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H, measurements on hot-ion-mode plasmas in the minimum-B anchor cell
of the GAMMA 10 tandem mirror

Y. Nakashima,® S. Kobayashi, H. Aminaka, T. Fukasawa, M. Shoji,” Y. Ishimoto,
Y. Kubota, M. Yoshikawa, E. Kawamori, M. Ichimura, M. K. Islam, and K. Yatsu
Plasma Research Center, University of Tsukuba, Tsukuba-shi, Ibaraki 305-8577, Japan

(Presented on 10 July 2002

Results of H, measurement in the GAMMA 10 tandem mirror are described, with a particular focus
on the behavior of neutrals in the anchor minimum-B region. Recently a set, éihetemission
detector arrays was designed and installed in the anchor-cell, where the shape of the magnetic flux
tube becomes flat and the cross section of plasma is elongated elliptically. The detector consists of
H, interference filter, optical fiber, and photomultiplier with magnetic shield, and is absolutely
calibrated by using a standard lamp. In standard ion-cyclotron-range-of-frequency heated,
hot-ion-mode plasmas, detailed measurements pflike-emission form the central-cell to the
anchor-cell were carried out, and the dependence of thmtensity on the quantity of gas puffing

was investigated. The characteristic behavior of neutrals in the nonaxisymmetric anchor-cell is also
discussed, based on the result of neutral transport simulation20@ American Institute of
Physics. [DOI: 10.1063/1.1537441

I. INTRODUCTION order to adapt the simulation to low density rad§én stan-

o ) ] . dard ion-cyclotron-range-of-frequencfiCRF)-heated hot-
Neutral hydrogen behavior is an important subject to in-5,_mode plasmas, detailed measurements of ,Hline-

vestigate recycling phenomena and to clarify the particle balgmission from the midplane of the central-cell to the outer-

ance on magnetically confined plasmas. In the tandem mirrqghgjtion region of the anchor-cell was performed using the
devices, measurement of,Hine-emission from the plasmas yetector system just discussed. In this paper, we describe the
is also wpportapt to evaluate Eartlcle and energy confmeme%mmrm and spatial characteristics of khe-emission and

for obtaining highfs plasmas.” In the GAMMA 10 tandem  gisciiss the behavior of neutrals in the nonaxisymmetric

mirror, neutral hydrogen density in the central-cell has beeny,cpor.cell, based on the result of neutral transport simula-
estimated by measuring spatial profiles of lhe-emission 5

with absolutely calibrated H detectorg~* Absolute mea-
surements of H line-emission enable us to evaluate the neu-
tral density based on the collisional-radiative mod®e-  Il. EXPERIMENTAL SETUP
pently, a_set of.detector arrays was newly designed ang\_ The GAMMA 10 device
installed in the inner-transition region of the anchor-cell,
where the shape of the magnetic flux tube becomes flat and Figure 1 shows the schematic view of the GAMMA 10
the cross section of plasmas is elongated elliptically. In thigandem mirror together with the location of the diagnostic
region, the thickness of the plasma is the same order of thgystems related to this experiment. GAMMA 10 is an effec-
mean-free-path length of hydrogen molecules, and is muckively axisymmetrized minimum-B anchored tandem mirror
shorter than that of Franck—Condon neutrals. Furthermore, &ith thermal barrier at both end-mirrotst° The device con-
narrow space between the plasmas boundary and the vacuwgists of an axisymmetric central-mirror cell, anchor-cells
vessel wall(a few centimetejsmay permit strong wall— with minimum-B configuration, and plug/barrier cells with
plasmas interactions in the anchor transition region. Undeaxisymmetric mirrors. The length of the central-cell is 6 m,
these circumstances, the behavior of neutrals provides val@nd both ends of the central-cell are connected to the anchor-
able information not only for the tandem mirror research butcells through the mirror throat regions. The magnetic
also for the edge plasma investigation in divertor configurastrength of the central-cell is normally 0.43 T and varies
tion. from 0.3 to 0.57 T. Initial plasmas of hydrogen is injected by
In order to evaluate the neutral density profile in thetwo plasma guns from both ends. The main plasma is then
tandem mirror plasma, theEGAS neutral transport simula- started up with ICRF waves in the central-cell and the
tion cod€ has been applied in the GAMMA 10 deviég®  anchor-cell, together with hydrogen gas puffing. Seven gas
The code has been modified to take into account opuffers are installed in the central-cell, and most of them are
dissociative-excitation reactions of molecular hydrogen inlocated away from the resonance layer in order to avoid the
charge-exchange loss of hot ions. One of the ICRF waves
3E|ectronic mail: nakashima@pre.tsukuba.ac.jp (RFl: 9.9 MH2 is used for magnetohydrodynamics stabili-
bNational Institute for Fusion Science, 322-6 Oroshi-cho, Toki, Zation of the whole plasma at the anchor-cell. Another wave
Gifu 509-5292, Japan. (RF2: 6.3 MH2 is used for heating the central-cell ions by
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FIG. 1. The schematic view of GAMMA 10 and the location of the H
diagnostic system(@ The GAMMA 10 coil system and the shape of the

magnetic flux tube, together with the location of the plasma production angtiG, 2. Schematic view of Hline-emission detector¢a) Conventional H
heating systems. detector,(b) newly designed compact-type, 5-channgl detector array.

