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BEAM TUBE VACUUM IN FUTURE SUPERCONDUCTING PROTON COLLIDERS

WILLIAM C. TURNER
Superconducting Super Collider Laboratory,” Wazahachie, Tezas 75165

ABSTRACT

The beam tube vacuum requirements in future superconducting proton colliders that have been
proposed or discussed in the literature—SSC, LHC, and ELN—are reviewed. The main beam
tube vacuum problem encountered in these machines is how to deal with the magnitude of gas
desorption and power deposition by synchrotron radiation while satisfying resistivity, impedance,
and space constraints in the cryogenic environment of superconducting magnets. A beam tube
vacuum model is developed that treats photodesorption of tightly bound H, C, and O, photodes-
orption of physisorbed molecules, and the isotherm vapor pressure of Hy. Experimental data
on cold tube photodesorption experiments are reviewed and applied to model calculations of
beam tube vacuum performance for simple cold beam tube and liner configurations. Particular
emphasis is placed on the modeling and interpretation of beam tube photodesorption experi-
ments at electron synchrotron light sources. The paper also includes discussion of the constraints
imposed by beam image current heating, the growth rate of the resistive wall instability, and
single-bunch instability impedance limits.

*Operated by the Universities Research Association, Inc., for the U.S. Department of Energy under contract No. DE-AC35-
89ERA40486.
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1. Introduction to Beam Tube Vacuum Issues in Future Superconducting
Proton Colliders

1.1. Beam Tube Vacuum Issues

The future proton colliders that have been contemplated—the Superconducting Super
Collider (SSC),! Large Hadron Collider (LHC),? and Eloisatron (ELN)3*—encounter significant
fluxes of synchrotron radiation inside the cold bore tube of superconducting magnets operating
at LHe temperatures. For the accelerator designer this introduces three effects that need to be
taken into account: the energy loss of the circulating protons, which must be made up by the rf
system; the power deposited by the synchrotron radiation, which must be removed by cryogenic
refrigeration; and the photodesorption of gas, which must be pumped by the beam tube vacuum
system. Here we will be concerned with the third of these effects. The beam tube vacuum issues
are indicated in simplified form in Figure 1. Circulating protons radiate photons as their orbits
are bent by the superconducting dipole magnets. If the beam tube is chosen to coincide with
the bore tube of the superconducting magnets, tightly bound H, C, and O in the near surface
layer are converted by photodesorption into a steadily increasing surface density of physisorbed
molecules (Figure 1(a)). The term “tightly bound” includes chemical binding and any other
form of binding that is not readily desorbed by warming the tube to room temperature or less.
Desorption by scattered photons is significant, so one has to contend with photodesorption from
the entire circumference of the beam tube although the full width half maximum (FWHM)
height of the strip of initial photon impact is the order of millimeters. Although beam tube
pumping by physisorption is very high, the physisorbed molecules (Hz, CHy, CO, and CO2)
are weakly bound to the beam tube surface (~ 20 meV for H;) and themselves become an
important source of photodesorption that builds up with time. In addition, the isotherm density
of the physisorbed H; also increases with time and may become significant, depending on the
temperature of the beam tube. The source of molecular density inside a cryosorbing beam
tube, then, has three components: (1) the photodesorption products of tightly bound H, C,
and O; (2) the photodesorbed, physisorbed molecules; and (3) the thermally desorbed isotherm -
density of physisorbed molecules (for H; only, and He if there are leaks). The first of these
would be expected to decrease with time as the surface becomes depleted of tightly bound
H, C, and O; however, the last two increase and if they become large enough would require
shutdown of the accelerator, warm-up of the beam tube, and pumpout of the desorbed gases
before resuming operations. Shutdowns that are too frequent reduce accelerator availability and
the effectiveness of the physics program. The potential problems of the simple beam tube—
photodesorption of physisorbed molecules and the H; isotherm density—are alleviated by the
liner concept in Figure 1(b). The liner is a coaxial, perforated tube fitting inside the magnet bore
tube. Physisorbed molecules accumulate behind the liner and out of the view of the photons.
The effective surface area of the magnet bore tube can be increased many times by the addition
of cryosorbing material behind the liner, thus postponing increase of the Hp isotherm density.
The liner also has the attractive feature of being operable at a temperature higher than the
magnet cryostat, thus improving the efficiency of removing the synchrotron radiation heat load.
The disadvantages of the liner are increases in cost and engineering complexity. A thorough




understanding of photodesorption in a cryosorbing beam tube environment is needed to make
a reasonable decision between a liner or no liner.

We recognize that the molecular form of the tightly bound H, C, and O in the surface
layer of the beam tube is different from the H,, CH4, CO, and CO, that appear in the gas phase
following photodesorption. For simplicity we will refer to the tightly bound H, C, and O and
the immediate desorption products as “the tightly bound molecules” in the remainder of the

report.
{ Cryosorber

(@ (b)

4.2-K beam tube

TIP-05051

Figure 1. Schematic of simple beam tube (a) and liner (b) configurations.

