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ABSTRACT

A thin boron film has been applied to the DIII-D tokamak plasma facing surfaces

to reduce impurity influx, particularly oxygen and carbon. A direct result of this surface

modification was the observation of a regime of very high energy confinement, VH-mode,

with confinement times from 1.5 to 2 times greater than predicted by the H-mode scaling

relation for the same set of parameters. VH-mode discharges are characterized by low

ohmic target densities, low edge neutral pressure, azLd reduced recycling. These conditions

have reduced the coUisionallty, u °, in the edge region producing a higher edge pressure

gradientand a significantbootstrapcurrent,up to 30% of the totalcurrent.

We willdescribethe edge plasma propertiesafterboronizatlonincludingreductions

in recycling inferred from measurements of r;. In particular we will discuss the edge

plasma conditions necessary for access to VH-mode including the boroniz_tion process

and properties of the deposited film.
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1. INTRODUCTION

Boronization has been applied to the DIII-D tokamak to reduce the influx of oxygen

impurities and to lower the fraction of radiated power. Boronization is a chemical vapor

deposition process (CVD) which produces a thin boron film (_100 nm average thickness)

on all plasma facing surfaces using a glow discharge and a mixture of helium (90%) and

diborane (10%) gases. Boronization was applied in the TEXTOR tokaznak in 1988 [1] and

the process used in DIII-D is based upon the TEXTOR system [2,3].

After boronization kx DIII-D oxygen, carbon_ and nickel impurities were substantially

reduced during tokamak discharges allowing operation with lower radiated power and lower

Z,fr. A direct consequence of this wall conditioning technique was the attainment of a new

enhanced confinement regime. This regime of very high conflnement is referred to as

VH-mode [4]. It has been obtained in post-boronization double-null diverted discharges

and is characterized by low edge neutral pressure, a low fraction of radiated power (typically

<30% for 1.6 MA discharges), a high calculated bootstrap current in the edge region, and a

steadily increasing energy confinement time. Energy confinement times up to a factor of 3.5

above ITER 89-P L-mode scaling [5] and a factor of 1.5 to 2 above previous DIII-D/JET [6]

scahng have been observed.

In this paper we will first describe the boronlzation process used in DIII-D includ-

ing techniques to produce a more uniform boron coating. We next discuss the effect of

boronization on tokamak discharges and in particular the VH-mode. The effect of the

boron Film on recycling and particle influx is also presented.



2. THE DIII-D BORONiZATION PROCESS

The purpose of boronization in D III-D is to reduce oxygen and cover all plasma

facing surfaces with a low Z film. The D III-D plasma facing surfaces are primarily In-

conel (60%) and graphite (40%). Although graphite has been installed in areas which are

routinely exposed to the highest heat fluxes, pre-boronization high current (Ip _> 1.5 MA)

beam-heated H-mode discharges have shown nickel impurity accumulation. The DIII-D

boronization system is shown .in Fig. 1. Initially only one gas injection port was installed

but residual gas analysis (RGA) and surface samples showed that the boron film had a

significant toroidal non-uniforndty. The toroidal nonuniformity of the boron film is caused

by the high sticking efficiency of the diborane molecule and its dissociated particles [7].

After the first boronization, another ga._ injection point was added to improve toroidal

ur.iformity and provide a thicker boron film near the ion cyclotron heating (ICH) rf an-

tenna. I_GA spectra are shown, in Fig. 2 during the boronization process with (a) the glow

discharge on and (b) the glow discharge off (gas flow only). There is a large, factor of _15,

decrease in the diborane partial pressure measured at the IIGA during the glow discharge

when compared to gas flow only. Note that the R,GA does not detect diborane, B2D6

which is n_/e - 34. The diborane molecule is easily dissociated and in this paper we will

use mass 32, B_Ds as an indication of the diborane partial pressure. The IIGA is located

2.4 m and 7.4 m toroidally from the gas injection ports and these spectra were taken with

equal rates of gas flow from both ports.