ion cyclotron resonance heating near the midplane of the, o4 to the CAMAC system, to be finally analyzed with a

central-cell, which is excited by a pair of the double half-turn,,, y station. The profile of neutral density is determined with
antennas. The length of the plug/barrier cell is 2.5 m and th‘?ne help of a neutral transport simulation.

intensity of the magnetic field is 0.5 T at the midplane. The

mirror ratio is 6.2 in this region. End-loss particles along the

magnetic field lines are confined by the plug potential with!!l- EXPERIMENTAL RESULTS AND DISCUSSION
electron-cyclotron heating in both plug/barrier cells. A. Time behavior of H ,, line-emission

In Fig. 3, a typical time behavior of plasma parameters
and of H, line emission is shown in the ICRF-heated

Figure 2 shows the schematic view of, Hine-emission ~GAMMA 10 plasma. In this experiment, two types of gas
detectors used in the present experiment. A conventiongluffers are used. OnéGP#1l) is used for start-up of the
single-channel H detector{Fig. 2(b)] consists of an Hin-  plasma by injecting dense gas into the gas bbx {240
terference filterlband width at full width at half maximum cm) with a short pulse. The othdGP#3a is used for sus-
AN1p=2.7 nm, a lens, and an optical fiber. In the easttaining the plasma along with the ICRF pulse by continu-
anchor-cell, as shown in Fig.(l), two sets of detectors of ously introducing gas in the mirror throat region={— 300
this type are installed on the midplane and on the outerem). Figure 3b) shows the intensity of |l emission mea-
transition, respectively. A newly fabricated detector, shownsured with the axial detector array of the central-cell and
in Fig. 2(b), which is a compact-type five-channel detectorthose measured at the gas box and the mirror throat. At the
array, has individual lines of sights with different viewing initial phase of plasma start-up, the signal at the gas box has
angles by using five sets of bundled optical fiber cables. Thia strong peak. This indicates that the influence of the gas
detector is isolated from the vacuum with a view port 46puffer GP#1b is dominant in the initial phase of plasma start-
mme in diameter and can be inserted into the vacuum vesselp. In a steady-state phase, on the other hand, thetdn-
through the measuring port. The detector is also capable afity from the mirror throat is stronger than the other region,
rotating and moving along the insertion direction, which en-which implies that hydrogen atoms induced from GP#3a are
ables to measure the Hemission in a wide range of plasmas localized in the vicinity of the mirror throat. The brightness
cross section of the inner-transition region of the anchor-cellpf H, emission detected at the mirror throat is more than 10
as shown in Fig. (b). All the detectors are absolute cali- times larger than that near the midplane.
brated by using a standard lamp. The detected liHe- In Fig. 3(c), the intensity of H emission measured at the
emission is transferred to magnetically shielded photomultianchor-cell is shown. The observed peak in the initial phase
plier via optical fiber and the converted electric signal is theralso indicates the particle feed from the gas box and the

B. The H, diagnostic system

Downloaded 08 Apr 2007 to 130.158.56.189. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasmas diagnostics 2117

3 30
> R
I B, @] & @
& a—4f / =TS]8 3 =25 gy 25 7
o e F fJ P Q 2 ) B
® S F > o oL 00 4 m| 20 &
RN 3 i - - o} = 5y 1
oY) 3 S— ,(—l e Line density at C.C) 4 B 5 & Qo&o g
S * : i i ; 1:5 (o’ S © 15 &
= B A {— - Diamagnetism at C. C] g > =4 ° 3,\,
K] i o0 s LD c T : - 10 ¢
w g gO = _& |<—| O Anchor Midplane | =
; z=-1om (Central midplane)] (D) e | o Central Throat | —— »
«€ — -2z=-71cm 0 1 1 1 1 0
- o i 40 45 50 55 60 65 70
Nﬁ 4 \ : : : 40 = Reservoir Pressure [Torr]
& 4 e z=~2400n.1 (Gas box) . 3 g 20 T T r
§ C | m— = z=-305cm (Mirror throat) [ A 5 O z=-345cm 8 (b)
== i i o O 2z=-358 cm
s 2 H miab LT I EPUT 20 & T 15H © z=-370cm 2]
—_— . - « X z=-395cm Q
- ety SR ULy it itV % — @&
: J ‘ 0 0 0o il 0 wl g ‘;\) 10 !# 0] ,<
0 0 or ¢ x
8 T 4 2 S X
3 6 v M’L 3 T Inner Transitionl
B : i = 0 i i i i
g z=-370cm (Inner-ransition)| s 40. ‘B0 60: 70 B8O 9% - 100
% 4 A Bon e w‘,gwq ¥ 2 § Reservoir Pressure [Torr]
N e b e S
22F : 12
== €Y [===2=-520cm (Anchor midplane - = FIG. 4. Dependence of reservoir pressure of gas puffer at the mirror throat
0 i i 3 0 (#3) on H, signals measured at various positions.
50 100 150 200 250
Time [ms]