1.2. Synchrotron Radiation Parameters

The synchrotron radiation photon flux dI'/dt, critical energy Eug, power per unit
length P/(27p), and FWHM angular width of radiated photons AU are given by
Egs. (1)=(4) in convenient units, where I (mA) is the circulating proton beam current, p (km) is
the bending radius, m,c®y is the proton energy, and E (eV) is the energy of a radiated photon.*
The synchrotron radiation power increases with the fourth power of ~; three powers of v are
due to the hardening of the photon spectrum, and one power is due to the increase in intensity.

dr _ I (mA) * v
7 (photons/m/s) = 6.54 x 10° o (m) (1)
- -0
Eeai (V) = 2.96 x 10710 ) (2)
% (W/m) = 9.6 x 107 %’:‘n“;—) (3)
N\
AU (rad)=%*(E;) 3,E<<Emt. (4)



Half of the synchrotron radiation power is carried away by photons with energy £ > Eqy. For
some purposes it is useful to know the energy above which half of the photons are radiated—the
median photon energy, Ey/;. This energy is given by

E1/2 = 0.08 * Ecrit . (5)

In Table 1 we have listed the photon intensity, critical energy, and power radiated per
unit orbit length for the future colliders and the existing 1-TeV Tevatron at Fermi National
Accelerator Laboratory (FNAL) in the United States. Passing from the Tevatron to LHC and
SSC, the critical energy increases from the infrared region, where photodesorption coefficients
have negligible magnitude, to the soft x ray region, where initial photodesorption coefficients on
technical metal surfaces have magnitude ~ 10~2 molecules/photon. Furthermore, the photon
fluxes have increased to levels where the magnitude of photodesorbed gas will require thorough
understanding to be certain that the vacuum design goals required by luminosity can be met.
The synchrotron radiation heat loads have also increased to levels that are significant fractions of
the heat leak budget required for superconducting magnets. For the LHC, which has a magnet
cryostat temperature 1.9 K, it is not practical to allow the synchrotron radiation to fall on the
magnet bore tube, and a warm liner (4.2-20 K) is required for removing the radiation heat
load. For the SSC, the magnet cryostat temperature is 4.2 K, and it is still practical to remove
the heat on the magnet bore tube. Going further to the ELN—which, it must be admitted,
is an imaginary machine at this point—the critical energy is in the hard x ray region, and the
magnitude of radiation heat load is much greater than the refrigeration capacity required by
superconducting magnets. Synchrotron radiation in ELN would clearly play a major design role,
and a warm liner would be required for removing the heat load.

Table 1. Synchrotron radiation parameters of superconducting proton colliders.

Tevatron LHC SSC ELN
E (TeV) 1 70 50 100
T (mA) 5 530 2 200
2 (k) 0.76 oK 10.1 B33
B (T) 4.4 8.65 6.6 7.7
dT/dt* (photons/m/s) | 4.5 x 10 [ 9.6 x 10 | 1 x 10% | 6.5 x 106
B (&V) 0.5 16 584 8400
P/2np (W/m) 10-° 0.22 0.14 27

* per beam

1.8. Simulation in Electron/Positron Storage Rings

Since the pioneering experiment described in Reference 4, whenever photodesorption is
expected to play a major role in a future accelerator it has become customary to simulate the
accelerator beam tube vacuum conditions in an external white light beamline at an electron (or
positron) synchrotron radiation light source. The basic idea is illustrated in Figure 2. A length
of beam tube I, is placed a distance [, from a tangent to the electron orbit in a bending magnet.

3




The beam tube is tilted at an angle § so that synchrotron radiation emitted over an angle Aa
of the electron beam orbit is intercepted by the beam tube. The angles é and A« are related by

6 * lt 1
Da=—5= (l+l+lt) ©
and the photon intensity striking the tube is given by
dr _ 13 L (mA) vAe
7 (photons/m/s) = 6.54 x10 T, (@)
= 3.27 x 10 I(mA) 46 (l +— ). (7)
I, L+

(a)

Photon
collimator

. Test beam
Electron ring tube

(b) |

— 7777/

TIP-05721

Figure 2. Schematic of the illumination of a beam tube in an external white light beamline at an electron
synchrotron radiation light source: (a) horizontal, (b) vertical.

In Eq. (7) we have assumed that the loss of photons due to vertical collimation is neg-

ligible; this needs to be checked and possibly corrected for in the actual experiments. The
3 2

ratio — ~ —— is chosen to match the future accelerator so the critical energy and, therefore,
m

the photon spectrum is reproduced. For the proton colliders LHC and SSC the photon spectrum
is reproduced by UV electron storage rings with beam energy ~ 500 MeV. In practice it isn’t
practical to match all the details of a future proton machine at an electron light source. Because
of lower < in the electron rings, the angular spreading of the synchrotron radiation is increased

4



(Eq. (4)), and the vertical height of the strip directly illuminated by photons is increased. At
low energy some photons may be cut off on the collimators and not reach the beam tube. In
addition, in order to achieve adequate photon intensity, the angle of incidence, §, is increased in
the electron ring experiments compared to the proton machine. This is particularly important
for obtaining long-exposure information, where one would like to compress a year of operation
at a proton collider into a few weeks’ data run at an electron light source. Generally these are
not regarded as serious limitations. For example, illuminating a larger area of the beam tube
in the simulation experiments would tend to lead to a slower clean-up time compared to the
actual proton collider, and therefore to a conservative vacuum design. This situation is also
ameliorated by diffuse photon scattering followed by photodesorption. The dependence of the
photodesorption coefficient on angle of incidence has been observed to be fairly weak below
20 mrad,* probably because of the roughness of the technical metal surfaces used for beam
tubes.