To further improve toroidal uniformity a pulsed glow discharge was implemented.

During the low current phase of the pulsed glow discharge, typically Iglow -- 0.5 mnperes

for 2 s, the diborane partial pressure nearly equilibrates around the torus and the neutral

density of diborane increases. During the high current phase, typically lalow --=5 amperes

for 1 s, the diborane is deposited more uniformly around the torus by the higher glow

current. The R.GA partial pressure of m/e --- 32, BaDs, is shown in Fig. 3 as a function of
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Fig. 1. Schematic representationof the DIII-D boronization injection and glow dischargesystems.
The pumpingsystem is not shown. The gas injector and electrode which are located at
135° toroidallyare separatedvertically by _1 m.

the average current, I_v = 5xDP + 0.5x(1-- DF), where DF is the duty factor (a gas flow

only point, I_v = 0, is also included in Fig. 3). Note that the diborane partial pressure is

an exponential function of the average current, shown as a dashed line in Fig. 3. We have

chosen to operate at a DF of ~1/3 resulting in a reduction of the RGA mass 32 signal by

a factor of ~4 as a compromise between uniforrnlty and emcient use of diborane.

After the installation of the second diborane injection port and implementation of

the plxlsed glow discharge the film thickness, measured by surface samples at the location

shown in Fig. 1, has increased by a factor of ~3 when compared to the first boronization

session [3].

4

III II,lr' pPlil q' ' Url_r...... '"mP "1'1' r,pr II"l':' 'I1' ' "l"l'll lP" "'IU 'llll TM I'1 ........ _r, ,,,,,jill,lBl'I_IH"II ' Ilpl ' ' ,r .... H'I' ,r'_ 'rll " " 'R_rr" til "' lilT"III 'lP If"' _t ...... , ill,hnlrl,,,ll[¢ ,,



GLOWON (a)

1 X 10-l°

_'_. BI°BlZD +

Dlln+

= lO-ii __2 _'51x

1 x 10-12
2O 4O

MASS (A.U.)

i GLOWOFF (b)

1 x 10-l° l

1<_.,
.¢

10-1i1X

I X 10 -12 I _ N_

20 40

o MASS (A.U.)

Fig. 2. Diborane partial pressure is reduced by a factor of ,-,15 during a boronization la) glow
discharge, Iglow = 5 A, when compared to (b) no glow discharge at the same gas flow rate.

Both B z° and B 11 are observed in the approximate ratio of their natural composition. The
RGA scale is "quasilinear".
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Fig. 3. The partial pressureof diborane inferred from B2D5 decreasesexponentially during a
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The RGA locationwith respectto the injector positionsis shownin Fig. 1.



The first evidence of changes in wall condition following boronization was significant

reductions in impurity gases evolved during baking. DIII-D normally operates with room

temperature walls but the vessel is periodically baked, Tar < 400 °C. When two baking

sessions are compared, one before and one after boronization, all residual gases are reduced

after boronization and the pal-tiM pressures of oxygen containing gases, (D20, CO, C02),

are al] reduced, by more than one order of magnitude.
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3. POST-BORONIZATION TOKAMAK DISCHARGES

Post-boronization tokamak discharges showed reductions in impurity line radiation

of oxygen, carbon and nickel by factors of 3-5, --_2, and 10-30 respectively when compared

to similar tokamak discharges before boronization [3,8]. Both before and after boroniza-

tion, boron impurity llne radiation, measured by the SPRED U-V spectrometer, was not a

significant contribution to either Z_r or radiated power. Prior to boronizatlon in DIII-D,

carbonization has reduced nickel impurity line radiation and also, transiently, oxygen radi-

ation [9] with little or no increase in carbon impurities. However boronization has reduced

the levels of O, C, and Ni to the lowest values yet obtained [10].

With reduced impurity influxes and reduced particle fueling which is discussed in

the next section, low ohmic target density discharges were obtained with lower Z_r and

lower radiated power than was possible before boronization. A direct consequence of

this operation was the achievement of a new regime of very high confinement, VH-mode.