ily arrive at the anchor midplane. From these results, a pos-
FIG. 3. Temporal behavior of the intensity in the, ldmission measured in sible eXplanatlon of fuel'_ng to the _an(_:hor mldplane IS _that
the region from the central-cell to the east anchor-cell, together with thgnost of the fueled particles are ionized near the mirror
line-density and diamagnetism at the central-dell.Electron line-density  throat, pass through the inner-transition region, and are fi-

and diamagnetism at the central-céb) H, intensity measured at various nally trapped with the resonant heating by an ICRF wave in
positions in the central-cel(c) H, intensity in the anchor-cell. .
the anchor midplane area.

plasma production in the anchor-cell by the RF1 wave. Afterc. Axial profile of H , intensity in the inner-transition
80 ms, the time behavior of Hemission observed at the region
inner-transition region is different from that measured at the

) . o . L The H, detector installed at the inner-transition has a
anchor midplane. The time behavior in the inner-transition |sCom act stvle and is capable of measurina spatial distribu-
similar to that of the mirror throat. The explanation for these b y P gsp

characteristics may be that the plasma escaping from the mip_on of the intensity by inserting the detector into the vacuum

ror throat can smoothly flow into the transition region, sincevesseI of GAMMA 10. By changing the insertion length of

. : . o : : the detector, the intensity profile of the,Hignal was pre-
there is no particle-trapping function in this region. On the _. e o
. . . .~cisely measured along the magnetic field line in the east
other hand, the observation that the signal in anchor mid- o . o
inner-transition. In this measurement, the volume of viewing

plane re;embles that of _the ceqtral-c_elL Is ascribed_to thelasma varies considerably with the measuring position on
mechanism that the passing particles in the anchor midpla he axial direction. In order to correct this effect on the

are heated and trapped in the resonance area of RF1, which . e . .
. evaluation of axial distribution, we assume the radial profile
has the same as the central midpl&he.

of the plasma in this region to be Gaussian, and determine its
1/e length based on the measured iktensity.

Open circles in Fig. 5 show the data of, Hntensity

Figure 4 shows the dependence of idtensity normal- converted into the value on the line-of-sight, viewing the
ized by the electron line-density on the quantity of gas puff-plasma axis by using the radial distribution of the measured
ing. The H, intensity signals measured at the mirror throatH, signal. It is found that the Hintensity increases with the
and the inner-transition have a strong dependence on the rasieasured location being close to the anchor midplane. The
ervoir pressure of GP#3. While the,Hntensity at anchor solid curve in the figure represents the length of longer axis
midplane has no correlation with the pressure and normalef the plasma cross section, which is almost equivalent to the
ized value with the line-density of anchor midplane is foundplasma thickness along the line of sight. Measured data var-
to indicate a negative correlation. This implies that the hy-ies in correspondence with the curve, which indicates that
drogen gas supplied from the mirror throat can reach théhe increase of K intensity is ascribed to the increase of
inner-transition region, while these gas molecules do not easategration length in the viewing area of plasma cross sec-

B. Dependence of gas influx
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35\0... ;ivrvglvvl; IV. SUMMARY
£ 30 > = Longer Diameter ].....o..3 e Detailed measurements of,Hine-emission have been
& 3 (rcc=18cm) . . -
& - 5% performed in the GAMMA 10 anchor-cell with nonaxisym-
S 25 ] & metric configuration of the magnetic field. A compact-type
20k ive-channe etector was designed and installed at the
< : f h | H detect d d and installed at th
o3 inner-transition region of the east anchor-cell with a highly
P elliptic plasma cross section. The dependence of thesib-

210 nal on the influx of gas puffing showed that the hydrogen
- 55 Ty e woere molecules supplied from the mirror throat gas puffer can
—* [ L% Monte-Carlo Simulation ] reach the inner-transition region, while these gas molecules
ok ! . ! 10 do not easily arrive at the anchor midplane. An evaluation
-400 -390 -380 -370 -360 -350 -340 method for neutral particle behavior in the plasma with el-

z[cm] liptic cross section of the nonaxisymmetric region, such as

an anchor-cell, is successfully established by using the H

FIG. 5. Axial profile of H, intensity measured in the east inner-transition measurements with the help of a neutral transport simulation.
region and comparison with the simulation result. Circle is the measured

result, cross represents the simulation results, and the solid curve shows the
length of the longer axis of the plasma cross section. ACKNOWLEDGMENTS
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