1.4. Beam Tube Vacuum Requirements

The vacuum requirements for a superconducting proton collider are derived by consid-
ering the effect of beam gas interactions on: (1) the loss of luminosity, and (2) the scattered
beam power deposited in the cold mass of the cryostats. The first leads to a limit on the cir-
cumferentially averaged gas density. The second leads to a limit on local gas density. For the
SSC the goal for vacuum-limited luminosity lifetime is 150 h. The vacuum-limited luminosity
lifetime 77, yac is given by a sum over species of circumferentially averaged gas densities 7;:

1

TL,vac

= 227_1,]'0‘?:'6, ’ (8)
J

where o0,; is the total proton cross section on species j, which leads to a proton lost from
the beam, including inelastic and elastic scattering, and ¢ is the velocity of light. These cross
sections are tabulated in Table 2 for the most important photodesorbed molecules. Although H,
is generally the dominant gas desorbed, one must pay attention to the others because of their
larger cross sections. For example, the cross sections for CO and CO; are an order of magnitude
larger than for H,, so the photodesorption coefficients need to be ten times less in order for
them not to dominate. In fact, it will turn out that in a liner configuration, beam gas scattering
by CO dominates H,. This could be true for CO, as well, but the photodesorption coefficient of
CO, at LHe temperatures has not yet been determined. As can be seen from Table 2 the cross
sections do not depend strongly on energy, so the gas density bounds for a given luminosity
lifetime will be similar for all the machines we are considering. Bounds on circumferentially
averaged gas density- for 150-h luminosity lifetime and 20-TeV beam energy are given in the
second column of Table 3 for H,, CH,, H,0, CO, and CO, taken separately.

4]
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Table 2. Beam gas scattering cross sections.*

7TeV |20 TeV | 100 TeV

H 50 mb 52 60

C 400 420 444
0 410 540 570
H, 100 104 120
CH, | 600 628 648
H,O | 510 644 690
CO 810 960 1014
CO, | 1220 1500 1584

* The data in this table were kindly
supplied by Nikolai Mokhov.

Table 3. Average and local gas density bounds for the 20-TeV SSC.

average® local’
H, | 3.0 x 10°/cm® | 4.0 x 100
CH, 5.0 x 107 6.6 x 10°
H,0 4.8 x 107 6.5 x 10°
CO 3.3 x 107 4.3 x 10°
CO, 2.1 x 107 2.8 x 10°
¢ 150-h luminosity lifetime

5 0.6-W/m scattered beam power

The locally scattered beam power per unit length, dPic: /dz, is given by a similar sum
over local gas densities n;:

dPsca
dz i = IbEb anapj ’ (9)
J

where Ej is the proton beam energy and I; is the beam current. Since most of the products
from a single beam gas interaction are deposited over a downstream path length of ~ 40 m,
we are imagining a local gas density bump extending over roughly this scale length or greater.
Greater than 90% of the beam gas scattered power is deposited in the cold mass of the magnet
cryostats, where it leads to an increase in coil temperature and can initiate a magnet quench
if the increase is too large. Figure 3 shows the results of an analysis for the SSC.5 A local
pressure bump of 4 x 10'° H,/cm® in the ninth dipole of a cell, corresponding to 0.6 W/m of
scattered beam power, is estimated to cause a ~ 100-mK temperature increase in the LHe and
a ~ 500-mK increase in the superconducting coil of the tenth dipole. Since the temperature
‘margin specified for the SSC dipoles is 600 mK, we take 0.6 W/m as a working limit on scattered
beam power, and the corresponding local limits on gas density are given in the third column of
Table 3, again taken separately for each species. In practice, a gas mixture will be present and
the total H, equivalent density of all species will have to be less than the bounds given in the

6



first line of Table 3. The main variation in the local gas density bound from machine to machine
will be due to different beam current I, and energy Ej. The usual case is that the average
density bound, given by Eq. (8), is considerably less than the local bound given by Eq. (9). In
principle it is possible that as the beam current and energy increase, the local bound due to
energy deposited in the magnet cryostats will become more restrictive than the bound due to
luminosity lifetime. However, even the 100-TeV ELN has not reached this situation, assuming
that the limiting scattered power density will not be less than the specification taken for the
SSC, ~ 0.6 W/m. :

a (b)
( )4-40 [_ | 1 i 1 | 1 | i I I i { I i ] B 1 i H i I I ] 1 l i 1 T 1
- o:tomn |4 &€ [ o:10min | ]
€ 435F +:20mn |4 wagl +:20min | _]
2 - 0:30min |4 5 L 0:30min | .
*g 430 x :40min | 5] = %X : 40 min -
5 - o] ?g min - o = o :?gc;nin -
- ® : 120 min | 3 B ®: min | -
g 425 - §asf =
E 420F 8 L 3
2 ..k £ 42k
4,15 £E™
0 20 40 60 0 20 40 60
Dipole number Dipole number

TIP-05742

Figure 3. Temperature profiles along a 1-km section for a 4 x 10'® Ha/cm? pressure bump: (a) helium, (b) inner
coil b

1.5. Constraints on the Beam Tube

In addition to the vacuum requirements, the beam tube is constrained by impedance and
surface resistivity considerations. The origins of these constraints are discussed in this section,
and numerical results are given in Sections 5 and 8.

