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ABSTRACT

The yield of condensed gas released from liquid helium cooled
surfaces under particle bombardment has been measured as a function of
surface coverage. The yield has been found to increase at low cover-
age, then become roughly independent of coverage and finally to decrease
at very high coverage. The observed value of the yield has been found

to exceed 104 atoms/ion and this value has been explained in terms of

a thermal spike model.

Where the condensed layer thickness is greater than the range of
the incident ions the yield is typically 102-103 atoms/ion. This cannot
be explained either by thermal spike or conventional sputtering, and it

is suggested that ionization of the condensed gas leads to gas release.
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1. INTRODUCTION

The use of cryogenic surfaces as vacuum pumps and the use of super-
conducting magnets in vacuum systems can lead to conditions where large
amounts of gas condense on surfaces in vacuum. A case of particular
technological interest is the situation where Superconducting magnets
are used to confine plasmas in controlled thermonuclear research. In

Ssome experiments of this type it is possible for energetic particles’

ions and electrons, to impinge on the condensed gas layer leading to
desorption or sputtering. The desorption process could be of con-
siderable fundamental interest since it can be carried out on systems
with very low binding energies and also on systems where a great deal
is known about the interaction of the projectile and target atom from
gas phase studies. We have therefore undertaken some experiments to
investigate the desorption of hydrogen condensed on a surface at

liguid helium temperatures, by bombardment with keV ions and electrons.

2 EXPERIMENT

Experiments were performed ﬁsing an UHV 5 to 30 keV ion beam
accelerator described previously(l). The target assembly used for the
bPresent series of experiments is shown schematically in Fig.l. It
consists of (a) A copper target, which is an integral part of the
helium cryostat and which can be pumped or pressurized to obtain tar-
get temperatures between 2.5 and 5 K. The temperature is measured
using a calibrated germanium resistance thermometer. (b) A liquid
nitrogen cooled desorption chamber into which the copper target
brotrudes. The assembly ensures low radiation loading of the condensed
hydrogen surface during an experiment. (c) A quadrupole mass spectro-
meter which is used to monitor the partial pressure of the desorbing
gas, (d) A removable palladium target which is used to calibrate the
mass spectrometer by leaving it in the beam until it is saturated and
all incident ions are reemitted as gas(z). The palladium target has
a small hole in the centre with another ion collector behind it, so that
the current density distribution across the target can be measured by
scanning the palladium target in front of the Copper target. (e). A
gas inlet for hydrogen or deuterium consisting of a palladium leak. The
bartial pressure of the gas introduced for condensation on the copper
target is normally in the range lO_8 to lO_6 torr. The background gas
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The desorption chamber is continuously pumped during the experi-
ment via ports in the chamber and also by the cold copper surface it-
celf. Thus all measurements are dynamic ones, the wvacuum time constant
being about 0.05 secs. Since the pumping speed of the cold surface can
vary with coverage for layers up to a monolayer(B) the target is covered
with a thick (1017 molecules cm—z) gas layer before all measurements.

In order to keep the pumping speed as constant as possible during
measurements the beam area is reduced to 0.3 cm2 i.e. less than one
tenth the total target area.

In general, the experimental procedure for measuring the desorp-

tion rate was as follows.

(a) The copper target was cooled to 2.5 K, and hydrogen or deuterium

introduced into the desorption chamber to a pressure of lO_7 torr. An
-4

exposure of 10 torr seconds was given before cutting off the gas

flow.

(b) Using a 10 pA beam, the beam current density profile over a 0.3 cm
area was examined. The current density varied by about a factor of 2
within this area and was focussed to produce a reasonably sharp cut

off beyond it. The palladium target at 77 K was allowed to saturate,

and a calibration for the quadrupole (tuned to mass 2 or mass 4) obtained.

(c) The palladium target was removed and the 10 pA beam allowed to
impinge upon the gas covered target until no further re-emission of con-
densed gas was observed. It was then assumed that the target was clean.
With the palladium target repositioned in the beam, the ion current was
reduced to 5 X lO_lO amperes and the beam current density profile checked

to ensure no change in the position or total area of the beam.

(d) The copper target was pombarded again with the lower current beam,
and gas was introduced to the desorption chamber, (10_'8 torr). To

start adsorption, the beam was switched off. Care was taken to
ensure that the hydrogen partial pressure under 'beam on' conditions

was sufficiently low to maintain a clean surface. The layer thickness
was controlled by variation of the gas supply, hydrogen partial pressures

of up to lO—6 torr being used.

