendicular 
injection was achieved by injecting two parallel beams (2.7 MW) and two perpendicu
lar beams (2.8 MW) into the same discharge on successive shots. Except for the neu-
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tron yield (a factor of two lower for parallel injection), the plasma rotation (a factor 
of four higher) and the perpendicular beta (35% lower), the discharge parameters were 
similar for the two cases. (The magnitude of the neutron emission is reduced for tan
gential injection because the plasma rotation reduces the relative velocity between beam 
and target ions by 12%, yielding a ~- 100% reduction in fusion reactivity.) Using the 
average beam-ioti confinement time {TB} deduced from the neutron emission7 [roughly, 
( T s ) ""- (period between even t s ) / (A / n / / n ) j , it is found that the central losses were just as 
severe for parallel injection as for perpendicular injection (Fig. 2). Parallel beams alone 
were rarely used on PBX and most of the available data are from the low density, low 
indentation discharges specifically created for the study reported here. Comparison of all 
of the available PBX data during D° -^ D + tangential injection to the PDX data com
piled by Strachan et al.7 indicates that the losses were generally comparable to the losses 
observed during fishbones on PDX (Fig. 2). 

When ( T B ) £ T . (Fig. 2), the losses have a deleterious effect on the power balance of 
the plasma. Under these conditions, an independent estimate of beam-ion losses can be 
obtained from transport analysis.1 Since thermal particles appear to be weakly affected 
by the instabilities (/3j_ drops ~ 0.4% at the burst when A / n / / n - t 2 0 % ) , the analysis 
assumes that some parallel beam ions are lost at instabilities but that the thermal transport 
coefficients are unaffected by the MHD activity. When ~- 20% of the beam energy is 
assumed lost, reasonable agreement with the measured thermal content of the plasma is 
obtained. 

Another indication of severe beam-ion losses is that, between bursts, the CX flux is 
reduced, suggesting depletion of beam ions from the sightline. This reduction is evidenced 
both by distortion of the neutral spectrum as the beam power is increased and by the 
fact that, following a strong burst, the CX flux F is less than it was prior to the burst. 
Angular and energy scans show that the flux at the time of the instabilities is biggest for 
the same viewing angle (Rtan = 160 cm) and energy (E = 35 keV) that measures the 
biggest flux between bursts. For this energy and viewing angle, the reduction in flux after 
a burst (AF/F = 0.22 ± 0.05) nearly equals the observed reduction in neutron emission 
( A 7 n / / n = 0.21 ± 0.02). 

In conclusion, neutron, power balance, and CX meaurements all indicate a substantia] 
loss of beam pcwer during tangential injection. The existence of oscillations at .$220 kHz 
suggests a resonant interaction between the circulating beam ions and the wave. The 
repetitive nature of the instabilities suggests that the- beam /? may play an important role 
in the destabilization of the instabilities.9 This conjecture is supported by the observation 
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that, when line density was increased from nt= 1.7 x 10 1 - 1 c m - 3 to n e = 2.7 x 10 1 3 cm" 3 , 
the high frequency events disappeared, the period between low frequency events increased 
to -*• 10 msec, and the sawtooth inversion radius shrank to ~ 12 cm. Also, we find that {re 1 
correlates more strongly with Pb/Bf than with the plasma 6. Alternatively, beam-driven 
currents or ion-stream;ng instabilities may destabilize the modes. 

We thank the PBX technical staff for their support and J. Strachan, R. Goldston. 
and K. McGuire for helpful discussions. This work was supported by U.S. Department of 
Energy Contract No. DE-AC02-76-CHO-3073. 
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Figure Captions 

Fig. J Mimov trace and power spectrum, CX flux from co-circulating (Ricn = 
160 cmj 35 keV beam ions, and neufron Joss rate Tg ' for a moderate amplitude (AInf I„ = 
14%^ low frequency event. 

F;g. 2 {TB} versus normalized perpendicular beta (3C = fioIp/amid(Bt))J2 for tangen
tial D° — D~ injection into PBX plasmas with indentation < 14% andnc< 4.5 x 10 1 3 cm'3. 
The circles with arrows are the resuits of ihe direct comparison between perpendicuJar and 
parallel injection at different values ofnc and Pi,. The hatched region represents the PDX 
fishbone data7 and T„ is the beam slowing-down time for PBX conditions. 

8 



CHARGE EXCHANGE FLUX (Arb. Uniis) 
O — no OJ -t* en o> 

i 

501 

O l 

502.0 
502.0 

502 

O l 

Ol 
o 

NEUTRON LOSS RATE (kHz) 

