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Abstract

We report 4.2-K photodesorption experiments in two quasi-closed geometries—a simple
tube and a tube with a coaxial perforated liner—designed to measure separately the desorption
coefficients of tightly bound and physisorbed molecules. The results are important for the beam
tube vacuum of the next generation of superconducting proton colliders that have been
contemplated—the 20-TeV Superconducting Super Collider (SSC) in the United States and the
7.3-TeV Large Hadron Collider (LHC) at CERN.

PACS numbers: 29.20.Dh



I. INTRODUCTION

The subject of this paper is the photodesorption of gas molecules in a quasi-closed cryogenic
geometry at ~4.2 K. Tightly bound molecules in the near surface layer (~100 A) are converted to
a steadily increasing surface density of physisorbed molecules by photodesorption and wall
pumping. As the physisorbed molecules build up they can undergo thermal- and photodesorption.
The gas phase density then consists of three components: the densities of photodesorbed tightly
bound and physisorbed molecules not yet readsorbed on the wall, and the isotherm density of the
physisorbed molecules. In order to separately measure the photodesorption coefficients of tightly
bound and physisorbed molecules we have used two geometries: a simple tube and a tube with a
coaxial perforated liner. Except at the earliest moments of photon exposure, gas density in the
simple tube is dominated by photodesorption of physisorbed Hy molecules. With the perforated
coaxial liner, physisorbed molecules accumulate behind the liner, where they are shielded from the
photon flux, and the gas density is predominantly due to desorption of tightly bound Hy. We use
the term "tightly bound" to include chemical binding and any other form of binding not readily
desorbed by warming to room temperature or less.

Although the experiments reported in this paper were originally motivated by the 20-TeV
Superconducting Super Collider (SSC) in the United States [1], which is now defunct, the results
are important for whatever next-generation superconducting proton collider is eventually built, in
particular the 7.3-TeV Large Hadron Collider (LHC) at CERN [2], which is still viable. Indeed,
since i~ C was terminated because of a complex web of sociopolitical circumstances while its
underly . :i.ysics rational remains stronger than ever [3], it seems highly probable that such a
next-generation machine will be built. Beyond this there is an ongoing serious effort to examine the
parameters of a 100-TeV superconducting proton collider, where synchrotron radiation power and
its impact on beam tube vacuum will play an even more dominant role in accelerator design [4].
The beam tubes in these machines are well approximated as closed cryosorbing systems with

negligible external pumping and subject to significant fluxes of photodesorbing synchrotron



radiation. Circulating protons will undergo nuclear interactions with gas molecules in the beam
tube and will be lost from the beam. Excessive gas density will lead to degraded collider luminosity
lifetime and possibly to a runaway increase in beam tube pressure and/or a magnet quench due to
the lost beam energy deposited in the cryostats. In the SSC, the saturated isotherm vapor density of
H, at 42 K (~2 x 1012/cm3) exceeds by a factor of 50 the upper bound allowed by magnet
quenching so that accumulation of a monolayer of physisorbed Hy must be avoided even locally.
Since it would be very difficult to work with pure materials or in situ cleaning methods in these
new colliders, we have used technical materials subjected only to a standard cleaning procedure
prior to pump down.

These are the first measurements of photodesorption in a cryosorbing quasi-closed geometry
where photodesorption of tightly bound and physisorbed molecules have been clearly separated
and the onset of the H, isotherm pressure rise has been observed. It is also the first time beam tube
conditions anticipated for the SSC have been simulated in enough detail that vacuum modeling
predictions can be made. Except for one prior series of experiments [5,6], all previous beam tube

photodesorption experiments [7,8,9] have been carried out at room temperature.