1.5.1. Impedance

The impedance of all the accelerator structures seen by the circulating beam, including
the beam tube and liner perforations, must be less than the threshold impedance of the most
unstable single bunch instability. The impedance thresholds and estimates are dependent on
the details of a particular accelerator. For the case of the SSC the instabilities with the lowest
thresholds are the transverse mode coupling instability (or fast head-tail instability) for the
transverse impedance and the microwave instability for the longitudinal impedance.’ The most
recent estimates of the threshold impedances for the SSC design parameters have been given by
W. Chou: Im(Zr) = 170 MQ/m, and |Zy/n| = 4.1 Q.° These impedance thresholds increase
linearly with proton energy and are inversely proportional to the number of protons in a bunch.
In addition, Chou has given an estimate of the impedances of all the accelerator structures

Y O T T —-



(bellows, beam position monitors, etc.) in the SSC. For the transverse impedance, excluding a

liner, Chou’s results can be fit with Im Z7, (MQ / m) = 23.8 (16 /a (mm)) 2'6, where a is the radius
of the beam tube. The longitudinal impedance is only weakly dependent on a, and Chou’s result

is % (f2) = 0.34. For a beam tube radius, ¢ = 16 mm, the ratios of threshold to estimated

impedances are ~ 170/23.8 = 7 in the transverse case and ~ 4.1/0.34 = 12 in the longitudinal
case. These ratios allow some room for impedance increase due to a liner; however, one would
like to preserve as much safety margin as possible to allow for uncertainty in the impedance
estimates and operation at upgraded beam intensity. The impedances of perforations in the
liner are discussed in Section 5.

1.5.2. Beam Tube Resistivity Constraints

Constraints on beam tube resistivity are derived at low frequency (of the order of the
fractional betatron tune and less than 1 kHz) from the growth time for the multibunch resistive
wall instability, which must be stabilized by feedback. At high frequency (of the order of the
bunch length frequency or in the GHz range) the beam tube resistivity is constrained by image
current heating of the wall. For the machines we are considering, adequately long resistive wall
growth time and low image current heating can be achieved by only copper or aluminum. At
low frequencies of the order of the fractional betatron tune, the skin depth is large compared
to the thickness of copper on the inside of the beam tube, and there are corrections due to
the conductivity of the outer layers.”® However, for the cases we will examine it is a good
approximation (i.e., accurate to ~ 1% in the growth time) to neglect the outer layers of stainless
steel and keep only the leading term in the ratio of copper thickness to skin depth. The resulting
expression for the growth rate is

3
Trw =7 | ——— | (YAV)(Zo0t) (10)
M Nyrpfc

where a is the beam tube radius, N, the number of protons per bunch, M the number of
bunches, r, the classical proton radius, B the average value of the lattice betatron function,
Av the fractional betatron tune, Z; the impedance of free space, o, the copper conductivity,
and ¢ the copper thickness. We note that the dependence on the high-conductivity layer appears
as the product of conductivity and thickness, as one would expect at low frequency. Data on
low-frequency conductivity at the beam tube operating temperature and including the effect
of magnetic field are required to obtain numerical estimates of 7,,,. The resistive wall growth
time depends linearly on the beam energy factor v, so requirements for feedback stabilization
are most demanding at injection energy. The growth time increases strongly as the third power
of the beam tube radius. Two factors will make stabilization of the resistive wall instability
more difficult as the machine size and luminosity increase: the inverse dependence of 7,,, on the
product of bunch number and protons per bunch, and the increase in machine circumference.
These are partially offset by the increase in injection energy. Numerical estimates of 7, are
given in Section 8.1.



1 ¢

At high frequencies, of the order of the bunch length frequency f= 5 ~ 1 GHz,

where o, is the rms bunch length, the high-conductivity layer required by the resistive wall
instability is thick compared to the skin depth. The heating of the beam tube wall by the beam
image current may then be written as®

_ 3 Ngec 2(Zop)1/2 1
P=r (Z) M ( 27 ) 20, o.a’ (11)

where p is the resistivity of the surface material. Experiments in the range of the bunch frequency

' . 9, \ V2 -
measure the surface resistance R, = %’ where the skin depth 6 = (;—%) . If we substitute
0

for the frequency w =~ i, then Eq. (11) can be written in terms of the surface resistance, R,:
o

 par(d) ae (M) (&), a2

Numerical estimates of the magnitude of beam image current heating are given in Section 8.2,
together with discussion of the available data measuring R,.

2. Model Equations for Vacuum in a Cryosorbing Beam Tube Exposed
to Synchrotron Radiation

2.1. The Equations

We begin by writing down equations describing the volume density » and surface density s
of H, inside a cryosorbing beam tube of radius a exposed to synchrotron radiation.!® Some
comments on the treatment of other gases (CO, COz, CH,) will be made later. Throughout this
report we consistently refer to the density inside a beam tube and avoid the use of pressure. This
may cause some discomfort for the hardcore vacuum person, but there are two good reasons for
this: it avoids confusion over the temperature at which the pressure is given, and accelerator
requirements are naturally given in terms of beam tube density. The equation for volume

density is )
on . e Ays 0*n

Vb?:ml"+n1‘+ Tfu —awa*n—C’*n+AcD—a?. (13)
In Eq. (13) V = wa? is the beam tube volume per unit axial length. The first two terms on
the right describe photodesorption of molecules. The desorption coefficient 7; molecules per
photon is for tightly bound hydrogen not previously desorbed and is a function of the integrated
photon flux per unit length ' and perhaps the photon intensity I'. The second term allows for
the desorption of relatively weakly-bound physisorbed molecules with desorption coefficient 7',
which is a function of the surface density s of physisorbed molecules. At low surface coverage

one would expect 5’ to depend linearly on the surface density s; 7’ = g (si)’ where s has

been normalized to the monolayer density s,,. The third term is the thermal (i,(lesorption rate of
physisorbed molecules with sojourn time 7. The fourth term on the right of Eq. (13) accounts
for the cryosorption of molecules incident on the surface; oy, is the sticking probability per




wall collision, S,, = A, /4 is the ideal wall pumping speed, ¥ is the mean molecular speed,
and A, = 2ma is the beam tube wall area per unit axial length. The fifth term allows for
a liner or distributed pump with pumping speed C per unit axial length. In the case of a
liner with C' # 0 we have neglected the back-streaming of molecules from the outer coaxial
region. Because the conductance of the holes in the liner is to be chosen small compared to the
pumping speeds of the magnet bore tube surface and cryosorber in the outer annular region,
this is a good approximation. A two-region vacuum model of an 80-K liner that retains the
back-streaming term is discussed in Reference 11. The last term in Eq. (13) allows for the axial
diffusion of molecules out the ends of a finite-length tube; A, = ma? is the tube cross section

area and D = -2—at‘) is the Knudsen diffusion coefficient.
The equation for the surface density s of cryosorbed molecules is

