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Ripple-Trapped Loss of Neutral-Beam-Injected Fast Ions in JT-60U
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Toroidal field ripple loss of neutral-beam-injected fast ions is measured from the heat load on the first

wall in JT-60U. The heat load is localized in both toroidal and poloidal directions and increases with

both ripple size and safety factor. The overall measured ripple loss is in good agreement with an orbit-

following Monte Carlo calculation. Nevertheless, there is a small diff'erence between the experimental

and the calculated location of the maximum heat load, which suggests that the radial electric field shifts

the impinging points of ripple-trapped ions on the first wall.

PACS numbers: 52.50.Gj, 52.55.Fa

The eA'ects of toroidal field (TF) ripple on plasma
confinement and transport have been investigated for the
past several decades [1-3]. Compared with the number
of theoretical and computational works, there have not
been many experiments performed on the TF ripple. The
ISX-B 9 vs 18 TF coil experiment [4] demonstrated for
the first time adverse eA'ects of the TF ripple, such as an

enhancement of the ion thermal conductivity, fast-ion
loss, and ripple damping of beam-induced toroidal plasma
rotation. Recently, fast-ion behavior related to the TF
ripple has been investigated in Tore Supra [5], JET [61,
and JT-60U [7]. Stochastic ripple diA'usion [8], which

may play an important role in nonprompt alpha particle
loss in a burning plasma, has been identified in TFTR
[9]. One of the major problems of the TF ripple is the re-
sulting localized heat deposition on the first wall [10]. In
order to evaluate the heat deposition profile, several simu-
lation codes have been developed to avoid the difficulties
involved in an analytic treatment of the problem. In spite
of the usefulness of the simulation codes for the problem,
concerns about the reliability of the codes still remain,
because of the complexity of the problem and the ex-
tremely time-consuming computations. Therefore, a
quantitative comparison between experiment and calcula-
tion is the prime issue regarding ripple-induced fast-ion
loss. Fast-ion ripple loss arises from two major processes:
ripple-trapped loss and banana drift loss. The first quan-
titative measurements on ripple-trapped loss were per-
formed in TFR [11], and it was reported that many ex-
perimental features were consistent with the calculations,
but the observed ripple loss was twice as large as the cal-
culated one.

This Letter describes the experiments on the ripple-
trapped loss of nearly perpendicularly injected fast ions in

JT-60U and shows a comparison between the experimen-
tal data and orbit-following Monte Carlo (OFMC) calcu-
lations [12]. Contrary to the TFR experiments, the
present experiment agrees well with the prediction of the
OFMC code. Finally, the eAect of the radial electric
field, which can weaken the peaking of the localized heat
deposition of alpha particles on the first wall in a fusion
reactor [131, is discussed. The results presented enhance

the understanding of single-particle behavior of fast ions
in nonaxisymmetric magnetic fields. It should be noted
that stochastic ripple diffusion does not occur in our case
because of the small banana width of the fast ions.
Another importance of this work is that the quantitative
agreement in fast-ion loss suggests nonanomalous trans-
port and classical slowing down of energetic ions, which is
in contrast with the well-known anomaly of ion thermal
transport.

JT-60U is a tokamak with a major radius Ra=3.4 m,
and an average minor radius a =0.9 rn. Its toroidal field
is produced by eighteen circular coils and the toroidal
field ripple 8 [=(Bm,„—B~;„)/(Bm,„+BI;„)]goes up to
2.2% at the outer edge of a full-size plasma. The toroidal
ripple distribution is illustrated in Fig. 1. The experi-
ments were performed under the following plasma condi-
tions: current Ip =1.0-4.0 MA, toroidal field BT =2.0-
4.0 T, and 8=(0.2-2.0)%. The neutral-beam-injection
(NBI) systems were operated with 10-18 MW nearly
perpendicular injection (D, 80-90 keV). The tangency
radius of the beam lines R t,„,which is defined as
Ri,„=rlR (where il and R denote the pitch angle of an
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I IG. 1. Poloidal cross section of JT-60U plasma and the
toroidal ripple distribution. Also shown are the poloidal posi-

tion numbers of the first wall.
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FIG. 3. Experimental ripple-loss fraction as a function of
ripple size on the midplane Bm;q.

FIG. 2. Two-dimensional distribution of the heat deposition
on the first wall. The TF coils are located at the toroidal angles
of 0' and 20'. The heat Aux peaks just between the TF coils.
The magnitude of the heat flux is expressed in units of W/cm2.

injected ion and the major radius where the fast ion is

born, respectively), is 0.75 m. The power fraction of the
NBI sources is E:E~i2.E~~3=78%:15%'.7'Po. Throughout
the experiments, Br and Ip were directed clockwise and
hence the ion VB drift direction is oriented downward.