II. DESCRIPTION OF THE EXPERIMENTAL APPARATUS

The experiments were performed on a synchrotron radiation beamline of the VEPP2M
electron-positron storage ring at the Budker Institute of Nuclear Physics (BINP) in Russia.
Electron beam energy and current were set to produce the photon-critical energy and intensity of
the SSC (284 eV, ~1016 photons/m/s). The simple beam tube and bore tube liner were 1-m-long
sections of electrodeposited Cu on stainless steel tube (ID = 32 mm, OD = 34.9 mm,
Cu thickness = 70 pm). The liner was perforated with 600 2-mm-diameter holes spaced 1 cm
axially and 60° azimuthaliy. The bore tube outside the liner was stainless steel (ID = 41.9 mm,
OD = 44.5 mm) welded to the liner with annular rings at the ends. The simple beam tube and the
liner bore tubé were in turn welded into a horizontal LHe cryostat (~20 1 LHe) and formed the

interface between LHe and vacuum. The beam tube was placed at an angle of 10 mrad to the



synchrotron radiation. Measurements of photon intensity and power at the end of a 1-m beam tube
indicated that only ~5% of the incident photons and ~0.5% of the incident power were reflected out
the end. The temperature of the liner was not measured. We estimate the temperature rise at the
center of the liner to be 5-10 K above the LHe temperature when exposed to a photon intensity of
125-250 mW/m.

Gas densities were measured with calibrated rf quadrupole residual gas analyzers (RGAs) at
room temperature. An RGA was connected to the center of the beam tube and at each warm end.
The center RGA viewed the beam tube through a 2.4-cm-diameter hole. Care was taken to avoid
4.2-K cryosorbing surfaces in the tube connecting the RGA to the beam tube. The connecting tube
is at a right angle to the beam tube and is not directly illuminated by the synchrotron radiation. The
connecting tube had a temperature of 77 K at the beam tube hole and made a transition through
thin stainless steel bellows to 294 K at the RGA. An annular vacuum gap of ~0.2 mm separated
the 77-K viewing tube from the 4.2-K beam tube. Thin-wall stainless steel bellows were used at
the ends of the 4.2-K beam tube for transitions to 77 K and 294 K. The 294-K vacuum ends of

the cryostat were pumped with combination ion and titanium sublimation pumps.

III. DISCUSSION OF THE DATA

The center RGA H, pressures with photons on and off are shown versus photon flux in
Fig. 1 for the 4.2-K beam tube experiment. The H, pressure with photons off was initially
~8 x 10-10 Torr until the integrated photon flux reached 1.5 x 102! photons/m. The H, pressure
with photons on increased steadily to ~10-8 Torr at 1.5 x 102! photons/m. At
1.5 x 1021 photons/m the pump valves at the tube ends were partially closed, and the "on"
pressure then increased to a new equilibrium value of 1.0 x 107 Torr at 3.75 x 102! photons/m.
The "off" pressure also increased, from the base pressure 9 x 10-10 Torr to an equilibrium value
of 6.5 x 10-8 Torr. The rise in the "off" pressure is the increasing isotherm pressure of Hy
cryosorbed to the beam tube. This was verified in two ways: (1) pumping on the helium to reduce

the temperature to 3.2 K and observing the pressure drop to the base value, and (2) warming the




tube to 77 K to desorb and pump out the H,, recooling to 4.2 K, and observing the return to base
pressure. The second method is indicated in Fig. 1. The thermally desorbed H, was measured to
be 3.1 x 1018 Hy/m. After recooling to 4.2 K the beam tube was arranged to expose the opposite
side to photons. Opening the photon shutter again resulted in a steady increase in H; pressure,
now to a new equilibrium value of ~2.0 x 10-8 Torr. At the end of the second exposure an
additional integrated photon flux of 5.25 x 1021 photons/m had been accumulated, and the
thermally desorbed Hy was 2.2 x 1018 H,/m. The H, isotherm pressure of 6.5 x 10-8 Torr at the
end of the first exposure was less than the saturated value of ~5 x 10-6 Torr because of axial
diffusion to the end pumps. In room-temperature photodesorption experiments, the side of the tube
opposite direct illumination has been observed to be subjected to a desorbing flux of diffusely
scattered photons. The conditioning of the indirectly illuminated surface was equivalent to
approximately 25% of the direct illumination [10,11]. Here, because of cryosorption, exposing
the side opposite direct illumination would have to have been done with the liner configuration
rather than the simple beam tube to make a similar quantitative statement. The opposite side
exposure of the simple beam tube was done here mainly to check systematic behavior and to ensure
that everything was working properly; this was confirmed, since results from illumination of both
sides of the beam tube in Fig. 1 are similar.

