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Summary 

We show that the observed beam spot consists of 
accumulated carbon. The accumulation is the same 
on the front and back surface of a thin target, and is 
proportional to the bombardment time at current densi- 
ties greater than - 2pA/cm2. In our energy range of 
investigation (100-300 keV), the accumulation rate is 
Independent of energy, but does vary with the tempera- 
ture of the target. For targets at = 15'C, the accumu- 
lation rate for an o 1 diffusion pumped target chamber 
is = 2pg/cm2-hr or 2 B /min, which corresponds to a 
retention of one carbon atom per incident proton. 
Cooling a shield surrounding the target, or heating the 
target to 150°C, reduces this accumulation rate by an 
order of magnitude. 

Introduction 

The buildup of a foreign substance on the target 
surface is a considerable nuisance for experiments 
where the true energy of a projectile incident on the 
target needs to be known. We hope to shed some light 
on the nature of this phenomenon and describe a simple 
and practical way of measuring the amount of contamina- 
tion on the target surface, as well as methods of pre- 
venting such contamination. 

Experimental Procedure 

The method employed in determining the accumula- 
tion rate for thin (= 20i.rg/cm2) and thick (0.02 mm) 
aluminum targets is shown in Fig. 1. A brass shield, 
which is thermally and electrically isolated, surrounds 
the target, and serves as an electron suppressor and 
cold shield. For the thick targets, the holder is 
thermally and electrically isolated and is connected 
directly to the current integrator. A surface barrier 
solid state particle detector and a Si(Li) x-ray 
detector viewed the target. Their counts were recorded 
for a preset integrated dose. The target chamber was 
evacuated by a 4" oil diffusion pump (using Dow Corning 
705 pump oil) or a 280 R/set turbo-molecular pum 
pressure in the target chamber was typically 10 -E* 

The 
Torr. 

With this experimental technique, we monitored the 
elemental composition of the accumulated material. We 
observed some characteristic x rays of silicon. Their 
yield did not change with time and hence was taken as a 
constant background equivalent to a target thickness of 
- 0.2pg/cm2. There was no indication of any other high 
atomic number elements in the accumulated material. In 
fact, large angle Rutherford scattering measurements 
indicate that the only deposited element which changed 
with bombarding time was carbon. 
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Fig. 1. Schematic of the experimental arrangement. 

Direct measurements of the carbon accumulation 
rate on aluminum can be made by large angle (135' in 
our case) Rutherford scattering at 300 keV and higher 
incident energies. Carbon-scattered protons then have 
a mean energy which can be differentiated by a solid 
state particle detector from aluminum scattered protons. 
Furthermore, due to the energy loss suffered by the 
proton in the aluminum target, the protons scattered 
from the back surface carbon layer distinguish them- 
selves, in energy, from those scattered by the front 
surface carbon layer. The accumulated carbon layer can 
be measured at any given moment by measuring the yield 
of carbon scattered protons relative to the aluminum 
scattered protons. Using Rutherford scattering yield 
equation, we obtain 

N, 
xC=XALK $ 

Af. 
(1) 

where Xc is the carbon layer thickness, X is the 
thickness of the aluminum foil, both in ng cm2, "f K is a 
constant containing Rutherford scattering cross sec- 
tions, and NC and NAi are scattering yields per inci- 
dent ion from carbon and aluminum respectively. The 
accumulation rate, X, is then determined by the time 
rate of change of Eq. (1) during continuous bombardment. 
This measurement is only possible at the maximum energy 
of our accelerator. 

At lower incident energies we can determine the 
accumulation rate by measuring the change in aluminum 
K x-ray yields due to the energy loss suffered by the 
projectile in the carbon before striking the underlying 
aluminum target. By simultaneously measuring the number 
of emitted x rays, YX, and the number of Rutherford 
scattered protons from the aluminum, ?'R, one can obtain 
a ratio, R = YX/YR. The rate of carbon buildup, X, is 
then related to the time rate of change R by 

x =(A % $E) ’ (2) 

where m = 3 and is determined from the energy dependence 
of the x-ray cross section, ox=KEm, and SC(E) is the 
stopping power of carbon for protons of energy E. 