Ays

t
Tw

Aw% =l + 04Sy *n — —qT. (14)
The first term in Eq. (14) allows for the possibility of direct production of physisorbed molecules
by the incident photon flux, 7, molecules per photon. The second, third, and fourth terms are
the same as in Eq. (13) but with opposite sign. The last three terms on the right of Eq. (14)
define the effective pumping of the beam tube surface, which we note is reduced by thermal
desorption and by the photodesorption or recycling of cryosorbed molecules. In Eq. (14) we
neglect the surface mobility of physisorbed molecules, so axial transport occurs only through
gas phase diffusion described by Eq. (13).

One more equation is needed to describe the equilibrium isotherm relating the equilibrium
vapor pressure n. due to thermal evaporation to the surface density s. Here we choose to
represent the isotherm by a Brunauer, Emmett, Teller (BET) equation:?

ay

T [(1 —y)(1+ (- 1)3/):

, (15)

where 2 = $/Spm, ¥ = Ne/Neat, and o = €%/T is a dimensionless parameter where 6 is the
difference between the molecular adsorption energies of the first monolayer and the bulk ad-
sorbate. Equation (15) has the saturation property y — 1 as £ — oo. The temperature
dependence of the saturation density for H, has been measured by Benvenuti et al.'® and found
to be ng (cm™3) = 6.84 x 1022 e~95#/T /T, For any particular surface the equilibrium isotherm
must be measured experimentally to determine s,,, and o. An example for the electrodeposited
Cu used in 4.2-K photodesorption experiments at Budker Institute of Nuclear Physics (BINP)
will be given in Section 4.1. The isotherm density is most sensitive to a for z <« 1, y <« 1,
in which case ¢ = ay. However, this region is difficult to access experimentally because the
isotherm density is very low and can be masked by desorption due to thermal radiation leaking
in from warm regions of the vacuum system or by diffusion from the bulk materials of the ioniza-
tion gage or residual gas analyzer (RGA) used for pressure measurement. Some progress in this
direction has recently been made by M.G. Rao at the Continuous Electron Beam Accelerating
Facility (CEBAF) by cooling the walls of an extraction gage to LHe temperature. A background
H; density < 10%/cm3 has been achieved by this method.! For our purposes s,,, which depends
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on the particular surface, and ng, are the most important parameters, and results are not too
sensitive to uncertainty in «. Equation (15) is, of course, an approximate representation of a
real isotherm, and for some purposes it may be desirable to use a more complex expression
or interpolation of actual measured data. An additional complexity is the reduction of the
H, isotherm density over an adsorbed gas mixture that appears in the data of E. Wallen at
CERN.Y The reduction is small for a few percent CO added to Hz, but becomes noticeable for
a 25% CO admixture. Equation (15), however, exhibits the main physical effects of thermal
desorption—the rapid rise in vapor pressure as one monolayer is approached and saturation as

a thick surface layer builds up—and is useful for modeling calculations.
g e T’
the isotherm Eq. (15) to obtain the following relations for the thermal sojourn time:

If detailed balance is applied to the H, isotherm, of, and we can invert

4 s
t _
TW(S) - O"t”'l_Jt N,
m 2az?
= (=) e : (16)
0%, 0t \Tgat \/&2(1 —z)? + 4oz — (a(l —z)+ 29:)

where = = s/s,, is the normalized density of physisorbed H,. In Eq. (16) o, is the sticking
coefficient of thermally desorbed gas-phase molecules corresponding to the equilibrium isotherm,
and ; is the mean speed of these molecules that have the temperature of the wall. The real
utility of Eq. (16) is that it allows the thermal sojourn time to be calculated in systems that
aren’t closed and in equilibrium as long as the surface density of physisorbed H; is known. In
particular, we are interested in situations where there is an imbalance between thermal molecules
sticking to the surface and those thermally desorbing, and Eq. (16) still gives a valid expression
for the mean thermal desorption time as long as s/s,, is known. Equation (16) is then useful
for the integration of Egs. (13) and (14) and also for estimating the mean time a cryosorbed
molecule sticks to the wall before being thermally desorbed. Four limiting forms can be given
for 7}:

4 m
T,ﬁ,:—:(s—)a for ay k1,
O,V Ngat
4 8 1
t — - (M) o2 =Ly~ —=
Tw ot (nm> “ or T=LYE
17)
4 s 1 (
t m —_ o~ —
L, = oi5, (nw) (4) for z=2,y= 2,and
4 m
T:U=—t—_'(i—)$ fOI’ y—)l.
Uw'vg Ngat

We have assumed ¢« = €%/ >> 1 which is a good approximation for a surface at LHe temperature.
The thermal sojourn time starts out at a maximum value at very low surface coverage, decreases
rapidly near one monolayer, reaches a broad minimum at two monolayers, and then increases
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slowly as a thick layer of cryosorbed molecules builds up. The rapid decrease is due to the
transition from the bonding energy of the first monolayer to the bonding energy of the bulk
adsorbate. For a thick layer the thermal sojourn time increases linearly with the number of
monolayers as it must, since the saturation vapor pressure is constant and only the top monolayer
is evaporating. The first expression in Eq. (17) predicts that the sojourn time is independent of
the surface density and isotherm vapor density in the low-coverage limit ay < 1, which is the
regime of most interest for a storage ring beam tube.

