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ABSTRACT

Impurity production and hydrogen energy distributions for neutral

beam injectors (NBI) developed by the Plasma Technology Section of Oak

Ridge National Laboratory's (ORNL's) Fusion Energy Division have been

measured by exposing silicon samples to beam pulses and analyzing them

by nuclear microanalysis and secondary ion mass spectrometry (SIMS)

techniques. The NBI's have been developed for use on the Princeton

Large Torus (PLT), the Poloidal Divertor Experiment (PDX)S and the

Impurity Study Experiment (ISX). Extraction voltages of up to 50 kV are

used, and maximum power injected for a 0.5-s pulse is ̂1.2 MW with a

design goal of 1.5 MW. The Medium Energy Test Facility (METF) was used

for exposure of the single-crystal [100] silicon samples.

Neutral hydrogen from the injector is expected to have three major

energy components (E, E/2, and E/3) arising from the formation of H+,

H2, and H3 in the ion source and the subsequent neutralization and

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.

.DISCLAIMER •

This hook was orepared ai an account of work sponsored by an -?--^t of the United Slates Government.
Neither the United States Government nor any agency thereof, nor any of the* employees, makes any
warranty, exurea or implied, or assumes any leijal liability or responsibility (or the accuracy,
completeness, or usefulness o l any information, apparatus, product, or orjeess disclosed, ar
renfesentJ that its use would not infringe privately owned rights. ReFerenca herein to any specific
commercial eroduci. process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endowment, recommendation, or favoring by the United
States GowomWl or any agency thereof. The views and opinions ol authors opressed herein do not
necessarily stite or reflect those of the United States Government or any agency thereof.

BUTE Px TK'in raniJMENT IS



dissociation in the neutralizer gas cell. The full-energy component

(40 keV) is easily separated in the depth analysis, but the E/2 and E/3

components overlap, mainly because of range straggling. Analysis by

SIMS is used to determine the depth profiles of the implanted hydrogen,

and the three energy components are determined from this depth profile.

Nuclear microanalysis is used to analyze for heavy impurities.

initial results have shown that oxygen is the major atomic impurity

and is present at levels of 1.5 x 10~3 0/H. Carbon is the next most

abundant impurity, and copper is at or below the sensitivity of the

analysis technique. The h.drogen species power distribution deduced

from the implant profiles results in relative abundances at the ion

source of 74:14:12 for the energy components E:E/2:E/3, respectively.

These data do not agree with three other independent measurements at

ORNL and Princeton Plasma Physics Laboratory that are in agreement and

yield a hydrogen species power distribution of 85:10:5. At present the

discrepancy is unaccounted for.
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Introduction

This study was initiated to measure impurities and hydrogen energy

distribution because direct measurements of both quantities have not

been made and it was hoped that the present technique would be more

direct than previously used methods [1,2]. These quantities are impor-

tant because the energy distribution in a neutral beam has a strong

influence on the beam penetration length and the resulting heating

profile in the plasma, and the impurities injected into the plasma can

add significantly to the energy loss through line and recombination

radiation.

The neutral beam injector (NBI) used for these studies is an Oak

Ridge National Laboratory (ORNL) design that is used on both the Poloidal

Divertor Experiment (PDX) and the Impurity Study Experiment (ISX). It

has a nominal accelerating voltage of 40 keV, an ion current of 75 A,
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and a source diameter of 0.30 m. For these studies the neutralizer gas

cell was used in the equilibrium mode, i.e., (naL » 1 ) , and the neu-

tral izer gas was hydrogen.

Saturation and Impurity Study

The initial experiment was to irradiate single-crystal [100]

silicon samples (1 x 1 x 0.1 cm), inclined at about 10° to the beam

direction to suppress channeling, for one, three, and six neutral beam

shots to determine whether saturation effects occur, to determine what

the major impurities and their concentrations are, to measure the

absolute amount of neutral hydrogen implanted in the sample, and to

determine the relative energy components of the hydrogen beam. Analysis

of the irradiated samples was made by helium ion backscattering (IBS)

and by secondary ion mass spectrometry (SIMS). Both of these techniques

have been adequately described in the literature and will only be

referenced here [3,4].