Similarly, for a thick target, the buildup rate, 
X, can be deduced from the time rate of change.of the 
characteristic target x-ray yield per proton, Yx, as 

- 1E 
' = a SC(E) < ' (3) 

where II = 4 is the energy dependence of the thick target 
x-ray yield, Y,=KEIl. The only restriction that applies 
to Eqs. 3 and 4 is that the stopping power of carbon, 
SC@), is constant. This requires that the carbon 
layer be thin and hence frequent changes of the beam 
spot are necessary. Despite all precautions to pre- 
treat the targets in an identical manner (the thick 
targets were washed with alcohol and distilled water 
followed by a heat treatment at 600'K for one hour 
before irradiation), we still observed a + 30% variation 
in the accumulation rate of carbon. However, for a 
particular target, this variation was less than t 10%. 
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Fig. 2. Ion beam current density dependence of the 
carbon accumulation rate, a, on a thin alumi- 
num target. 

Results and Discussion 

If we assume that carbon accumulates linearly with 
time, and that this rate rises with current density J, 
our data have a consistent pattern. We find that X 
increases with the current density of the beam, and 
reaches a saturation value at J = 2uA/cm2, and remains 
constant thereafter. Figure 2 displays a typical 
current density dependence of the carbon accumulation 
rate. All subsequent measurements were made at high 
current densities to insure that we were measuring the 
plateau values of the accumulation rate. 

At an ion beam energy of 300 keV and a Rutherford 
scattering angle of 135O, we measured X by using the 
x-ray and scattering methods simultaneously. The 
results are shown in Fig. 3. Our x-ray measurement of 
the accumulation rate was corroborated by the scatter- 
ing measurement of X for the front surface. Carbon 
accumulates on the back surface at the same rate as on 
the front surface of the target. This was also demon- 
strated by the x-ray yield method where no discontinuity 
of the x-ray yield slope was observed for a target 
rotation of 180 degrees. 

The current density dependence of the carbon accu- 
mulation rate was measured at several energies for thin 
targets. These data are shown in Fig. 4 and represent 
the average of several high current density Teasure- 
merits, and indicate no energy dependence of X. A 
similar energy independence yf the accumulation rate 
was observed by Khan et. al. 

When the shield surrounding the target was cooled 
to liquid nitrogen temperature, the plateau value of 
the accumulation rate decreased by an order of magni- 
tude. A simple cold surface in the vicinity of the 
target had the same effect. The use of a liquid nitro- 
gen trap above the oil diffusion pump, but some 14 

Fig. 3. The accumulation rate of carbon, X, as 
determined by the Rutherford scattering and 
x-ray method described in the text. 

Fig. 4. The energy dependence of the carbon accumula- x 
tion rate for thin and thick targets as a 
function of the incident beam energy. 

inches distant from the target, had no measurable 
effect on the accumulation rate. ' The accumulation rate 
is higher for an oil diffusion pumped system than for a 
turbo-molecularly pumped system by a factor of ^I 1.5. 

For thick aluminum targets, we found a similar 
current density dependence and lack of energy depen- 
dence, but the maximum accumulation rate was higher by 
a factor of two (see Fig. 4). The thick target was 
maintained at 12'C as was the shield around the target. 
There was no similar knowledge of the thin target 
temperature. We therefore attempted to measure the 
carbon accumulation rate as a function of target temper- 
ature. As can be seen in Fig. 5, there is pronounced 
temperature dependence. However, as the temperature of 
the target block was decreased, the cryogenic pumping 
of our target block increasingly masked the effects of 
the molecular dwell time on the target with the result 
that a maximum in the carbon accumulation rate occurs 
at approximately 10-ZOOC. 