For the liner experiment, pressures with photons off were constant (5 x 10-10 Torr H, and
1.5 x 10-10 Torr CO) and have been subtracted (Fig. 2). The dynamic H, pressure started at a
quasi-steady value of 2 X 109 Torr until an integrated photon flux of 3.7 x 1020 photons/m was
reached, at which point the pressure increased to a new equilibrium value of 1.5 x 10-8 Torr by
6.0 x 1020 photons/m. This increase was the isotherm pressure of Hy, now cryosorbed on the
bore tube. Hy had accumulated on the 4.2-K bore tube until the isotherm reached the pressure
inside the liner. The bore tube surface then ceased to pump, and the remaining pumping was by
axial diffusion to the ends of the tube. The ratio of the liner hole pumping speed to the axial
conductance of the liner and end connections is in agreement with the observed increase in pressure

by a factor of 7.5. The H, isotherm assertion was verified in three ways, as indicated in Fig. 2:



(1) there was no change in the CO pressure, (2) at 1.2 x 102! photons/m the pump valves were
partially closed and the H, pressure increased to 3 X 10-8 Torr, and (3) the helium was pumped to
reduce the LHe temperature to 3.2 K, whereupon the H isotherm pressure dropped to a negligible
value, the bore tube reverted to pumping, and the H, pressure decreased to ~1 x 10~9 Torr at
1.64 x 102! photons/m. At 1.64 x 1021 and 3.8 x 102! photons/m the LHe dewar had to be
refilled, causing momentary increases in temperature and pressure. At 6.5 x 102! photons/m the
cryostat was warmed to 77 K and the thermally desorbed Hy was 8.2 x 1018 Hp/m. The cryostat
was recooled to 4.2 K, and exposure continued to 8.0 x 102! photons/m; then the cryostat was
cooled to 3.2 K and exposure continued to 9.1 x 102! photons/m. At the conclusion of the run
the cryostat was again warmed and the thermally desorbed H; was measured to be 1.9 x
1018 Hy/m. Except as noted, there was an overall trend for the normalized Hy pressure to decrease
from its initial value of 2 x 10~9 Torr to 2.5 X 10-10 Torr at 9.1 x 1021 photons/m. The relative
decrease of CO pressure was less, from 3 x 10-10 Torr to 1.3 x 10-10 Torr,

There are some additional features in Figs. 1 and 2 that we have yet to explain, in particular
the pressure bumps in Fig. 1 at 6 x 102! photons/m, and in Fig. 2 at 5 x 102! photons/m and
7.7 % 1021 photons/m. These were due to interruption of synchrotron radiation for periods of one
hour up to two days.

The data will now be interpreted in terms of molecular desorption coefficients per incident
photon. Under rather general conditions, if the desorption coefficient of physisorbed
molecules (1) is large compared to the desorption coefficient of tightly bound molecules (1), the

dynamic density of gas molecules in a cryosorbing beam tube (4.2-K beam tube or liner) is related

ton' by [12]

e v V.
nr=dvaw'4l'”l=GwAw“l_z'”2’ (1)

where I = photons/m/s, oy, is the sticking coefficient, A, the beam tube wall area per unit
length, V the effective mean molecular speed, n the dynamic molecular gas density, and subscripts

"1" and "2" refer to the 4.2-K beam tube and 294-K RGA, respectively. The second equality



follows from flux balance n,v; = n,V, between the beam tube and RGA. The condition 1'>>7 is
already evident from the relative magnitude of pressures in Figs. 1 and 2 and will be verified
below except at the earliest moments of photon exposure. Although ¥ isn't known, it is
reasonably certain that the molecules inside the RGA had reached equilibrium with the 294-K walls
sO \72(H2)=1.76x105 cm/s. From eq. (1), measurement of the pressure is equivalent to
measurement of 7’/0,,. At low-surface coverage the desorption coefficient 1’ is expected to
depend linearly on the surface density s of cryosorbed molecules; 1’ = n{(s/s,, ), where we have