Equations (13) and (14) have been written for the total molecular density n, which is a
sum of photodesorbed molecules that were tightly bound, photodesorbed molecules that were
physisorbed, and thermally desorbed molecules. Alternatively we could have written a set of
volume density equations for each of these three components, distinguishing between their mean
speeds and sticking coefficients. We prefer to deal with the single equation (13), which is a
sum of the three component equations with density-averaged mean wall pumping speed, 0,5y,
diffusion coefficient D, and liner conductance C. No physical insight is lost and additional
subscripts are avoided. In practice, except for relatively isolated time intervals, the density will
be dominated by one of the three components, and it will be clear what to use for the mean
values of 0,5, C, and D. Developing an understanding of when each of the components is
dominant will emerge from analysis of the solutions to these equations and the insight gained
from experiments. Appendix A contains a short discussion of the equivalence of the single
equation and the three-component equation approaches.

When the formulation given here has been described in the past, the motivation for
treating separately the photodesorption of tightly bound molecules and the photodesorption of
physisorbed molecules has sometimes been questioned. The argument is that a molecule is a
molecule, and molecules are indistinguishable once desorbed. So how does one tell the difference?
We will see from the analysis and also the experiments that have been done that situations
dominated by the desorption of tightly bound and physisorbed molecules can be created, and
they are dramatically different. The coeflicient 7’ for photodesorption of physisorbed gas was
introduced to explain the observation that the H, gas density in a cryosorbing beam tube
exposed to synchrotron radiation increases with time, in contrast to the gas density in warm
beam tubes and open samples at LHe temperatures, which decreases with time. This increase
was first observed in the cold-tube experiments of Bintinger et al. during the Central Design
Group (CDG) era of the SSC.167

The equations given above have been written in terms of “white light” synchrotron radi-
ation photon flux per unit length of beam tube, which is the universal practice with beam tube
photodesorption experiments. From a fundamental viewpoint one would prefer to deal with a
photon flux per unit area and a locally defined desorption coeflicient, which is a function of
photon energy, angle, integrated flux, and intensity. However, the precise details of the illumi-
nation of the surface of a beam tube exposed to synchrotron radiation are limited at this point.
On the one hand only a fraction of the circumference of a beam tube is illuminated by direct
synchrotron radiation—a strip with FWHM of the order of mm in the storage rings in Table 1.
On the other hand diffusely scattered radiation plays an important role; the side of the beam
tube opposite direct illumination has been observed to have undergone significant desorption in
several experiments where the beam tube has been rotated after long exposure to one side.!®-2°
In addition, the experiments in Reference 18 used an array of probes to observe the photoelec-
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tric current produced by the scattered photons. In a recent room-temperature experiment the
conditioning of the surface opposite direct illumination appeared to be equivalent to 25% of
the incident primary synchrotron radiation.?® Because of these complications it is not possible
to extract fundamental quantities from beam tube photodesorption experiments. Rather the
intent is to model closely enough the situation expected to be encountered so that one can
predict what will occur in an actual proton collider. As an alternative one could attempt to do
photodesorption experiments with small samples and well-defined photon flux, and proceed to
measure the desorption coefficient as a function of photon energy, angle of incidence, intensity,
and integrated flux. The photon flux in a beam tube exposed to synchrotron radiation would
also have to be measured as a function of energy and angle and position, including the effects
of scattering. The fundamental photodesorption coefficients and photon source function could
then be integrated to predict the gas density in a beam tube. At the present time such an
approach seems Herculean, and in any case would have to be followed by the type of experiment
described here for one to be confident of the results.

The chemical form of the photodesorbed molecules in the beam tube material and the
precise mechanism of photodesorption are not known in detail. H, C, and O atoms are present
in the oxide layer on metal surfaces, and H atoms can diffuse from the bulk material as well.
Since the earliest days of investigation it has been supposed that the photodesorption process
takes place through production of a photoelectron that then breaks chemical bonds in some
way.2! Recent viewpoints as expressed by Grobner et al. are similar: photons or photoelectrons
dissociate molecules in the near surface layer; in a second step the atoms then diffuse and
combine into Hy, CO, etc., which thermally desorb.?? In the experiment of Gomez-Goni et al.,
the pressure increase in a beam tube exposed to synchrotron radiation has been found to be a
linear function of the secondary electron current emitted from the beam tube wall, supporting
the idea that secondary electrons play a strong role in photodesorption.?? However, one should
note that the typical absorption length of a synchrotron radiation photon is much greater than
the escape depth of a photoelectron with the same energy, so most of the photoelectrons never

leave the surface. For example, in pure Cu a 100-eV photon has an absorption length ~ 160 10\,24

whereas a 100-eV electron has an escape depth of ~ 7 A.25 The first 100 A or so of a technical
metal surface contains a lot of H, C, and O and is not pure Cu by any means, but this illustrates
theidea. As a result photodesorbed atoms are expected to be initially produced and to recombine
at some depth inside the near-surface oxide layer and beam tube material rather than right at
the surface. After diffusing to the surface these molecules may remain physisorbed to the cold
beam tube rather than thermally desorbing, as they would at room temperature. This is the
reason for introducing the two desorption coefficients 7; and 7, in Egs. (13) and (14) for tightly
bound H, C, and O not previously desorbed. In the actual experiments that will be described
in Section 3, it turns out that the sum of 7; and 7, is measured.

