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Anomalous beam-ion loss has been observed in an experiment with short tritium beam pulses injected
into deuterium-beam-heated Tokamak Fusion Test Reactor plagtas € 15 MW) with reversed
magnetic shear (RS). Comparisons of the measured total 14 MeV neutron emission, the neutron flux
along eight radial locations, and the perpendicular plasma stored energy with predictions from an
extensive set ofRANSP simulations suggest that about 40% beam power is lost on a time scale much
shorter than the tritium beam pulse length = 70 ms. In contrast with recent results [K. Tob#aal.,

Nucl. Fusion37, 1583 (1997)] from RS experiments at JT-60U, we were not able to show conclusively
that magnetic field ripple is responsible for this anomaly. [S0031-9007(98)07412-2]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.40.Mj, 52.65.-y

Tokamak plasmas with reversed magnetic shear have5% above the measurements, and the DT neutron emis-
been identified as promising candidates for designingion Spr from RS plasmas fueled with deuterium and
economically attractive fusion reactors [1]. Theoreticaltritium beams is typically 50%—100% above the measure-
calculations [2—4] and experiments at major tokamakments (in a few extreme cases of ERS plasrfigs is
facilities [5—7] indicate that simultaneous achievemen250%—300% above the measurements).
of high energy confinement timeg, high bootstrap Clarification of these discrepancies has been sought
current, and high Troyon normalize@ is possible in in an experiment where short tritium beam pulses are
plasmas with nonmonotonig profiles. Under the best injected into deuterium beam heated RS plasma. This
conditions, highly peaked central pressure profiles havébeam-blip” technique has been used previously in con-
been achieved, and they are explained with the creation dinement studies of trace populations of beam ions in
transport barriers. Turbulent microinstabilities inside theOhmic plasmas [14—-16]. Here we exploit the 2 orders
barriers are suppressed [8] resulting in near neoclassicaf magnitude difference in the cross section between the
transport levels. DT and DD fusion reactions to analyze the deuterium and

Reversed shear (RS) in the Tokamak Fusion Test Reritium beam ion confinement in a NBI heated discharge.
actor (TFTR) is created during the plasma startup phasé;he tritium beam pulse is a small perturbation of the back-
with staged current ramp-up and early injection of sev-ground plasma and the plasma stored energy reflects the
eral megawatts of neutral beam power (NBI). The initialdeuterium beam ion confinement. Since the tritium beam
electron heating to~5 keV provides current diffusion pulse duration is shorter than the tritum beam ion en-
times longer than the ramp-up time, thus creating holergy slowing down time, the peak value of thigr signal
low current profiles [5]. Later in the discharge muchreflects the tritium beam ion loss. The subsequsmt
stronger beam heating is applied. For beam power lowedecay rate is a measure of the tritium beam ion diffusive
than 18 MW, the observed electron density, ion, and electransport.
tron temperature profiles are similar to those in supershots A typical set of RS discharges is shown in Fig. 1.
[9]. If more beam power is injected, transport barriers de-The DD shot is heated with 15 MW of deuterium beams,
velop, and their most striking feature is the rapid rise ofand the other two shots have superimposed tritium beam
the central electron density. This improved confinemenpulses; in one case the tritium beam is injected parallel to
regime in TFTR is known as enhanced reversed shedhe plasma current (CO), and in the other case antiparallel
(ERS) [10,11]. (CTR). These discharges are created with parameters com-

However, the fusion reaction rate in TFTR RS plas-mon for TFTR reversed shear plasmds:= 1.6 MA,
mas has been below the expectations. Parametrizatiad®y(0) = 4.3 T,R = 2.60 m,a = 0.94 cm, and they have
based on the electron density peakedness shows [12] thsitnilar g profiles o ~ 5.5, gmin ~ 3,94 ~ 6). No sig-
the stored energy and neutron production in these plasificant MHD activity is detected in any of them. The
mas is 20% and 35% below the level in discharges withrRANSP calculated Shafranov shifts (i.e., the outward dis-
monotonicq profiles, respectively. Time dependent trans-placement of the magnetic axis with respect to the geomet-
port simulations with therRANSP code [13] predict sig- ric center of the plasma) are ~ 21 cm.
nificantly better performance, as described in this paper. We now turn to the transport modeling of these dis-
With standard modeling assumptions, the stored energgharges. Base linERANSP simulations were established
during the high power heating phase is typically 20%-by using measured ion temperature and impurity density
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overestimate the perpendicular stored energy betweeRIG. 2. Components of the DT neutron rate and transverse
25% (when the D-beam ion energy component is domienergy calculated with therANSP code. The peak measured
nant) and 10% (at the end of the beam heating intervaPT neutron rate is 1.8 X 10* s™.
when the thermal energy component catches up with the
perpendicular beam ion energy component). The 14 MeV
neutrons are measured with silicon diodes [17] and th®y arbitrarily increasing this constant it is possible to in-
overestimate for the CO (CTR) case is 80% (110%)crease the core neutral density. We found that the pre-
These overestimates are much larger than the 10% uncatdicted DT neutron emission cannot be lowered sufficiently
tainty in the 14 MeV neutron measurement. The compariwithout violating the energy conservation of the plasma
son of the measured amRANSP calculated DT neutron discharge. This result is expected, because beam ions
flux along four central sight lines (Fig. 4) also indicateshave to slow down to~60 keV before any significant
large overestimates when only first orbit beam ion loss ixharge exchange loss takes place. The velocity slow-
assumed. ing down time for the 100 keV T-beam ions 4200 ms
The DT neutron components shown in Fig. 2 clearlyand their energy cannot drop sufficiently during the short
point out that the problem with the simulation is the blip duration to affect their CX loss. On the other hand,
excessive number of tritium beam ions which fuse withCX loss from thermalized D-beam ions increases as the
the thermal and beam deuterium ions. We will discussieutral density increases. At all times, this loss plus
several physical processes which may decrease the Dfie bremsstrahlung radiation from the electrons has to be
neutron rates. Beam ion loss due to magnetic field rippléower than the deposited beam power.
or charge exchange reduces the T-beam/D-beam andAnomalous transport of beam ions iRANSP can be
T-beam/thermal-D components. Higher impurity levelsmodeled with various presumptions for the fast ion dif-
decrease the thermal deuterium density, resulting in loweiusion coefficients [15,19]. The slow decay rate of the
T-beam/thermal-D component. measured 14 MeV neutron emission indicates that the tri-
Charge exchange (CX) between beam ions and neutratsim beam ion diffusive transport is low2,; =< 0.1 m?/s
in the plasma core is a loss mechanism that has to be cofer CO, andD; ~ 0.2 m*/s for CTR injected T-beam
sidered. The neutral density profiles TRANSP are cal- ions. Much larger diffusion constants are needbd &
culated either from specified particle confinement times2-3 m?/s) to sufficiently lower the peak value of the DT
or from the number of recycled hydrogenic species frommeutron emission, and they grossly deform its shape [20].
the tokamak limiters. In the second approach, the mea- The uncertainty in the impurity profiles ariflsy may
sured H, light from the inner bumper limiter is multi- contribute to the discrepancy in th®ANSP simulations,
plied by a constant computed with tiieGAS code [18].  since higher concentrations of impurities dilute the fusion
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fuel. Our nominalTRANSP simulation indicates that the other central chords at a different toroidal cross section
plasma is rather clean, with.s(0) ~ 2 and Z.¢(0.8) ~  [23], is also in good agreement with the 40%—-50% T-blip
2.5. We tried various approaches to artificially increasepower loss model.