015 molecules/cm?.

normalized the surface density to a "monolayer": s, =3 x1
For the liner experiment, the molecular density s cryosorbed to the liner surface reaches a
quasi-steady state, the surface ceases to pump, and we have the following equation describing

pumping by the holes:

: v v
nF=PNhAh2L"1 =PNhAh‘42'"2a (2)

where 7 is the desorption coefficient of tightly bound molecules not previously photodesorbed
and specifically excludes desorption of physisorbed molecules, Np = number of holes/m, 4y =
area of a hole, and p is the molecular transmission probability through a hole. Eq. (1) is valid
here also and now gives a relation between 1 and ©: n’(s)/0,, = (A,,/pNyA,)n. This relation is
not useful for measurement of 1’ but can be used to estimate the self-consistent surface density of
physisorbed H, on the liner once the parametric dependence of 1’ on s is known. The liner
experiment is useful for determining 1, while the 4.2-K beam tube experiment is useful for
determining M' versus s. The coefficient 1| corresponds to what is usually measured in room-
temperature photodesorption experiments [7,8,9], although here the tube is near 4.2 K. The
validity of eq. (2) depends on two approximations that are valid here: the axial conductance of the
beam tube is negligible compared to the liner hole conductance, and the liner hole conductance is
negligible compared to the pumping speed of the 4.2-K bore tube surface. From eq. (2) the
measurement of dynamic pressure with a liner is equivalent to measurement of 7. A more

complete analysis of photodesorption in a cold beam tube and egs. (1) and (2) is given in ref. 12.



The H, desorption coefficient n’/o,, versus photon flux is given in Fig. 3(a) for the
dynamic pressure component (photons on minus off) of Fig. 1. The s(H,) dependence of /o,
is shown in Fig. 3(b), inferred from an earlier 4.2-K beam tube experiment for which we had
directly measured the H, isotherm pressure versus s prior to exposure to photons [13]. The data in
Fig. 3(b) are reasonably well approximated by a linear dependence 7’ =ng(s/s,,) and

ny/o,, =7.0%1.5, valid at least over the range 0 < s/s,, < 1. Although we don't yet have
measurements of Gy, it is impressive how large 1)’ can be for reasonable guesses (say, oy, = 0.1
to 1.0, ng = 0.7 to 7.0).

The desorption coefficients n(H,) and n(CO) versus integrated photon flux are given in
Fig. 4, using a hole transmission probability p = 0.59 and neglecting sticking on the walls of the
holes. H, and CO data are also shown for room-temperature data from a similar electrodeposited
Cu beam tube. The room temperature coefficients appear somewhat larger than 4.2 K coefficients.
However, except for what appear to be initial termperature dependent transients most apparent in
CO in Fig. 8, more careful experiments would be required to determine if this is a real effect or
due to other differences between the experiments. The two experiments were done with different
samples of beam tube and the room temperature data was taken in a high intensity beamline with
eight times higher photon intensity than the 4.2 K data. We estimate the total numbers of desorbed
molecules by integrating desorption coefficients over the measured range of integrated photon flux
I = 9 x 102! photons/m: for the 4.2-K data, 1.1 x 1019 Hy/m and 9.2 x 1017 CO/m,; for the
294-K data, 3 % 1019 Hy/m and 5 x 1018 CO/m. The 4.2-K data are in reasonable agreement with
the measurements of thermally desorbed Hj: 1.0 x 1019 Hy/m. Comparing the magnitudes of n
and 1' coefficients for Hy, the desorption of physisorbed H, will dominate the total dynamic H,
pressure in a 4.2-K beam tube except at the very earliest moments of photon exposure.

Prior to the work reported in this paper the only previous 4.2-K photodesorption data were
from the two experiments reported in refs. 5 and 6. These experiments were carried out in the
1980s as part of the SSC Central Design Group effort preceding approval to begin construction.

