JAERI-M
93-069

SHINE THROUGH MEASUREMENTS WITH

HYDROGEN BEAM IN JT-60

March 1993

Masaaki KURIYAMA, Shunsuke KUNIEDA
Mamoru MATSUQOKA, Makoto MIZUNO
Yoshihiro OHARA, Hiroshi OOHARA

and Kazuhiko MOGAKI

B &~ B F Hh W R M

Japan Atomic Energy Research Institute



JAERIM L F—biz, BREFHFREFRZTEHLTIL TV IHFRBREETY.

AFEOMEHIL, BARTFIFRA TSI ERERER (7319115 AR
R BT, BELOLKES G, Ob, 2ot HHEARFILRSER Y F—
(7319 31 RWIEFINER HLGAT 0 R B S IH RN THEIN LBERMMEE LU~ T
H5YEF,

JAERI-M reports are issued irregularly,

Inquiries about availability of the reports should be addressed to Information Division,
Department of Technical Information, Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, ITbaraki-ken 319-11, Japan.

) Japan Atomic Energy Research Institute, 1993

BRI A AR TR
2 Wil WEFhEEY—EZ



JAERI-M 93-059

Shine Through Measurements with Hydrogen Beam in JI-60

Masaaki KURTYAMA, Shunsuke KUNIEDA, Mamoru MATSUOKA
Makoto MIZUNO, Yoshihiro OHARA', Hiroshi OOHARA
and Kazuhiko MOGAKI

Department of Fusion Facility
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken

(Received February 22, 1993)

The shine-through rate with hydrogen beams in the JT-60 neutral beam
injection experiments was measured in a beam energy range of 40-75 keV
and plasma densities of (l—7)><1019 m=3 for the estimation of absorbed
beam power in tﬁe plasma. The shine-through rate was calculated from
the temperature rise measurement with thermocouples installed in an armor
plate. The shine-through depends on the plasma density inverse-—exponen-—
tially and the beam energy linearly. Additiomally the rate changes with
the plasmé species and the plasma facing materials which effect impurity
contamination of the plasma. An enhancement of beam stopping cross—
section by multi-step collisions was also found even in a beam energy

range of 40-75keV.
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1. Introduction
The JT-60 device had been operated both a divertor and a limiter

discharges with hydrogen in the operation parameters of Bt< 4.8T,
R<3m, a<90cm and Ip<3.2MA. TiC-coated Mo was used as first wall
materials in the vacuum vessel at initial experiments, and then that
was altered to graphite. The JT-60 neutral beam injection system (JT-
60NBI), which could inject a hydrogen neutral beam power of 26MW
at a beam energy of 75 keV for 10sec, was a key device in JT-60
plasma heating.[1][2] The JT-60 NBI consisted of 14 beamlines and
was arranged at seven places around the JT-60 as shown in Fig.l. One
beamline unit could deliver a neutral hydrogen beam power of about
1.8 MW in maximum. The beam injection angles to the plasma column
are 35.5 degrees for a plasma mid-plane, and are quasi-perpendicular
to the toroidal direction; eight units were slightly directed to the co-
injection and the other units to counter-injection as shown in Fig.1.
The beam species of the JT-60NBI ion source were H+:H2+:H3+=90:7:3
for the ion beams before neutralized, and HO(E):HO(E/2):HO(E/3)
=80:13:7 for the neutral beams at the beam energy of 75keV.[3] The
impurities contained in the neutral beam were less than 0.2% for low-Z
impurities such as carbon and oxygen, and less than 0.01% for high-Z
impurities such as tungsten, and copper.[3]

In the neutral beam heating experiments on the JT-60, the
measurement of a beam shine-through in the plasma ‘was very
important by the following reasons: One is for obtaining a beam power
absorbed in the plasma to estimate a plasma confinement time. The
absorption power is obtained by subtracting a shine-through power
from a neutral beam power injected into a tokamak. In particular,
since the JT-60 NBI injected the beam perpendicularly against the
plasma axis, the shine-through could not to be neglected in the
estimation of the beam absorption power in a plasma. Another is for a
protection of the beam armor plate against a shine-through beam. If
the excess beam deposition on the armor plate would be found, the
beam injection must be stopped immidiately to prevent the armor
from meltdown.

