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The Compact Toroid Injection Experiment (CTIX) produces a high density, high velocity hydrogen plasma
that maintains its configuration in free space on a MHD resistive time scale. In order to study the produc-
tion and acceleration of impurities in the injector, several sets of silicon collector probes were exposed to
spheromak-like CT’s exiting the accelerator. Elemental analysis by Auger Electron Spectroscopy indicated
the presence of O, Al, Fe, and Cu in films up to 200 Å thickness (1000 CT interactions). Using a smaller
number of CT interactions (10–20), implantation of Fe and Cu was measured by Auger depth profiling.
The amount of impurities was found to increase with accelerating voltage and number of CT interactions
while use of a solenoidal field reduced the amount. Comparison of the implanted Fe and Cu with TRIM
simulations indicated that the impurities were traveling more slowly than the hydrogen CT.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction the CT. Unlike similar measurements done on fusion experiments
The main requirement for fueling by a compact toroid (CT) plas-
ma is that the velocity of the CT be large enough (�50 cm/ls) to
balance the kinetic energy (1

2 qCTV2
CT) against the tokamak’s mag-

netic field energy (B2/2l0). Given the difficulty to achieve central
fueling for large tokamaks such as ITER, several experiments have
pursued spheromak-like CT injection. The initial demonstration of
density increase on TdeV [1] has been followed by experiments on
JFT-2M [2] and STOR-M [3], and design work for the LHD stellara-
tor [4]. Steering by use of magnetic switching [5] and fundamental
CT formation and acceleration studies are also in progress [6]. Mag-
netic probes and optical techniques have been the primary
diagnostics.

Since electrodes are used in the CT accelerator, the potential for
impurity generation through plasma–surface interactions requires
study. Early work on the CTIX accelerator showed that oxygen may
be trailing the main plasma (not fully accelerated to VCT) [7]. This is
important since if impurities are contained within the main CT,
their high velocity and entrapment by the CT’s internal magnetic
fields would contribute to core tokamak impurity levels. These
fields would not be present in the trailing plasma.

The present study uses a set of silicon collector probes to mea-
sure the relative amount of various elemental species deposited by
ll rights reserved.

er).
[8,9], the CT plasma energy density is sufficiently low that direct
interaction of the CT with the collector can be used. Measurements
of the collected species were performed using Auger Electron Spec-
troscopy (AES) sputter profiles and the depth of implanted species
was modeled using TRIM.

2. Experimental setup

CTIX [7] uses two capacitor banks (a formation bank, here
with Vform = 7 kV, and an acceleration bank, here with Vacc either
9 or 12 kV), a bias field, and a passive switching technique to
form and accelerate moderate size (ri = 6.3 cm; ro = 15.2 cm)
hydrogen plasmas. The CT axial velocity (VCT) is determined from
the arrival time on magnetic probes (Bz is measured 57, 91, and
142 cm from the gun end). Typical parameters for the CT are
VCT � 20 cm/ls, LCT � 30 cm, ne � 1014 cm3, and Te � 30 eV.
Although the ion temperature is not measured, the high velocity
of the CT results in substantial translational kinetic energy for
the ions (�200 eV for H). After acceleration (center electrode
end at z = 169 cm), the CT plasmas drift in a guide tube until
reaching an experimental chamber (at z = 212 cm), where various
diagnostics can be used. For the relatively low density CT’s used
in this study, the response of the interferometer was not ade-
quate for characterization.

As the CT resistively decays following acceleration, the plasma
expands in the guide tube (inward in radius) and experimental
chamber (outward in radius). Two axially-separated ports on the

mailto:dabuche@sandia.gov
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


224 D. Buchenauer et al. / Journal of Nuclear Materials 390–391 (2009) 223–226
experimental chamber allowed for insertion of a manipulator and
interception of the plasma by a set of silicon collector probes
(5.9 cm or 44.7 cm from the end of the guide tube). The two posi-
tions were used to verify that the magnetic field did not apprecia-
bly slow the ion impact into the silicon, since the field is very small
at the far position. For each exposure, a radial set of five Sih111i
samples (.6 cm diameter and .15 cm thick) was vertically mounted
vertically (2 cm spatial resolution). The innermost sample was lo-
cated at r = 2 cm and the samples were numbered 1 through 5
(radially outward).