(e) After a known exposure, the ion beam was switched onto the condensed
layer and a record of the gas release rate as a function of time was

made.



The procedure was repeated using an electron beam rather than a
proton beam. The electron gun was moved into the beam line before
the focussing sy=tem to obtain similar beam profiles. The proton beam

was still used for calibration purposes.

3. RESULTS

The general form of result obtained from the experiment is shown
in Fig.2. These curves illustrate how the deuterium vield (atoms/ion)
varies as a function of time during bombardment, for different initial
thicknesses of condensed gas. For thin layers (curve (a)) the yield
decreases with time as the layer is eroded away. The initial yield
increases with coverage up to 1016 molecules cm_2 after which a decrease
in initial yield with increasing coverage is observed (curves a, b, ¢,
d.) This process is demonstrated dynamically during the erosion of a
thick layer e.g. curve c. The yield is observed to increase with time
before decreasing as the layer is finally eroded away. It is thus clear
that there is an optimum layer thickness for maximum yield. However,
the shape of the yield vs time curves is smeared by the fact that the
current density was not uniformacross the beam, thus the maximum yield
was reduced and it was difficult to determine the optimum layer thick-
ness. It was also observed that at the relatively high current densi-
ties used (v 2 yA cm ) during these measurements, for thin layers the
layer thickness and hence the yield changed within the time required to
make a measurement (determined by instrumental time constants) and thus
the initial yields indicated are less than the true values.

The initial yield due to proton bombardment has therefore been
measured as a function of layer thickness, using much lower current
densities (v 10—8 A/cm2). The results for bombardment of hydrogen
by 5 keV and 20 keVv protons are shown in Fig.3. The surface temperature
was 3.2 K so that there is negligible thermal desorption of hydrogen( ).
The thickness of the hydrogen layer has been estimated from the time of
condensation at a given pressure by integrating the function j¢ (ggﬁdt
where SE- is the rate of arrival at the surface and a is theostthlng
coefficient. The variation of o with coverage obtained by Chubb
has been taken into account. The value of a increases from about 0.5
at zero coverage to about 0.95 at a coverage of 1016 molecules cm_z,
for H, at 77 K. The directly measured parameter of the quantity of gas

2
which has impinged on the surface, in torr seconds; is also shown in Fig.3.



The yield initially increases with surface coverage as expected.
It then reaches a plateau and finally falls with increasing coverage
for thick layers (1018 molecules cm_z). The shape of the curves for
proton energies of 5 and 20 keV are similar but the maximum yield is
higher by a factor of about 2 for the 20 keV beam. Results for bombard-
"ment of deuterium by 5 keV deuterons and for hydrogen by 2 keV electrons
are shown in Fig.4. The results are again similar in form, the deuter-
ium yields being slightly lower than the comparable hydrogen yields and
the yield due to electron bombardment being over an order of magnitude

less than that due to protons.

The possibility of the surface charging up electrically has been
considered. Estimating the capacitance of the condensed gas layer the
rate of increase of potential dv/dt for thin layers (v 10 R) was v 10_3
volts/sec for the currents used, and hence the total potential will be
negligible for the times and beam energies considered. For thicker
layers (Vv lO4 ﬁ) the layer capacitance is lower and the currents used
larger so that the dv/dt may have been as high as 102 volts/sec. Hence

even in this case the initial yield measurements are reliable. The

yield was found experimentally not to change significantly with time.
4, DISCUSSION
(1) Yield

The high desorption rates which have been observed are not
unreasonable when considered superficially in energetic terms. The
sublimation of 2.5 x lO4 molecules at 0.0108 eV/molecule{lz) requires
a total energy of 270 eV compared with the incident ion energy of 5 keV.
However, it is clear that at low concentrations of hydrogen on the sur-
face (lO16 molecules/cmz) the energy transfer cannot be by direct inter-
action of the incident proton with the target hydrogen. The incident
proton will go though the thin layer of hydrogen and most of its energy
will be deposited in the copper substrate. It is thus interesting to

consider whether the effect observed is due to a thermal spike in the

substrate.

The thermal spike has previously been considered in applications
such as sputtering at high temperatures(6). However, in the present case
where the sublimation energy is low and the specific heat of the surface
is low, thus allowing a high temperature rise, it may also be applicable.