VH-mode is characterized by thermal energy confinement 1.5 to 2 times above the previous

DIII-D/JET H-mode empirical scaling relation [6].

Another characteristic of VH-mode is the low fraction of radiated power, <30%. A

general feature of these VH-mode mode discharges is that there is little or no central

impurity accumulation. This behavior is distinct from previous high current ELM-free

H--mode discharges where impurity line radiation, particularly nickel, continued to increase

throughout the quiescent H-mode phase. Nickel is the main component of the D III-D

Inconel walls and 60% of the plasma facing surface is Inconel.

In conjunction with the lower particle fueling and lower target density after boroniza-

tion, the edge collisionality, v*, is reduced and edge temperature and pressure gradients

are high, as shown in Fig. 4. Low collisionality produces a substantial calculated boot-

strap current and reduced edge magnetic shear. With the strong shaping produced by a

double-null configuration and the low edge shear, the outer region from 0.85 _< p _< 1.0 of

8



post-boronization VH-mode discharges is calculated to be in the second stable region to

ideal ballooning modes [11].

The reduced edge collisionality can also cause changes in the plasma rotation and

the electric field profile. An inward shift in the region of the highest electric field gradient

is observed during VH-mode [11] and may also account for the confinement improvement.

The electron density, temperature, and pressure, and the ion temperature profiles

during the VH-mode phase are shown in Fig. 4. There is a broad region, 0.8 < p < 1.0,

where the electron pressure decays exponentially as a function of the normalized radius, p.

The radial extent over which this exponential decay is observed is larger than in H-mode

discharges.



Fig. 4. Electronand ion temperature,electrondensity,andelectronpressureprofilesduringthe
VH-mode phaseof a post-boronizationdischarge(#73290) ;%rp > 0.5. The lasl closed
fluxsurfaceis shownasa dashedline.
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-_. PARTICLE FUELING

Particle fueling from plasma facing surfaces is reduced after boronlzation. It should

be noted that nearly all DIII-D tokamak discharges are preceded by a short session of

heliura glow wall conditioning (HeGWC) to reduce particle fueling from the walls [12].

A comparison of particle fueling after boronization accompanied by HeGWC and pre-

boronization HeGWC only is shown in Fig. 5. In this figure, the initial rate of pazticle

influx, dN(O)/dt, is measured by the electron density rise at the start of neutral beam

heating. The initial rate of particle change gN(O)/dt is normalized to the neutral beam

particle flux, I'beam. For no wall fueling, (dNe(O)/dt)/I'beam would be lmityo Usiug a least

squares fit, the number of plasma particles can ,_xpressed as [10]

= (rbo + + [Y.o-(rbo , +

where ND - fie × Vp, Z_ is assumed constant and equal to unity for this simple model. Vp

is the plasma volume and fie is the average electron density inferred fi'om I-R interferometry

and magnetic equilibria. _'_ = vp/(1-R), _'p is the global particle co._-mement time and R

is the gl.obal recycling coef_cient. I'wall is a wall fueling term and Neo, rp a_ld Ywall. are

fitting parameters assumed constant in time during the fitting interval.

As shown in Fig. 5, boronization accompaiued by HeGWC substantially reduces the

ratio, (dNe(O)/dt)/Ybeam. Om_ing the beam heated phase of these discharges when this

ratio is calculated there is no external gas fueling, and the only external particle fueling

was neutral beam particles.

11
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Fig. 5. Wail fueling is reduced after boronizztion for beam-heated discharges. The ratio of the
initial rate of rise of the total number of electrons to the number of beam particles is
plotted, d-/Ve(0)/dC (dotted line) is inferred from a least squares fit to the electron density
(dashed line in inset). The plasma volume is calculated from the magnetic equilibria. The
range of the fit is shown by open circles. Dis:barge parameters: 1-2 rviA, D ° ---, I) +
at 3 to 16 MW, 2 T , lower single-null and double-null diverted discharges.
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As discussed above, the recycling particle confinement time, _-_, can be inferred from

the density rise after a sudden change in either the confinement time (L-mode to H- or

VH-r, lode), or a change in the external paxticle fueling, i.e. a change in neutral beam

heating power. _'_, is shown in Fig. 6 both for VH-mode discharges and for previous

H-mode discharges. Note that as the ohmic electron target density increases, r_ decreases

for both VH-mode and H-mode discharges.