The first experiment was in quasi-closed geometry with a S-m-long, 4.2-K stainless steel and



electroplated Cu beam tube similar to that used here; the second experiment was in open geometry
with small samples cut from the beam tube. The underlying philosophy was to measure the 4.2-K
desorption coefficients of tightly bound molecules in open geometry and the effect of loosely
bound physisorbed molecules in quasi-closed beam tube geometry. A liner configuration was not
employed. It is of interest to compare the results obtained in this paper with those in refs. S and 6;
we now turn to a brief discussion of this comparison.

In the 4.2-K beam tube experiment of ref. 5 the RGA pressure rise was reported as a
function of integrated photon flux, and no attempt was made to reduce the data in terms of the
desorption coefficient of physisorbed H,. However, the fact that the pressure increased with
integrated photon flux, as in Fig. 1 and unlike room-temperature experiments, implies basic
agreement with the notion that physisorbed H, is building up and making a significant contribution
to the 4.2-K beam tube density. The only question then is whether the magnitudes of the effect
agree. We compare the density increase of H, at the maximum integrated photon flux
1021 photons/m in ref. 5 with the data in Fig. 1. At a photon flux 1016 photons/m/s and
integrated flux 102! photons/m, the density increase of Hj inside the 4.2-K beam tube of ref. 5
was typically 3.3 x 10%/cm3 [14]; for the same photon intensity and integrated flux the two runs in
Fig. 1 give H, beam tube densities of 1.7 x 10%/cm3 and 3.6 x 10%/cm3. Given the many
differences in experimental technique and calibration we think this is reasonable agreement. The
case that the increase in H, density is actually due to photodesorption of physisorbed H, is,
however, much stronger in our experiment than in ref. 5.

We now turn to comparison of desorption coefficients of tightly bound H, at 4.2-K,
measured in open sample geometry in ref. 6 and in quasi-closed beam tube liner geometry here.
There are legitimate reasons for cuestioning the validity of comparison of photodesorption
coefficients measured in open sample and beam tube experiments: diffusely scattered photons
contribute significantly to desorption from a beam tube surface but not from an open sample; the
detailed profiles of surface illumination intensity may vary greatly; photon impact may create active

sights for tightly bound molecules; desorption coefficients for open samples are presented as a



function of photons per unit area, whereas beam tube experiments use photons per unit length, etc.
Nevertheless we will compare the photodesorption coefficients of Fig. 4 to the open sample
results of ref. 6, assuming the beam tube is uniformly illuminated. With this assumption
1021 photons/m is equivalent to 1018 photons/cm?; this same assumption was made in ref. 6 for
comparing 4.2-K and room-temperature open sample data to room-temperature beam tube data in
ref. 5. From Fig. 4 n (H,, 4.2 K) = 2.5 x 10-3 at 102! photons/m. From Fig. 6 in ref. 6, an
average over three open samples gives 7 (H,, 4.2 K) = 3.8 x 10-3 at 1018 photons/cm?2. The two
results are within a factor of two; given the very different approaches, this is perhaps as good an

agreement as could be hoped for.

IV. CONCLUSIONS AND SUMMARY

For the SSC it seems that a simple 4.2-K beam tube of the electrodeposited Cu used in these
experiments would entail an operationally inconvenient number of beam tube warm-ups to keep the
pressure within a tolerable range: 3.4 monolayers of H, were desorbed in the equivalent of
10.4 days of operation at design intensity. The liner configuration equipped with cryosorber
would circumvent this difficulty. In order to estimate the luminosity lifetime with the liner it is
necessary to know the mean molecular velocity ¥, in eq. (2). A lower bound on the mean velocity
corresponds to the 4.2-K temperature of the cryostat. In that case and for the liner used here the
luminosity lifetime due to scattering on H, and CO would exceed the 150-h vacuum design goal
after ~9 x 1021 photons/m or 10 days of operation. Compared to a smooth beam tube, a liner with
perforations increases the impedance seen by the circulating proton beam and reduces the safety
margin for beam instabilities. However, the impedance of a liner similar to that investigated here

has been measured and appears to allow a comfortable safety margin for beam instabilities [15].
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