A thermal spike could cause a large enough area of surface to be heated



to supply the large yield observed. Taking the maximum yield of 5 x lO4

; 1
atoms/ion at a coverage of 10 8 molecules/cmz, that part of the surface
heated by the thermal spike must have a radius of at least 90 8. The
mean projected range R of protons in copper calculated from the

7
(7 is 250 R, with a range distribution of 210 X, SO

theory of Schiott
that the thermal spike radius will have to be in the range 250-300 S
©on average to produce sufficient evaporation. The total energy dumped
in this volume is about 1 joule/gm which from enthalpy data corresponds
to a temperature rise of 45 K. This is of course more than high
enough to evaporate hydrogen from the substrate provided the lifetime

of the spike is sufficiently long.

The yield Y due to a thermal spike will be given in principal

by an expression of the form
o

Y = JOA(t)R(t)dt (1)
where A is the projected area of the spike at the surface and R 1is
the rate of evaporation which is a function of temperature (T) and time
(t). The variation of the thermal spike temperature with time and
radius can be determined by solving the diffusion equation. This is
straight forward where the thermal diffusion coefficient D = K/Cp
is constant (K being the thermal conductivity, C the specific heat,
and p the density of the material). Under these conditions Seitz(a)
has pointed out that the temperature is roughly constant over a region

of radius r = V4Dt and the temperature varies as
(T ) /2
_ o 1y
re oo () @

where To is the initial spike temperature and T is the spike charac-

teristic lifetime, given by

- Cp .
T = 7K ¢ (3)

However, at the low temperature being considered here both C and K
are strongly temperature dependent. The variation of specific heat
with temperature obtained experimentally{g) can be approximated in the
temperature range 5-50 K by a power law of the form

e .7 - -1
cC=2zx10 6 T2 joules gm : K (4)



which is close to the Debye T3 dependence expected in this region.
Careful consideration has to be given to the values for thermal conduc-
tivity. The energy of the incident proton will be given partly to the
lattice and partly to electrons. Similarly the heat will be conducted
away partly by the lattice and partly by electrons. The mean free path
for electrons at these temperatures is very long. For electron-electron
collisions it is typically 3 cm at 6 K in monovalent materials(lo).

For electron lattice collisions a mean free path can be calculated from
electrical conductivity to be " 10—4 cm at 4 K; even at 300 K it would
be 5 x lO_6 cm. In the case of electron lattice collisions the energy
transfer will be small, and so many collisions would be necessary to trans-
fer a significant fraction of the electron energy that the energy would
be dissipated over a large volume leading to a low temperature rise. We
will therefore consider only the energy given directly to the lattice
by the incident proton and the thermal conductivity associated with

the lattice. The energy given to the lattice by a 5 keV proton slowing
down to zero energy was calculated to be 420 eV by integrating the nuclear
loss term given by Schiott(7) (Table I). To obtain an order of magnitude
estimate of the thermal conductivity of the copper lattice we assumed it
to be similar to insulators (e.g. glass and quartz) the thermal conduc-
tivity of which(ll) can be approximated within a factor 2 in the tempera-
ture range 5 to 50 K by the equation

K = ZI.O-4 T watts cm_l K_l . (5)

Since T 1is temperature dependent it is difficult to predict the time
dependence of the spike radius and temperature. In view of the many
other approximations in this simple model, we obtain an order of magni-
tude estimate of the yield for various spike radii r by assuming a
spike with a temperature which is constant for a time given by the ini-

tial time constant. Thus the yield ¥ is given by

C(T)p 2}

Y = {ﬂ(r RP)}{A exp ( )}{4K(T) (6)
where the temperature T 1is obtained from enthalpy data(g) and is given
0.253
in the temperature range 5-50 K by T = 45.51 ¢ ; the enthalpy

£ = 3E/4wr3p, E is the energy transferred to the lattice (Table I) and
c(T) and K(T) are given by equations (4) and (5). The first term gives
simply the area of the surface which intersects the spherical thermal