B9 SIGNAL (Arb. Units) 



icr -X X 
#86X0960 
7 — T 7 3 

0.5 

* Parallel 
o Perpendicular 

1 J L___L_J L_L 

^dia^c 

r ig . 2 



EXTERNAL DISTRIBUTION IN ADDITION TO UC-20 

Plosra Rus Lab, Austra NaT'l o.ilv, AUSTRALIA 
Dr. Frank J. Paolonl, Jnlv of itol longong, SUSTH/.LIA 
Prof. I.R. Jones, Fllndars Univ., AUSTRALIA 
Prof, M.H, Brannan, Unlv Sydney, AUSTRALIA 
Prof. F. Cap, Inst Tfiao Phys, AUSTRIA 
M, Goossans, Astronomlsen Instltuut, BELGIUM 
Prof. R. Bouclque, Laboraforlum voor Natuurkunde, BELGIUM 
D P . D. PalumOo, Dg X H Fusion Prog, BELGIUM 
Ecolo Roysle Killtalre, Lab da Phys Plasmas, BELGIUM 
Or, P.M. Sakanaka, Unlv Estadual, BRAZIL 
Lib. t Doc. Dlv., Instftuto da Pasqutsas Espacfala, BRAZIL 
Dr. C.R. Jamas, Unlv of Alberta, CANADA 
Prof. J. Telchmann, Unlv 3t Montreal, CANA'JA 
Dr. H.M, Skarsgard, Unlv or Saskatchewan, CANADA 
Prof. S.n. Sraanlvasan, University of Calgary, CANADA 
Prof, Tudor w, Johnston, INRS-€nergle, CANADA 
Dr. Haanes Barrard, Unlv British Columbia, CANADA 
Dr. M.P. Baenynskl, * 9 Technologies, Inc., CANADA 
Chalk Slver, Nuel Lab, CANADA 
Zhengwu LI, S* Inst Physics, CHINA 
Library. Tslng Hua University, CHINA 
Librarian, Instltuta of Physics, CHINA 
Inst Plasivn Phys, Academla Slnlca, CHINA 
Or. Peter Lukae, Komenskeho Unlv, CZECHOSLOVAK(A 
The Librarian, Culhan Laboratory, ENGLAND 
Prof. Sc..sti«ian, Observatolre da Nice, FRANCE 

' J, Radet, CEN-SP6, FRANCE 

JET Reading ROOM, JET Joint Undertaking, ENGLAND 
AM Dupas Library. AH Dupas Library, FRANCE 

« Dr. Tom Muel, Academy Bibliographic, HONG KONG 
Preprint Library, Cent Res Inst Phys, HUNSART 
Or. R.K. Chhajlanl, Vlkram Unlv. INDIA 
Dr. B. Oasgupta, Safia Inst, INDIA 
Dr. P. Kan, Physical Research Lab, I NO IA 
Dr. Phil IIp Rosenau, Israel Inst Tech, ISRAEL 
Prof. S. Cuperman, Tel Av'v University, ISRAEL 
Prof. G. Rostegnl, Unlv 01 Padova, ITALY 
Librarian, Int'l Clr Theo Phys, ITALY 
Miss C lei la r.e Palo, Assoc EURATOH-ENEA, ITALY 
Blblloteca, del CNR EURATOM, ITALY 
Dr. H. Yamato, Tosniba Res a Dev, JAPAN 
Dtree. Dent. Lg. Tokamak Dev. JAERI. JAPAN 
F-of. Nobuyukl tnoue. University of Tokyo, JAPAN 
Research Into Center, Nagoya University, JAPAN 
Prof. KyoJI Nlshlkawa, Unlv of Hiroshima, JAPAN 
Prof. Slgaru Mori, JAEHI, JAPAN 
Prof, S. Tanaka, Kyoto University, JAPAN 
Library, Kyoto University, JAPAN 

,, Prof. Ichiro Kawakeml, Nlhon Unlv, JAPAN 
Prof. Satoshl Itoh, Kyushu University, JAPAN 
Dr. D.I. Choi, Adv. Inst Scl I Tech, KOREA 
Teeh Into Division, XAERI, KOflEA 

Blillotheek, Fom-lnst Voor Plasma, NETHERLANDS 
Pr-of. B.S. LI lay. University of walfcato, NEW ZEALANJ 
Prof. J.A,C, Cabral, t̂ -,t Suparlsr Toen, PORTjGAL 
Dr, Octavlan Petrus, ALI CUZA University, RSMANI * 
Prof. M.A. rtelloerg, University of Natal, SO AFRICA 
Dr. Johan da VII Hers, Plasma Physics, Nucor, SO AFRICA 
Fusion Olv. Library, JE!J, SPAIN 
Prof. Hans Hllhelmson, Chalmers Unlv Teen, SWEDEN 
Or, Lennart Startflo, University of UMEA, SWEDEN 
Library, Royal Inst Tech, SWEDEN 
Centre de Racharchesen, Ecote Polytach Fed, SWITZERLAND 
Dr. V.T. Tolok, Kharkov Phys Tech Ins, USSR 
Or. O.D. Ryutov, Siberian Acad Scl, USS3 
Ur. G.A. Ellsaev, Kurehatov Institute, USSR 
Dr. V.A, Glukhlkh, Inst Electrc-fhyslsal, USSR 
Institute Gen. Physics, USSR 
Prof. T.J.M, Boyd, Unlv College N Wales, WALES 
Dr. K. Schlndler, Ruhr UnI vers I tat, H, SERMANY 
ASOEX Reading Rm, !PP/Max-Planek-lnstltut fur 

Plasmaphyslk, F.R.G. 
Nucltar F,« Estab, Jullch Ltd, W. GERMANY 
Librarian, Max-Planck Instltut, W. GERMANY 
BIDIIothek, Inst Plasnatorschun^, w. GERMANY 
Prof. R.K. Jenev', Inst Phys, YUGOSLAVIA 