Initial concern that beam heating of the sample might induce

migration of the hydrogen from its end of range necessitated the use of

short-duration shots of 40 ms; however, the temperature rise during

irradiation might still be excessive. Calibration of the SIMS instru-

mentation was made with samples prepared at much lower fluence rates

than those used in these irradiations.

Figure 1 shows the SIMS raw data for the sample that was exposed

for six shots. The masses scanned were 1, 12, 18, 30, and 63; these

particular isotopes were chosen to facilitate as much as possible

positive identification of the following masses: hydrogen, carbon,
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oxygen, silicon, and copper, respectively. Mass 1 has two distinct

peaks; the one nearer the surface is much broader than the deeper peak

that has a hump on the deeper side. The three energy components expected

are 40 keV (E), 20 keV (E/2), and 13.3 keV (E/3). Although the full-

energy component is easily resolved, the half- and third-energy compo-

nents are not; however, overlapping of these two components is expected

because of range straggling [5]. On both the mass 12 and 18 spectra a

background level from an unimplanted sample is shown by a dotted line.

The level of the mass 63 spectra is at the sensitivity limit of the SIMS

instrument. In Fig. 2 is shown the shape of the mass 18 peak with

background subtracted. The mean depth and FWHM agree remarkably with

theoretical calculations of the mean range and range straggling for

40-keV oxygen implanted into silicon. The total amount of implanted

hydrogen and oxygen scales linearly with the number of pulses up to six

pulses, as shown in Fig. 3. No saturation effects were observed. From

these data the impurity levels in the beam can be obtained. These are

given in Table 1.

Beam Heating Effects and Hydrogen Species Distribution

In order to determine whether beam heating could prove to be a

major source of error, irradiations were made with increasing shot

lengths, i.e., 40, 100, 150, and 200 ms. For these irradiations each

silicon sample was soldered to a copper block (20 x 20 x 3 mm) using pure

indium. Because the silicon had a thin SiQ2 layer, good bonding to the

copper was difficult and did not make for reproducible bondings. A

spectrum of the implanted hydrogen profile for a pulse duration of 150 ms
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is shown in Fig. 4. There is excellent correspondence both in shape and

fluence rate for the 150- and 40-ms pulses, but there is almost no

correspondence with the 100-ms pulse. Shown in Fig. 5 is the depth

profile for the 100-ms irradiation; both the predicted and measured

profiles are shown. It is obvious that substantial loss of hydrogen

from the sample has occurred and that the profile shape has changed

drastically, indicating severe heating of the sample probably caused by

bad bonding bttween the sample and the heat sink. The deeper peak has

gotten substantially lower and narrower. This narrowing effect has

previously been observed on isochronal ("I h) annealing of samples

implanted with 100-keV hydrogen to a fluence of 1016/cm2. These studies

[6], although not yet published, showed significant loss and narrowing

of the profile by 400°C and almost total loss of hydrogen by 700°C.

Calculations using the silicon thermal conductivity and capacity would

indicate that the instantaneous surface temperature may reach 300°C for

a 40-ms shot and 1000°C for a 200-ms shot. The sample irradiated for

200 ms was severely damaged by the beam. The apparent failure mechanism

was thermal shock.

Analysis of data for the 150-ms shot is shown in Fig. 6. The data

are reduced by assuming a Gaussian distribution for the implant profile

and a mean range and spread derived from both theory and monoenergetic

implants. The fit for the three energy components is accomplished by

only adjusting the peak heights of the three individual peaks. Shown

are the individual Gaussian profiles (E, E/2, E/3), a composite curve
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for the Gaussians, and the profile determined by SIMS. The curves fit

well on the high-energy side but disagree on the low-energy side. The

results are given in Table 2.