spike. The second term gives the specific evaporation rate, the
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constants A and Q given in Table III being obtained from the data of
Mittelhauser and Thodos(lz), for the vapour pressure of H2 and D2
at temperatures up to 30 K. The third term as discussed above is the
lifetime of the thermal spike. The values of yield obtained from
equation (6) are shown in Figs.5a, b, and ¢c. Two curves for yield
have been plotted in each case. The first is that given directly by
equation (6) which predicts that if the spike radius is less than the
mean projected range RP then the yield will be zero. However, the
range distribution is large so that there will be a considerable number
of incident ions with ranges much less than the mean projected range.
The effect of this has been illustrated by plotting the yield curves
assuming RP is zero. It is seen that for the § keV ions the yields
are the correct order of magnitude to explain the experimental results
when the spike radius is in the range 100 to 500 g, whether the ion range
is taken to be the calculated projected range or zero. In the case of
20 keV ions, only if R.P is assumed to be much smaller than the cal-
culated value of 1000 ® can the experimental yield be explained. It
is clear that the correct range distribution of the incident ions
must be taken into account in order to get a better estimate of the
theoretical yield. Taking the calculated yields assuming RP = 0 for
the three cases considered, it is seen that the maximum yield is pre-
dicted to be larger for 20 kev H than for 5 kev H+, in agreement with
experiment, but the yield for 5 kev D+ on deuterium is also predicted
to be larger than 5 keV H+ in contradiction to the experimental results.
In Fig.5 the spike temperatures and lifetimes have also been plotted
as a function of radius. The spike temperature is within the range of
values over which our approximations for the data used are reasonable.
The spike lifetime &f n lO_lo sec is not varying by more than a factor
of three within the range of spike radii of interest and it is cléarly
large enough for there to be thermal equilibrium in the lattice. A
factor which has been‘neglected is that evaporation from the surface
will cool the spike, though this is partly compensated by the assumption
that the spike volume is always a sphere, whereas it is less than a
sphere for radii greater than the ion range. The results indicate that
the sublimation energy for the yields observed is in all cases less than
the energy given directly to the lattice, Table I, although in the case
of the 20 kev H+ the sublimation energy is 80% of that given to the
lattice. It is possible that there is a contribution due to electrons

as discussed in the next section, or that the hydrogen layer is not



evaporated but blown off in lumps by the thermal pulse. If this were

the case then there would not be the same energy limitation.

(2) Effect of Electrons

As discussed in the previous section the large mean free path of
. electrons is expected to result in their energy being distributed over
a large volume and hence leading to a negligible temperature rise.
However since the energy is deposited so close to the surface approxi-
mately half the conduction electrons must interact with the surface
before they interact with the lattice. We must therefore ask whether
they will give up energy to the surface. 1In investigations of the effect
of surfaces on electrical conductivity of thin films Fuchs(13) conclu-
ded that about 90% electrons were elastically reflected from the sur-
face. Taking 10% inelastically scattered one would expect the yield
due to the energy given to the electrons to be of the same order as
that due to the lattice.

In the experiments using electrons to bombard the surface, all the
energy is expected to go to electrons in the copper and none to the
lattice directly. Thus the yield from an electron would be expected
to be lower than that for an ion. In practice the situation is
complicated as the electron range in copper is higher than the ion
range, for a given energy .Experimentally the yield decreased with
increasing energy using electrons in the range 2 to 5 keV. At 2 keV
the maximum yield was cnlyabout 5% of that for protons which indicates

that only a very small fraction of the electron energy is used in the

release process.

(3) Effect of Layer Thickness

Considering again the experimental results shown in Fig.3 we
see that below a coverage of 1016 molecules/cm2 the yield increases
approximately linearly with coverage, as expected from the thermal
spike model. Above this coverage the yield stays roughly constant
and then decreases slowly, which is not explained by the simple

1
thermal spike model. The constant yield between lO16 and 10 7 molecules

cm may simply be due to the limited amount of energy available for
evaporation. At a surface coverage of n lO18 molecules/cm2 the yield
drops rapidly. The range of protons in hydrogen, again calculated from
the Schiott(7) theory, is 1900 R (0.74 x lO18 molecules cm—z) for 5 keVv
protons and 5100 g (2 x 1018 molecules cm_2) for 20 keV protons. It

thus seems reasonable to correlate the change of yield in thick layers



with the fact that the energy is now being deposited in the hydrogen
and no longer in the copper. Since the range of protons is much larger
in hydrogen than in copper, for thick condensed layers the energy is
deposited much further from the surface and over a much larger volume
thus making a lower yield probable. However it is surprising that
there isno marked difference in the layer thickness at which the yield
decreases for the two proton energies used, despite the factor of

3 difference in their calculated ranges. The results in Fig.4 for
electrons and deuterons are very similar qualitatively to the proton
results. The decrease in yield comes at lower coverage for deuterons
than protons despite the fact that the range is similar, being 3,700 g

or 1 x 1018 molecules cm_z.