Since the beam shine-through rate depends on various parameters
such as a beam energy, an electron density, the equivalent charge
number,Zeff, and the electron temperature of plasmas, those values
must be measured shot by shot. The shine-through measurement has
been so far reported from TFR team.[4] They measured the shine-
through at a beam energy of 34keV and a plasma density up to 3x1019
m-3, and they discussed an enhancement factor of beam stopping
cross-section by multi-step collisions[5]. Tobita et al[6] also has
reported that the enhancement of the beam stopping cross-section was
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confirmed with a diagnostic beam injection system at a beam energy
of 140keV.

This paper-describes the measurement method, and the beam shine-
through during 1986~1988 with hydrogen beam injection
experiments, and then discusses the effcts of the first wall material,
the beam energy, the enhancement of the stopping cross-section.

2. Shine-through measurement

The shine-through is estimated from a temperature rise of
thermocouples brazed in Mo chips on the beam armor plate. The Mo
chips, as shown in Fig.2, are set a few milimeters lower than a first
wall surface to prevent touching edge plasmas. Five thermocouple
chips are arranged on straight at the interval of about 8cm along the
toroidal direction. The shine-through beams by adjacent two
beamlines hit a same group of the thermocouple chips as shown in
Fig.l.  The thermocouples of eight groups are placed corresponding to
every beamline.

To estimate accurately an incident power onto the thermocouple
chips, the thermal resistivity for every chip has been evaluated by
measuring a response time when the chips are irradiated by a beam.
The power densities by a shine-through beam at the thermocouple
chip positions are calculated from a temperature rise with heat
conduction analysis by taking the thermal resistivity into account.
Assuming the beam divergence as a gaussian profile and considering a
beam axis displacement measured, the beam deposition profile- on the
armor plate are estimeted from the power densities at five positions.
The total shine-through power is evaluated by integrating the profile.
The error of the measured values is estimated as about 10% which is
caused by the measurement error of the temperature rise, the
calculation error of the heat conduction and the inconsistency of the
deposition profile with the gaussian.

3. Shine-through results

The NBI heating experiments in the JT-60 have been performrd at
the energies of 40 to 75keV, at the plasma electron densities of 0.5 ~ 7
x1019/m3. The shine-through rates measured are shown in Fig.3 ~
Fig.5 for the beam energies of 40 to 75keV. The plasma electron
density,ne, on the horizontal axis shows an average value in the beam
duration time, since the shine-through is estimated by the
temperature rise of the thermocouple chip which can measure the
average value only.

The shine-through rate depends largely on the plasma electron
density and decreases exponentially with increasing the electron
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density. The rate also depends on the beam energy. In the JT-60
hydrogen plasmas of 80-90 ¢m in a minor radius, the shine-through
rate increases more than 40% below -a density of 1x1019 m-3 and, on
the other hand, it decreases less than a few % over 5x1019 m-3 at a
peam energy of 40-75keV. The shine-through rate, m, can be
expressed as a following equation with a function of the electron
density,n., at a constant beam energy,
n=exp(-C.n¢)

where, ¢ is a constant which depends on a beam energy, plasma
species and a first wall material.  The value c is in the range from 0.7
to 1.3 in the JT-60 experiments.

The shine-through rate with some combinations of plasma species
and plasma facing materials are shown as follows at the same plasma
density and the same beam energy.

N (H*/graphite) < N(He*/TiC) < n(H*/TiC)
where, a dominator in the parentheses shows the first wall material
and a numerator the plasma species.

4. Discussion

The following items are discussed; the effects of the plasma
parameters and the beam energy, the beam penetration in a plasma
and the enhancement of beam stopping cross-section by multi-step
collisions defined by C.D.Boly[5]. Since the proton ratio of the neutral
beam is about 80% in the JT-60NBI, the beam acceleration voltage is
considered as a representative value of the beam energy.