In these experiments we concentrated on the thermal
measurements of the heat deposition on the first wall,
which enabled straightforward measurements of ripple
loss with good spatial resolution. The heat deposition was
measured by thermocouples (TC) mounted on the wall
and a fast infrared TV (IRTV) camera viewing the wall.
The thermocouples consist of toroidal-poloidal TC arrays
which cross near the heat spot due to fast-ion ripple loss.
The only disadvantage of these thermal measurements is
that they give no information on the physical origin of the
heat deposition. To prove that the observed heat deposi-
tion was due to ripple loss, we considered multiple evi-
dence like (i) the localization of heat deposition on the
VB ion drift side, (ii) the increase in heat flux with ripple
size, and (iii) the increase in heat flux with safety factor.
The experimental observations described below indicate
that the measured heat flux is attributed to ripple-lost
fast ions.

Figure 2 shows the two-dimensional heat flux on the
first wall measured by the IRTU. Here, the TF coils are
located at toroidal angles of 0 and 20, where the
toroidal angle is taken in the direction of Ip and B~. For
convenience, we introduce the poloidal position (PP)
numbers as shown in Fig. I. Figure 2 indicates that the
heat load is localized in both toroidal and poloidal direc-
tions: The heat flux peaks just between two TF coils on
the VB ion drift side.

By changing the plasma size and position, we obtained

a relation between the ripple-loss fraction and the ripple
magnitude li;d, where 8;d denotes the toroidal ripple on

the outermost magnetic surface on the midplane. As

plotted in Fig. 3, the ripple-loss fraction increases with

ripple size. Here, the ripple-loss fraction is defined as the
ratio of the total ripple-loss power to the NBI power.
The total ripple-loss power is estimated by assuming
toroidal periodicity of the heat spot. This assumption is

reasonable because, owing to toroidal precession, fast ions

circumnavigate the torus several times before they be-
come ripple trapped. Radiation and charge exchange
(CX) losses can also be part of the heat deposition on the
wall. We estimated the loss power due to these processes
from the temperature rise of the first wall near the TF
coils and corrected for their contribution. The error bars
shown in the figure are mainly determined from the error
in the estimation of radiation and CX loss power.

Ripple wells are formed in the region where the eA'ec-

tive ripple well parameter a* [=—(BB/Bl)/(BB/Bl)] sat-
isfies ~a ~

&1, where we express the toroidal magnetic
field as B&(r,8,$) =B(r,8)+B(r,8)cosN&. Here, B, B,
8, and p stand for the axisymmetric and nonaxisymmetric
components of the toroidal magnetic field, the poloidal

angle, and the toroidal angle, respectively, and N is the
number of TF coils. For a plasma with circular cross sec-
tion, the ripple-trapping condition can be simplified to
~a*~ =r~sin8~/NqB & 1 [1]. As expected from this condi-
tion, the ripple-trapping region extends with q. The po-
loidal distribution of the heat load is shown for different
values of the efl'ective safety factor [14] q,a in Fig. 4.
Here, the q, ff scan is performed by changing Ip. The
heat deposition increases with q, ff because of the expan-
sion of the ripple-trapping region with q, ff.

The above characteristics of the observed heat flux give
evidence of fast-ion ripple loss. An important question on

ripple loss is whether available computations predict the
ripple loss quantitatively or not. Next we compare the
experimental data with simulations by an OFMC code.

The OFMC code consists of four parts: (i) calculation
of the ionization of the neutral-beam atoms, (ii) simula-
tion of Coulomb collisions, (iii) calculation of the
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FIG. 4. The poloidal heat flux distribution for diN'erent
values of q,z. The heat deposition increases with q,p because of
the expansion of the ripple-trapping region.

Experimental Loss (%)

FIG. 5. Comparison of the experimental and calculated
ripple-trapped loss fraction,

guiding-center orbit in nonaxisymmetric magnetic fields,
and (iv) simulation of charge-exchange reactions of fast
ions and reionization of the resultant neutrals. Of the
above four parts, (i), (ii), and (iv) are solved using
Monte Carlo techniques. In the code, fast ions produced
by ionization of injected neutral beams are launched from
their birth points and are followed until all of them are
thermalized or lost to the first wall. The code does not in-

clude the radial electric field in the orbit calculation.
The comparison between the experiments and the

OFMC calculations of the ripple-trapped loss is shown in

Fig. 5. Good agreement between both is seen. Here,
discharge parameters for the plotted data are Ip =2.5-4.0
MA, BT=4.0 T, q,&=2.9-4.7, b;~=(0.2-0.5)%, and
line-averaged electron density n, =(2.5-4.5) x10' m

The error in the computation is attributed to the statisti-
cal error caused by the finite number of test particles
used in the Monte Carlo calculations. These results indi-

cate that the OFMC code predicts the ripple-trapped loss
quantitatively.