Once the layer thickness is larger than the range of the incident
ions the yield must be independent of layer thickness. It is seen that
the experimental yields are approaching constant values in all cases.
These constant values thus correspond to the sputtering coefficients of
bulk solid hydrogen. The yield expected on the basis of a conventional
sputtering model(l4) is calculated to be " 5 atoms/ion and thus quite
insufficient to explain the observed yield. The possibility of a ther-
mal spike in hydrogen has also been investigated. However, the large
range and the high specific heat of hydrogen compared with copper leads
to a maximum temperature for a spike reaching the surface df
5 K and a maximum yield of ~ 10 atoms/ion. Thus the thermal spike
seems unable to explain the yield from thick layers. A further possi-
bility is that ionization of the condensed hydrogen by the incident
particle could lead to desorption of gas. This process is a likely one
since the incident ions have a high probability of charge exchanging at
the surface and it is known that the major energy loss mechanism of fast

15 oz ;
atoms passing through hydrogen is ionization( ). The ionization cross

section for 5 keV atoms is 2.5 x lo_l7 cm2(16)‘ Thus for 5 kevV H® on

H2 the mean distance between ionization events can be simply calculated
to be about 50 & and the electrostatic energy between charges 0.28 eV,
which is sufficient to desorb 25 molecules. Corresponding estimates

for the 20 kev protons 5 keV deuterons and 2 keV electrons have begn
made as shown in Table III. The yields are seen to be qualitatively

in agreement with theexperimental results. The release of many mole-

cules in the form of a cluster have been observed previously for

17 ;
electron bombardment of solid hydrogen,( ) and for ion bombardment



. 18
of 1ce( ). The clusters are charged and thought to be produced by an

’ " + . :
induced dipole attraction of neutral molecules around a H3 ion. Their

: o+ .
size has been observed to range from H5 up to H with a most probable

99

. + i ; : .
size of HlS' Thus a few ionization events in the solid could account

for the high yield observed.
4, CONCLUSIONS

The desorption rate of condensed hydrogen by incident keV ions

4 atoms/ion. These very high

has been observed to be greater than 1O
yields can be explained semi-quantitatively by a thermal spike model.

It appears from the relatively much lower yield due to electron bombard-
ment that the energy transfer from the electrons to the hydrogen con-
densed layer is poor. On the other hand the energy which the protons
transfer directly to the substrate lattice atoms is transferred to the
condensed hydrogen layer extremely efficiently. A further experimental
test of the present model would be to use other ions over a wider range
of mass and energy to examine the effect of different energies being
given to the lattice in the same ion range.

The thermal spike model outlined is recognised as being very much
over simplified. The effect of evaporative cooling of the surface,
which has been neglected, is obviously important since it carries away
a high proportion of the energy dumped. The model could also be fur-
ther developed by taking into account the time dependence of the
temperature so that the rate of evaporation throughout the spike is
properly integrated to obtain the total yield. The sputtering yield
of thick layers of condensed gas is an aspect that has not been investi-
gated in any detail, but is of fundamental interest. Measurements of
the mass distribution of the sputtered particles could give an answer
as to whether the cluster mechanism proposed is contributing to the
sputtering yield.

From the practical point of view of cryopumping the high yields
observed are rather disturbing. It is clear that if the yields are to
be kept small then either a very high or very low coverage is desirable.
In the case of high coverage it is unlikely that a yield below 10O
atoms/ion will be obtained. Going to low coverage means going to less
than lO14 molecules/cm2 hefore the yield will be less than 100 atoms/ion.
On the other hand if low yields are desirable, provided the coverage of
exposed surfaces can be reduced to 1016 molecules/cmz,by thermal desorp--

tion for example, then the high desorption rate of incident ions will

_10_



lead to rapid clean up of the surface and low yields will ultimately

be obtained.
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TABLE TI:

TABLE II:

Range Rp and nuclear energy loss term En

deuterons in copper

for protons and

R, BR E_
8 R ev
+
5 keV H 250 210 420
20 kev H, 1000 480 680
5 keV D 285 280 980

Evaporation constants for

data of Mittelhauser and Thoéos at 30 K

and D

obtained from the

A Q
molecules cm * sec T cals/mole
27
H2 1.75 x 10 248 (0.0108 ev)
D, 2.22 x 1027 315.5 (0.,0137 ev)
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Fig.l Schematic diagram of the target chamber and helium cryostat,
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Fig.2 Yield of desorbed deuterium as a function of time during
bombardment by 5 keV protons at 2 pa cm—2 for condensed
Dy gas at 4.2 K.
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Fig.3 Initial yield of desorbed hydrogen as a function of condensed
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Fig.4 1Initial yield of desorbed gas as a function of thickness

when bombarded by 5 keV deuterons and 2 keV electrons.
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