The samples were prepared by ultrasonically cleaning with
alcohol before mounting. Auger depth profiling of prepared but
unexposed samples indicated about 13 Å of SiO2, with a small
amount of carbon in the near surface. For Auger depth profiling
to be useful, it is necessary that the sample does not heat or sputter
during the exposure. Using a 1-d thermal model, the surface tem-
perature rise was found to be as large as 180 K, however, it rapidly
decayed following the 1.5 ls plasma exposure. The effect of hydro-
gen sputtering was modeled using the CT parameters and the TRIM
code and found to be <.06 Å/shot. Sputtering from impurities
would be much smaller due to their lower concentration in the
plasma.

While CTIX does not presently inject CT’s into a tokamak mag-
netic field, the influence of a magnetic field on the impurity trans-
port was investigated by use of a coaxial solenoid coil (330 G on
axis, Lc = 30 cm, located at z = 186 cm). This field is much lower
than the internal fields of the CT and can easily be excluded as
the main CT passes by. Impurities contained in any trailing plasma
would be affected due to the much lower fields behind the CT.
Fig. 1. Auger depth profile for exposure #1, sample #1, showing a 200 Å thick film
of O, Al, Fe, and Cu. The inset shows the radial profile of the film thickness.

Table 1
Amount of impurities for each exposure, based on implantation width and concentration

Exposure Number of shots Vacc (kV) Coil Position (cm)

1 1000 9 5.9
2 10 9 5.9
3 10 9 5.9
4 20 9 5.9
5 20 12 5.9
6 20 12 On 5.9
7 20 12 44.7
8 20 12 On 44.7
3. Experimental results

The first exposures were used to determine what species were
present and how the amount varied with the number of CT inter-
actions. An Auger depth profile from exposure #1 (sample #1),
consisting of 1000 CT plasmas is shown in Fig. 1. Here the relative
atomic concentrations of O, Al, Fe, and Cu are plotted as a function
of depth (depth scale calibrated by profilometry of a separate sput-
ter crater). It should be noted that the Al Auger line is shifted in en-
ergy consistent with the shift being due to oxidation. Also shown in
the inset is the radial variation of the film thickness, giving a scale-
length comparable to the CT radius. It is interesting to evaluate
what impurity level this might imply for the average CT, with alu-
minum oxide as the main impurity. Using full density Al2O3, a
200 Å thick film would result from 1000 shots of 9 � 1013 Al atoms
cm�2. If this amount was distributed uniformly throughout a CT, it
would imply an Al impurity level of a few percent. Evidence below,
however, indicates that the impurities are not traveling with the
full CT velocity.

Table 1 lists the CTIX parameters used for all eight exposures
(all performed with Vform = 7 kV). The first four exposures were
used to vary the number of shots and check reproducibility. Using
10–20 exposures allowed for measurable Auger profiles of the
impurities while, in most cases, not indicating an impurity film
buildup on the surface (a film was found for exposures #1 and
#5). Fig. 2 shows an Auger depth profile from exposure #2, sample
#1 (10 shots), where implantation into the silicon sample of high
mass species was observed. For fluxes low enough to prevent the
impurity surface film, implantation depths on the order of 10–
200 Å are expected from TRIM calculations (see below), and higher
masses are expected to implant more deeply (for Vi = VCT).
in silicon. Film refers to a buildup of impurities on the surface of the silicon.

hVCTi (cm/ls) Amount (arb. units) Comment
Al Fe Cu

– – – – 200 Å film
17.9 ± 3.6 96 181 202 Only three samples
16.9 ± 4.2 62 164 136
15.9 ± 3.3 148 352 247
21.9 ± 5.6 – – – Surface film
20.2 ± 5.7 157 626 291
21.2 ± 5.1 92 242 146
19.2 ± 4.5 45 155 93

Fig. 2. Auger depth profile of exposure #2, sample #1, showing C and Al at the
surface and Fe and Cu implanted into the sample. Si and SiO2 add to a constant 90%
to about 40 Å into the surface.