It is well known that the implant profiles are not Gaussian but are

skewed toward the surface. These profile shapes have been calculated by

Gibbons et al. [7] and Winterbon [8]. Using these results Brice [9] has

compiled the projected range, relative variance, skewness, and kurtosis

for H -»• Si for energies from 1 keV to 60 keV. Using the data from Brice

an estimate is made that, at most, a 10% change can result in the

individual peak areas because of this effect. The results are summarized

in Table 3.

Immediately after irradiation of the samples a power profile of the

ion fraction that had passed through the neutralizer gas cell was

measured by changing the magnetic field in the deflection magnet so as

to direct the ion beam onto a calorimeter. The results are shown in

Fig. 7. Using known charge transfer cross sections, one can estimate

the species distribution at the ion source and then in turn estimate the

neutral species components. The results of these calculations are given

'n Table 3 along with estimates of the presently measured species dis-

tributions. There is about a 13% difference in the results in the full-

energy component between the two measurements. There have been two

previous independent measurements [2] that substantiate the magnetic

scan results. The first is a measurement of the relative intensities of

the Doppler-shifted and unshifted peaks of H light from the beam, and

the second is a charge exchange analyzer measurement on the tokamak with
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only toroidal and vertical fields energized. The discrepancy between

the present results and the other measurements has not yet been resolved.

Conclusions and Future Plans

The present measurements have shown that oxygen and carbon are the

major impurities and that high-Z (Z > 14) impurities are much smaller

(by 102). Hydrogen energy distributions have been measured but were

found to disagree with previous independent measurements using other

techniques. Future plans are to do both temporal and spatial studies of

the hydrogen species distributions and impurity content and to investigate

further the beam heating and implant flux rate effects in order to

resolve the differences observed in the results of the different measure-

ments. In addition, measurements are planned for other types of NBI's

in order to directly compare neutral beam power and impurity content

using the same technique and analysis equipment.
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Figure Captions

Fig. 1. SIMS analysis of silicon sample irradiated with six 40-ms

pulses. Accelerating voltage is 40 kV. Dashed lines for

1 80 and 1 2C represent those levels for nonirradiated samples.

Fig. 2. Depth profile of 180 as determined from data of Fig. 1.

Mean range and range straggle agree with theoretical

predictions.

Fig. 3. lH and 180 relative signal versus number of 40-ms pulses.

Fig. 4. SIMS spectra for lH for pulse duration of 150 ms.

Fig. 5. SIMS spectra for XH for pulse duration of 100 ms. Note

difference in predicted and actual profiles.

Fig. 6. Analysis of SIMS spectra for lH for pulse duration of 150 ms.

Fig. 7. Ion beam power measurement using magnetic scan.
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Table 1.
Impurity levels in 30-cm-diam ORNL neutral beam injector (40 keV)

Impurity Relative amount per Analysis
species (incident H°) technique

SIMS

SIMS

SIMS

IBS

c
0

Cu

Al 1 Z > 14

1

1

<

X

.5

no
no

lo-3

x 10"3

- 5

- 5



12

Table 2. Species distribution of 40-keV hydrogen NBI

Hydrogen Flux rate of Injected
energy % of injected % of injected injected atoms power
(keV) atoms power (1017/cm2 • 5) (W-cnf2)

40

20

13.3

Total

38

24

38

100

61

19

20

100

0.76

0.48

0.76

2.00

508

165

160

833

Data reduced assuming Gaussian distributions for implant profiles.



Table 3.
Comparison of power distributions in NBI determined by implant profiles of H°
and determined by magnetic scan of H+ in beam dump

Energy
component

E

E/2

E/3

Total

Implant

Neutrals

61

19

20

100

profiles

At ion
source

68

16

16

100

of H°

Neutrals*

67

17

16

100

At ion
source

74

14

12

100

Magnetic

Charged particles
at beam dump

92.8

5.4

1.8

100.0

scan of H

At ion
source

85

10

5

100

Neutrals

80

13

7

100

Estimates of species distributions using Gaussian distributions.
Estimates of species distributions using skewed distributions (see text for explanation).

to