13
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5. DISCUSSION

Boronization accompanied by HeGWC has reduced radiated t',ower and impurity

influx to the lowest values for comparable tokamak discharges of all wall conditioning

techniques used so fax in DIII-D [10]. After boronization the operating regime of DIII-D

allowed operation at lower ohmic target densities with lower Zea" and radiated power

than was previously possible and this produced a new regime of very high confinement,

VH-mode.

The intial boronlzatlon was very nonuniform. The scale length of this nonuniformity

can be estimated from Fig. 2 assuming that the deposition rate for the boron film, RB,

is proportional to the density of diborane molecules which in turn is proportional to the

measured partial preBsure, i.e. RB c¢ e -x/t'B , where mis the distance from the gas injection

port and LB is the characteristic scale length. From Fig. 2 we estimate the LB "_ 0.9 m for

Iglow = 5 amperes, which is consistent with observations from the TEXTOR tokamak [7].

Assuming that the local deposition rate is also proportional to the glow current density

(assumed toroidally constant since the gas mixtllre consists of 90% helium), LB is inversely

proportional to the average glow current and the partial pressure is predicted to show

an exponential decrease as a function of IgJow. This exponential behavior is observed

experimentally and is plotted in Fig. 3. The implementation of a second diborane injection

port and the pulsed glow discharge has improved the toroidal uniformity of the boron film.

Boronization has an addition'al benefit of reducing wall fueling, which has also been

observed in other machines [1]. Even during neutral beasn heating there is a reduction

in wall fueling. We speculate that the reduced wall fueling is a combination of several

factors: less physical desorption of deuterium by oxygen and carbon sputtering, the use of

HeGWC before the tokamak discharge, and the ability of the boron film, when compared

to graphite, to more effectively bind deuterium.
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There is a decrease in _'_, _ter boronization for discharges with the sarne target

density, shown in Fig. 6. This is consistent with lower recycling, but we co.nnot exclude

the possibility that the global particle confinement time, rp, has also changed. Further

experiments are required to sep0.rate the effect of R arid 7"p.

The decrease of _'_ in Fig. 6 as ohmic t_rget density increases is somewhat surprising.

One would expect that as the density increases, the walls become saturated, the recycling

coei_cient (R) increases, mad hence r_ increases. A possible explanation is that higher

target density increases transport in the SOL and outer pl_ma region, lowering the particle

confinement time so that this effect dominates during the H-mode mad VI-I-mode phases

shown in Fig. 6. An alternative explmaation for this observation is that higher target density

results in a thicker denser SOL and decreases penetration of neutrals to the separatr_x,

thus decreasing the effective recycling coefncient, b_rther experiments arid edge pla.sma

modeling are planned investigate this.

Boronization has provided a clear example of the importance of plasma surface inter-

actions in determining overall plasma performance. The addition of this wall conditioning

technique in DIII-D produced a new confinement regime, VH-mode, and increased the

highest triple product, niTi'r;_, obtained in DIII-D, by a factor of two, to 2.0 x 1020s keV

m -s. The boron film was sufficient to achieve VH-mode at may time during ma experi-

mental camp_jrtt extending for 6 days and 150 discharges. While oxygen was substmatially

reduced ak'ter boronization, it is still a major contributor to impurity radiation in Vi'i-mode

discharges [13]. _xture expe:i_.ents are plmmed to further reduce oxygen by performing

boronization between discharges and to assess the relevance of VH-mode for the next

generation of fusion devices.

This work was supported by the U.S. Department of Energy under Contract No.

DE-AC03-89ElZ51114.
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