A comparison between the experiment and the compu-
tation of the heat flux profiles on the first wall is done for
a specific shot as shown in Fig. 6. The experimental and
the simulated heat fluxes are represented by solid circles
and dashed lines, respectively. We compare the toroidal

and poloidal heat flux distributions by traversing the

peaks, because there is a small diA'erence in the position
of the peak heat load between the experiment and the cal-
culation. Discharge conditions for this shot were Ip =4.0
MA, BT =4.0 T, q,p=2.9, NBI power PN8=10. 7 MW,
beam energy Eb =90 keV, n, =2.3x10' m, and the
central ion and electron temperatures were 4. 1 and 2.7
keV, respectively. The heat flux due to radiation and CX
is estimated to be about 2 W/cm . The scatter in the cal-
culated heat flux is attributed to the statistical error due
to the number of test particles (36000); this error is 10%
at the heat flux peak. In the toroidal distribution [Fig.
6(a)], both profiles are similar but the measured flux spot
appears at a lower toroidal angle than the calculated one.
The toroidal angle asymmetry in the OFMC heat flux is

due to the structure of magnetic field lines. In the experi-
ments, the deepest ripple well is located at a toroidal an-

gle of slightly more than 10'. In the poloidal distribution
[Fig. 6(b)], the shape of both profiles is also similar. The
ripple-trapped loss from the experiment is estimated to be
(8.8+ 1.4)%, whereas that from the OFMC code is

(9.2+'0.9)%. Furthermore, the OFMC calculation indi-

cates that an additional ripple loss of 13% due to col-
lisional banana drift appears between PP 60 and 80 in

this shot. Unfortunately, the banana drift loss has not
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FIG. 6. Comparison between the measured and the calculated heat flux profiles: (a) the toroidal distribution and (b) the poloidal
distribution. The experimental data are represented by solid circles. The calculated values are indicated by dashed lines (6@=0)
and a solid line (hN= —2 keV).
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been identified so far because of the restricted viewing

angle of the IRTV.
The only disagreement which can be seen in Fig. 6 is

the slight difference in the heat spot position. The
OFMC calculations performed for slightly different den-

sity and temperature profiles did not show a large change
in the heat spot position. The most probable explanation
for the disagreement is that the OFMC code does not in-

clude the radial electric field. Recently ltoh et al. [131
have pointed out that the radial electric field E„affects
the distribution of ripple-trapped loss particles on the first
wall. The shift of the impinging point in the direction of
the major radius AR due to E„&BT drift is approximately
expressed by hR =Zh@R/W, where Z, htli, R, and W

are the charge number of the fast ions, the potential
difference between the ripple-trapping position of fast
ions and the first wall, the radial coordinate of the
ripple-trapping position, and the energy of the fast ions,
respectively. When E, (0, which is the case of JT-60U
with perpendicular NBI heating, the E, &ST drift shifts
the impinging point outwards. The reconstructed po-
loidal heat flux with inclusion of 64= —2 keV is shown

by a solid line in Fig. 6(b). Although there is no direct
measurement available of the radial potential, 6@=—2

keV is a good estimate, as determined from plasma rota-
tion data. With inclusion of A4, the calculated heat flux

agrees well with the experiment. The introduction of
negative E, can also explain the difference in the toroidal
distribution [Fig. 6(a)]. The shift of the observed heat

spot towards a low toroidal angle can be attributed to
E, xBp drift. From the above considerations, we can
conclude that the radial electric field should be included
to predict the detailed heat deposition profile of ripple-
lost particles on the first wall.

In conclusion, the measured heat load on the first wall

due to fast-ion ripple loss was localized in both toroidal
and poloidal directions. The heat deposition on the wall

increased with both ripple size and safety factor. Aside
from a small difference in the position of the heat spot,
quantitative agreement between the experiments and the
OFMC calculations was demonstrated. These results
give the first experimental evidence that an OFMC calcu-

lation can predict fast-ion ripple loss quantitatively. The
small difference between the experiments and the calcula-
tions in the heat spot position can be explained by the
shift of the trajectories of the ripple-trapped ions in the
radial electric field.
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