Throughout this paper we simply take the photodesorption coefficients as objects either
to be measured by experiments or to be given by experiments and used for predicting what will
happen in an accelerator. It is possible to develop a diffusion model of the photodesorption co-
efficient and use the experimental data to fit the parameters of the model.25” Some recent work
along these lines, fitting the photodesorption data obtained in SSC experiments, is described in
Reference 28.
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2.2. The Solutions

We now turn to the solutions of the equations given in the previous section. Solutions are
given for a simple beam tube and for a beam tube with a liner. We are particularly interested in
the effects of the finite length of the beam tube. This may not be an obvious consideration since
the circumferences of the storage rings we are considering are so large. However, it is important
for understanding the end effects of photodesorption experiments and also for establishing the
shortest length of beam tube that can be effectively pumped from the ends. As a matter of
terminology we will refer to a long beam tube as one where axial diffusion may be neglected—
i.e., the density in the beam tube is independent of the end boundary conditions—and to a short
beam tube as one where axial diffusion must be included. In a long cold beam tube without a
liner, the surface of the tube is effectively the only pump and the surface density of physisorbed
molecules will build up continuously. In a short tube the surface density will reach a steady state
owing to axial diffusion or pumping out the ends. Initially beam tubes of any length obey the
long-tube approximation, but if one waits long enough all tubes eventually obey the short-tube
approximation. The transition time from long to short approximations is the axial diffusion
time. The axial diffusion time due to thermal desorption at LHe temperatures is very long, but
shortens considerably in the presence of synchrotron radiation due to repeated photodesorption
(“recycling”) of the physisorbed molecules, described by the 5’ desorption coefficient in Eq. (13).
These comments will be verified in detail with the analysis below.

2.2.1. Short Beam Tube Without a Liner

The quasi-static solution to Eq. (13) for density n(z) with Vaat—n ~0,C =0,and A% ~0
is .
_ 1(m4m)l (L)2 2 ( L)
n(z)—2 D 5) —%|+n :i:2 , (18)

where n (:t -g’-) is the density at the ends +L/2 of the tube. We have assumed that the desorption
coefficients 7; and 7, are axially uniform. At the center of the tube, the density at the ends
simply adds to the density due to photodesorption. A model of beam tube density at the ends
is given in Section 2.2.5. Given the density n(z), the surface density s(z) is obtained by solving
the following implicit equation for s:

, Aps OwSy
If ne € n(z) and 5, < 7'(s), then
/ wOw
7'(s) = 222%n(z). (20)

r
If we make the further substitution 7' = n; (s_s_> , the surface density is given explicitly by

m

s(z) = (i’;?wn(z)) S - (21)

0
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We note that the diffusion out the ends of the tube is driven by isotherm evaporation and
7' desorption. If diffusion by 7’ is negligible, then isotherm evaporation alone drives the diffusion,
and s is given implicitly by

Aws OwSw

Fri(s) =17y + = n(z). (22)

The form of the solution given by Eq. (18) is exactly what would pertain to the density in a
warm tube photodesorption experiment, which is not too surprising since the surface of the

beam tube is in a quasi-steady state, AZ ~ 0, and therefore has zero net pumping speed. This

suggests that one way to determine 7; + 72 is to measure the density difference between the
center and ends of a short tube:

m+miL = S35 (n(0)—n (23))
3)
= 4Cup (n(O)—n(i-‘;i)) , (23)

3-
where C/2 = %Zr(i—)v- is the conductance of a tube with length L/2. The measurement of 7; +72

2
by Eq. (23) is tantamount to setting the generation rate of gas equal to the conductance of
the tube multiplied by the drop in density from the center to the ends. Two factors of two
multiply the conductance compared to the usual expression Q = C(p1 — p2), because there are
two parallel lengths L/2 of tube from the center to the ends and because the gas is generated
uniformly along the tube rather than all at the center.

A second way to measure 7; + 7 is to measure the amount of gas escaping the ends,

9A4.Ddn/dz(+L/2). Adding Egs. (13) and (14) with V?—;: ~0,C =0, and A-a—: =~ 0, and
integrating over z yields
. dn
(m+m)LT = 24.D7-(£L/2)
4 5. dn
= gma v (£L/2). (24)

Measurement of the right hand side would ordinarily be done by measuring the density drop
across a room-temperature aperture with known conductance. Assuming that thermal tran-
spiration, n? = constant, holds between the end of the cold tube and the room-temperature
aperture, it is not necessary to know the velocity of molecules inside the cold tube to deter-
mine 7; +72. Yet a third way to measure 71 +172 with a beam tube plus liner will be discussed in
Section 2.2.4. The two methods just described correspond to the ways that room-temperature
desorption coefficients are usually measured.*?® A method of separately measuring 7 and 7,
will be described in Section 6.1.
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2.2.2. Long 4.2-K Beam Tube Without a Liner

The solution to Eq. (13) for n(z) with V%?— ~0,C=0,and A% # 0 is
z z
: T cosh (—) I cosh (—)
n(z)= B4 1L 1 Ll (N PR VYA +n<:t—)>< —AL !, (25)
OwSw OuwSw OwSwy T cosh < L ) 2 cosh ( L )
2) 2\
AD 4a° ) ,
where \? = = —— and we neglect possible z-dependence of 7;, %', and n.. The mean

OwSw 30y
2

square axial distance a molecule travels before sticking to the wall is 2% = g;—, and L2/)\? is

equal to the wall pumping speed divided by the conductance of a tube of lengttﬁ L. Evidently,

as long as we are a few tube diameters from the end of the tube, L/2 — |z| < A, the cosh terms
are negligible and we have

mI 7T 1 A,S
= 26
" w5 t OwSw + OwSw T (26)

2

which is the solution obtained with axial diffusion neglected, ACDZTZ ~ 0. Unlike the short-
tube solution given by Eq. (18), the density at the center of a long tube is independent of the
density at the ends. Inserting Eq. (26) into Eq. (14) we obtain for the surface density

1 T
s== [ n+m)ar, (27)

which just says all the desorbed gas winds up on the surface.