Table 2
Depth of impurity implants and inferred impurity velocities. Film refers to a buildup of impurities on the surface of the silicon.

Exposure Vacc (kV) Coil Position (cm) hVCTi (cm/ls) dAuger,Fe (Å) dAuger,Cu (Å) hVinf,Fei (cm/ls) hVinf,Cui (cm/ls) Comment

3 9 5.9 16.9 ± 4.2 32 ± 4 28 ± 6 6.6 5.1
4 9 5.9 15.9 ± 3.3 39 ± 3 34 ± 4 8.6 6.8
5 12 5.9 21.9 ± 5.6 – – – – Film
6 12 On 5.9 20.2 ± 5.7 40 ± 3 30 ± 2 9.8 6.7
7 12 44.7 21.2 ± 5.1 41 ± 5 36 ± 7 9.1 7.3
8 12 On 44.7 19.2 ± 4.5 34 ± 2 33 ± 4 7.8 6.6

Fig. 3. TRIM simulation of implanted species traveling with the full CT velocity
(exposure #4).

ig. 4. Peak depth of Cu and Fe implants simulated by TRIM with reduced impurity
elocities (exposure #4). Also shown are the inferred impurity velocities corre-

sponding to peak depths observed in the Auger depth profiles.
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Since the concentrations of implanted impurities are small
compared with the Si and SiO2 levels, an estimate of the amount
of impurities was determined from the peak concentration and
width, averaged over samples 1–4 (amount = peak �width at half
maximum). The amounts are listed in Table 1 for Al, Fe, and Cu.
Although the amounts are not listed for exposure #5, these sam-
ples showed the highest amount of impurities, except for exposure
#1. Also note that the amounts listed for exposure #2 are some-
what higher as they are averaged over only the first three samples.
The amounts for oxygen and carbon were not listed; oxygen is
present as a background gas and may become incorporated be-
tween shots or following exposure. Carbon was also present on
the surface prior to exposure. It should also be noted that the depth
scale in Fig. 2 was normalized for SiO2 sputtering, so that it is valid
to within 10% (the difference between Si and SiO2 removal rates in
the Auger system).

Most of the exposures consisted of 20 shots to optimize the sta-
tistical variation observed in both CT velocities and amounts of
impurities found. By comparing pairs of exposures in Table 1,
one can observe that the amount of impurities increases with num-
ber of shots (exposures 3 and 4) and increases with higher acceler-
ating voltage (exposures 4 and 5; the film has a much higher
amount of impurities than the samples showing only a few percent
of implanted impurity species). The table also shows that the
amount decreases as the probe position is moved further from
the CT gun (exposures 6 and 8) and decreases when the coaxial coil
is used (exposures 7 and 8).

4. Implantation results and modeling

The tendency for Fe and Cu to implant more deeply was ob-
served on all samples and exposures except for exposure #1. The
results are summarized in Table 2, where experimental conditions
are listed for exposures 3–8, along with the average CT velocities
hVCTi and the Fe and Cu peak depths (dAuger,Fe and dAuger,Cu). Here
the depth refers to the average peak depth observed for samples
1–4 on each exposure, as there was no systematic variation of this
depth with radius. While there is scatter in the data, some interest-
ing results can be obtained. The shallowest peak depths for both Fe
and Cu occur for the 9 kV accelerating voltage while the deepest
values are found at 12 kV. Comparison of exposures 6 and 8 indi-
cate that the depth of Fe and Cu is not significantly reduced as
the CT travels in the experimental chamber. This rules out the pos-
sibility that the impurities are entrained within the CT and the
magnetic field interaction with the sample reduces their impact
velocity (compared to hVCTi). Also, comparison of exposures 7
and 8 indicate that use of the coaxial solenoid coil, which de-
creased the amount of impurities, did not strongly affect the depth
of the Fe and Cu.