Using this temperature dependence, we deduce that 
the thin targets are approximately lo-20°C above room 
temperature. Such a temperature rise is not unreason- 
able considering the heat conductivity of thin aluminum 
films. We also measured the accumulation rate for a 
thin carbon target and it was lower by an order of 
magnitude. This difference can be resolved if we con- 
sider that the thermal conductivity of the carbon is 
much lower (- l/50) than that of aluminum. The carbon 
accumulation rate was also studied for a variety of 
thick targets (Si, Ti, and Cu) which yielded rates 
similar to the aluminum targets, indicating that the 
accumulation rate is insensitive to the material of the 
target surface. The accumulation rates determined in 
the present work are about a factor of six lower than 
those determined by Khan et. a1.l and contemporaneously 
by investigators in this laboratory.2 We attribute this 
reduction in the accumulation rate to advancements of 

Fig. 5. The target temperature dependence of the carbon 
accumulation rate for 150 keV protons incident 
on thick aluminum targets. 
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diffusion pump oil technology in the past decade. 

These results indicated that a study with varying 
carbon-molecule partial pressures would be useful. We 
raised the total pressure in the target volume by an 
order of magnitude (from 10-6 Torr to 10s5 Torr) by 
introducing various gases (air, CO2, CH4, and C3H6). 
With the target maintained at 12'C no appreciable 
change in X for any of theotest gases was observed. 
Cooling the target to -160 C and using propylene (C3H6) 
as the test gas, a thirty fold increase in X was noted. 
However, upon visual inspection, the beam spot was a 
brownish tarry substance quite unlike the usual black 
beam spot. The other test gases exhibited no apprecia- 
ble change in the accumulation rate shown in Fig. 5. 

We find that we can parameterize all of our 
results by an equation of the form 

Conclusion 

The dynamics of carbon accumulation on a solid 
target can be summarized as follows. Hydrocarbon gas 
molecules are adsorbed on the surface of the target and 
are converted to solid carbon by proton irradiation. 
This.conversion process allows new gas molecules to be 
adsorbed and converted in turn. The accumulation rate 
can be decreased by either lowering the partial pressure 
of the hydrocarbon gas (and hence decrease the arrival 
rate of the molecules onto the target surface) or 
increasing the target temperature (which decreases the 
sticking probability of the gas molecules on the surface 
of the target). The cross section for this conversion 
process, as well as the dwell time of molecule on the 
target surface, Influence the accumulation rate only at 
low beam current densities. 

X(T,J) = a(T) fro (1 - e -orJ) , (4) 

where a(T) is a sticking coefficient 3 that depends on 
the targetrtemperature, T, No the arrival rate of the 
specific gas molecules at the target surface that can 
be converted to carbon by proton irradiation, u the 
cross section for this conversion process, and T the 
dwell time of the molecule on the target surface. At 
high current densities, the accumulation rate becomes 
current-density independent, i.e., X = No a(T) and is 
the result shown in Fig. 5 for the target temperatures 
T ‘, 3001(. The sticking coefficient, or probability, 
varies between 0.05 and 1 and decreases with increasing 
temperature of the target. This decrease is reflected 
in our data. Assuming that the temperature dependence 
of sticking probability can be expressed in terms of an 
activation energy, Ea, as o(T) : exp(-Ea/KT) we find 
E a2* 0.13 eV = 3 kcal/mole and No = 1013 carbon atoms/ 
cm sec. An upper limit for the partial pressure of 
hydrocarbons in our oil diffusion umped system was 
measured to be 10m7 Torr, or 5x10 15 atoms/cm2 set, 
which is consistent with an arrival rate determined by 
assuming an activation energy or an inverse temperature 
dependence for the sticking probability.4 To determine 
the cross section for the hydrocarbon-to-carbon conver- 
sion process, o. and the dwell time, T, of the hydro- 
carbons on the target surface, requires precise 
measurements of the incipient slope of the accumulation 
rate at low beam current densities. Such precision was 
not attainable with the present experimental technique. 

* 
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