4.1 The effects of the target plasma parameters and the beam

energy

The TiC coated Mo was used as the JT-60 plasma facing material in
the initial NBI heating experiments, , and the Zcfr values were in the
range between 1.5 and 2.5 at electron densities of (1-5) x1019 m-
3.(7] In these experiments, the shine-through could be shown with the
equation of Nnin=exp(-0.7ne) at a beam energy of 75keV. In the
experiments from June, 1988, meanwhile, the graphite was used as
the plasma facing material, and the Zefr values were in the range 2 to
4 [7], which were about 1.5 times larger than the case of TiC coated
Mo. The shine-through at that time could be expressed as Th=eXp(-
0.9n.) with the same beam energy.

In the hydrogen beam injection into a helium plasma, the shine-
through were smaller than a hydrogen plasma with the same plasma
facing material and at the same beam energy.
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The relation between the shine-through and the beam energy is
shown in Fig.6 in the case of the hydrogen plasma and the plasma
facing materials of both TiC and graphite. The shine-through increases
monotonously with the beam energy in the range of 38-70keV. As the
plasma density decreases, the shine-through is very susceptible to the

beam energy.

4.2 The NBI heating experimental range on the JT-60 from
the view point of the beam penetration

In the NBI heating experiments, a beam penetration factor,F, is
defined as follows, as a factor of determining a suitable target plasma.

F=a/A

where, a is a plasma minor radius and A is a penetration depth of
the neutral beam.

The measured shine-through rate, m, can be expressed as
n=exp(-2a/A)=exp(-2F). Hence, the F value can be expressed as F=-
In(n)/2. The relation of the F value vs the electron density is shown in
Fig.,7. The F value is distributed in the range from 0.4 to 2.5 in the JT-
60NBI experiments, though the suitable F value to heat the plasma
core region is F=1.2~2.0. In the beam injection at F<1.2, the beam
interlock to protect the armor plate works within 2-3 sec after its
injection starts on account of excessive heat load to the NB armor
plate. On the other hand, the injected beam heats only the peripheral
region of the plasma at F>2.0.

4.3 Rough estimation of enhancement of the beam stopping
cross section by multiple collisions

The shine-through rates were calculated by using the Orbit
Following Monte Carlo code (the OFMC code) in order to estimate the
fractional enhancement factor, 8, by the multiple collisions, defined by
Boly[5]. In the calculation, the impurity in the plasma was identified
with O+8 for the divertor plasma, and with C*6 for the limiter one,
since the impuriy ratio of O+8 : C+6 in the JT-60 plasma was roughly
evaluated as 3:1 for the divertor and 1:3 for the limiter plasmas,
respectively[7]. And an effective cross-section was assumed to be Geff
Z1.4, In the plasma parameters of a electron density; (1-5) x101%/m3
and the Zes; 1.5-4.2, the calculated results for the fractional
enhancement factor,d, are 0.2 +0.2 at a beam energy of 40 keV, and 0.3.
+0.2 at 75 keV. Although these enhancement factors are estimated
roughly from the measured values of the shine-through rates and Zeff,
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the effect of the multi-step collisions on the stopping cross section
seems to be found slightly.

5. Conclusion
The beam shine-through was measured in the JT-60NBI experiments

and the following were clarified for a beam energy of 40-75 keV, a

plasma electron density of (1-5)x1019 m3, and Zegr of 1.5-4.2.

1) The shine-through rate can be expressed as a function of the

electron density,ne, such as the equation of n=exp(-c.ne), where ¢=0.7-

1.3 at a beam energy of 40-75keV.

2) The shine-through decreases almost monotonously with decreasing

beam energy.

3) The magnitude of the shine-through rates concerning plasma

species, and plasma facing materials at the same beam energy are

shown as follows. '
n(H+/graphite) <n(He++/TiC) < n(H*/TiC)

4) The F value, which shows a beam penetration length in a plasma,

was in the range of 0.4-2.5 in the JT-60 NBI experiments.

5) The fractional enhancement factors by the multiple collisions are in

the range (0.2-0.3) £0.2 with a beam energy of 40-75keV.
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Fig. 5 Shine through in the JT-60 NBI experiment

(Beam energy: 70-75keV)
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Fig. 6 Effect of the beam energy
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Fig. 7 The NBI experimental range in the JT-60 from the view
point of beam penetration