Fig. 3 shows the implantation that might be expected for expo-
sure #4, as simulated by using TRIM (TRVMC98). Here a distribu-
tion of impurity velocities corresponding to the experimentally
measured CT velocities was used, with constant amount of impu-
rity per shot. This assumption is justified by the scaling of Fe and
Cu amounts found in Table 1 for exposures 3 and 4 (factor of 2 in-
crease). As expected, higher masses implant more deeply, however,
the simulated peak depth for Fe and Cu is significantly larger than
the Auger measurement. TRIM simulations showed that this differ-
ence occurred for all samples where implantation of Fe and Cu was
observed.

To estimate the velocity of the observed Fe and Cu implants, the
distribution of CT velocities used for the TRIM simulations was
lowered, keeping the same shape, but resulting in a reduced aver-
age impurity velocity (hVredi). This was done to simulate the lower
velocities expected in the trailing plasma. Due to the lower veloc-
ities, the effect of the SiO2 layer was included, although the effect
was small. Fig. 4 shows the resulting peak depth dependence on re-
duced impurity velocity for exposure #4. Also shown is the range
F
v
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of experimental peak depths for this exposure. The observed
depths would correspond to inferred impurity velocities (hVinf,Fei
and hVinf,Cui) about half the average CT velocity (8.6 cm/ls for Fe;
6.8 cm/ls for Cu). Table 2 further lists the reduced impurity veloc-
ities that are inferred for exposure 3–8. Care should be used for
exposure #3 as only 10 shots were used for the exposure and the
effect of a single low velocity CT can skew the results. In all cases,
the inferred impurity velocities for Fe and Cu are significantly low-
er than the average CT velocity. It should also be noted that the in-
ferred width of the implant distribution is narrower than the
corresponding Auger depth profile width. Since the impurities
are trailing the CT, they are more likely to have a broader distribu-
tion of velocities than the CT.

5. Discussion and summary

The CTIX plasma facing surfaces consist mainly of 304 stainless
steel, with small regions where copper is used in vacuum breaks.
There are also regions of the inner electrode which have a colora-
tion indicative of underlying copper being exposed. It cannot be
determined from these measurements where the copper origi-
nates, but iron is likely coming from the electrode surfaces. The in-
ferred velocities for the Fe and Cu indicates that these impurities
are not contained within the CT, but experience a reduced acceler-
ating force due to the smaller currents supported by the trailing
plasma. It is interesting that the Auger peak depth for iron is al-
ways deeper than for copper, although if they had the same veloc-
ity, one would expect the reverse. This may indicate that the
copper enters the trailing plasma later than the iron.

The aluminum observed almost certainly originates from alu-
mina shields used to protect magnetic probes. The oxide shift of
the aluminum in the Auger measurement may be due to direct alu-
mina sputtering/evaporation, or it may oxidize between shots.
Since aluminum is expected to be implanted at very shallow
depths, the Auger depth profiles are not helpful in resolving how
aluminum is being eroded (Al was found on the surface of all ex-
posed samples). Since magnetic probes can be retracted, it should
be possible in future experiments to strongly reduce the aluminum
influx.
Several exposures also showed carbon at the surface, with hints
of a subsurface peak positioned between the surface and the Cu
and Fe peaks. Further experiments aimed at introducing carbon di-
rectly into CTIX plasmas are in progress.

In summary, we have performed the first direct measurements
of impurities generated by a spheromak-like CT accelerator using
collector probes. The intrinsic impurities originate from electrode
and other plasma facing materials and scale with increasing num-
ber of shots and acceleration voltage. Under several conditions,
implantation of high mass elements (Fe and Cu) gives an indication
of high velocities, however comparison with TRIM simulations
shows that they do not travel with the full CT velocity. Use of a
modest axial magnetic field (�10% of the CT’s internal field) is
effective in reducing the amount of the impurities by a factor
1.5–2.0. This field is expected to have a much stronger effect on
the unmagnetized trailing plasma.
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