Ztt: the impurity radiation was scaled up by factors well It is well established that ripple in the magnetic field
above the measurement error bars, consfapt profiles  due to the finite number of toroidal field coils degrades
with values of 3.5 and 4.5, and profiles that modeledthe confinement of fast ions [24[iRANSPhas a stochastic
impurity accumulation in the plasma core were tested, butipple model implementation [25] based on the Goldston,
none of them was able to reproduce the shape and pedkhite, and Boozer criterion [26], multiplied by a constant
value of the DT neutron emission. obtained from benchmarks against a Hamiltonian coor-

Since beam power in TFTR is determined to withindinate guiding center codersIT [27,28]. Simulations
+15% [21], the only viable simulation alternative left is of DT supershots in TFTR, wittR = 2.6 m, indicated
that a fraction of this power is promptly lost resulting in 10%—20% beam ion loss [25]. However, our attempts at
lower effective heating power. The integrity of this model using this model for predicting the 14 MeV neutron emis-
has to be checked against the central electron fuelingion in RS plasmas were not successful, even when we
rate and the plasma energy conservation. There are twincreased the benchmarking constant so that all trapped
independent parameters that can be varied: Decrease iohs were lost.
the effective D-beam power lowers the predictéd, and We modified both codes for accurate calculation of the
decrease of the T-blip power lowefgr. We find that beam ionloss. TherANsPcode was modified so that at a
20% reduction in D-beam power bringg, within the user specified time the internally calculated energy, pitch
measurement error bars (30%—-40% reduction improveangle, and the position at the outer midplane crossing
the agreement). Then we lower the T-blip effective powerpoint, of each Monte Carlo deposited beam ion can be
and compare the predictions with the measured 14 MeWritten in an output file. This file was then input in
neutron emission, as shown in Fig. 3. The simulatiorthe ORBIT code. ORBIT was modified for first principle
with ~50% T-blip power loss is in excellent agreement calculation of beam ion slowing down and pitch angle
with the measurement. However, the exact percentagecattering on electrons, hydrogenic, and impurity ions.
difference (if any) between the D- and T-beam ion lossinput in these calculations was measur&d, {;, N., Q)
cannot be precisely determined: goSgr and neutron and base linerRANSP calculated profilesNp, Ny, Nimp).
flux predictions are possible with common 40% deuterium Results from these simulations are summarized in
and tritium beam ion loss. Fig. 5.  With nominal collisionality £, = 250 ms),

The comparison (Fig. 4) of the measured amiNsP  the cumulative CTR T-beam ion loss at the end of the
predicted neutron flux along four central radial locations
at one toroidal cross section [22] confirms that T-beam
ions are lost from the plasma and not merely redistributed
outside from the core. The measured neutron flux along
the four peripheral chords in this cross section, and four
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FIG. 3. Comparison offRANSP predicted DT neutron emis- FIG. 4. Measured neutron flux along four central radial
sion from a 70 ms CO-injected tritium beam pulse. The basdocations for the discharge shown in Fig. 3, and corresponding
line model has only first orbit beam ion loss, and the otherrRANSP predictions from models with 20%, 40%, and 50%
models have additional, fixed 20% D-beam power loss. T-blip power loss (20% common D-beam power loss).

926



VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

is the coincidence between the plasma turbulence time
and size scales and the TFTR NBI triton transit time
and gyroradius (s, and 1 cm), which could result in
turbulent pitch angle scattering of passing tritons into
the large TF ripple loss cone. Another is the uncertain
effect of the plasma itself on the TF ripple, which might
e affect the classical estimates of single-particle ripple loss.

20 - Neither of these effects has been evaluated quantitatively.
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