We note the similarity between Eq. (26) for the volume density in a long tube and
Eq. (19) for the surface density at the center of a short tube rewritten as an equation for the

density: ) )
172P 77IP 1 AwS
= Tt
If 9 > n1, 72 then Egs. (26) and (28) are identical. Referring ahead to the experiments,
it turns out that %" > m, 7, is a good approximation for a cryosorbing beam tube at LHe
temperatures except at the very earliest moments of exposure to photon flux, when the surface
density of physisorbed hydrogen is extremely low (i.e., s/sm < (71 +%2)/7'0). What this means
is that measurement of the dynamic density increase at the center of a cryosorbing beam tube,
long or short, will determine 7’ when exposed to synchrotron radiation. Measurement of the

static density with the synchrotron radiation gated off will determine the isotherm density,
4 s

Ne = ot In practice one wants to choose a tube long enough that a significant surface
wt Ty

density s & s, accumulates before the transition from the long to short solution. In this way the

(28)

owSw TL
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increase in isotherm density above background will be clearly visible. If the isotherm density n.
has previously been measured as a function of surface density s, then measurement of n. during
a photodesorption experiment can serve as a measurement of s and the parametric dependence
of 7' on s can be determined. In any case, unlike measurement of 7, + 72, it is necessary to
measure the density inside a cryosorbing beam tube to determine the desorption coefficient
of physisorbed gas, 7. Measurement of the flux of photodesorbed gas leaving a beam tube
exposed to synchrotron radiation can only determine the photodesorption coefficient of tightly
bound gas not previously desorbed. Exceptions to these conclusions arise if the assumed quasi-
static conditions are violated. For example, one could consider preloading a short tube with
physisorbed H; and measuring the flux of gas leaving the ends when it is exposed to synchrotron

radiation. In this case Aw% # 0. The exponential decay time of Hy leaving the ends of the

tube, 7 = ﬁ-sﬂ would serve as a measurement of 5. The time scale for this type of experiment,
] ’ I\ 3

Mo . .
however, would be very short, of the order of minutes, compared to the usual photodesorption
experiment, which extends over several days.

2.2.8. Beam Tube Length Criterion, Azial Diffusion Times

For given beam tube dimensions and desorption coefficients one can question whether
the short-tube solution (A) (Eq. (18)) or the long-tube solution (B) (Eq. (26)) applies. The
answer is the solution that predicts the lowest density. At the center of the beam tube this can
be determined by calculating the density ratio of the two solutions:

np(0)
S nB\Y)
: nA(O)
1 S
2 7I'+771+'-‘Aw—t
2 T 7 1 (29)
T (L\? m+n nLn2 |
G "o

2
1 (71 + m2) (L
o _— M- e/
where ny = 5~ A.D 5
mean axial distance a molecule travels before sticking, (L/2)? > A\? = (4/3)a*/o,. I S <1,
the long-tube solution applies; if S > 1, the short-tube solution.
We can make several physical observations from the form of S in Eq. (29). For the

2
) , and we have assumed that the tube is long compared to the

. . 1A, . .
moment ignore the density at the end and set nyj, = 0. If 7’ and f_t—s are negligible com-
T,

pared to 71, then S < 1 and the long-tube solution pertains. This is reasonable because if 7'
and n. are negligible, a desorbed, tightly bound molecule travels only an rms distance V2
before sticking, and recycling of physisorbed molecules due to photo and thermal desorption is

. . . 1 )
negligible. The most interesting cases are when 7’ and/or f-A;_‘tﬁ is large compared to 7;. In

these cases recycling of physisorbed molecules is important anci‘: depending on circumstances,
axial diffusion or pumping out the ends of the tube may (S > 1) or may not (S < 1) be impor-
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tant. We imagine starting a photodesorption experiment with an initially low surface density of
physisorbed gas and, therefore, low 7’ = n{(s/sn) and n.. In these circumstances a beam tube
will tend to look long, S < 1. As the experiment proceeds, s, 7/, and n, will increase and even-
tually the short-tube region, S > 1, will be reached. It is interesting to calculate the transition
time Tp between the solutions A (Eq. (18)) and B (Eq. (26)). For simplicity we assume 7, + 7,
is constant so that the surface density of physisorbed H; at the transition time is related to Tp
by Aws = (1 + 72)'Tp. Substituting into Eq. (29) with S = 1 we obtain

22 [ g4l L1
(L)2 AwSm T,
2

The scaling of Tp with (L/))? as well as the physical context suggests that the transition time is
related to axial diffusion. This connection can be made explicit by calculating the time it takes
a molecule to diffuse a distance L/2 from the center of the beam tube to the ends. The rms

axial step size per desorption is v/2A. The mean number of %’ desorptions of a given molecule
/

per second is —UL, so we obtain for the mean time T, for a molecule to diffuse a distance L/2

Ays
by %’ desorption:
L 2
(5) Aus
92)2 7’11:‘

N2
(E) Ausm (31)

2)2 n{,f‘ )

1
T (30)

TDm'

Similarly, the mean thermal desorption time for a given molecule is 7%, so we obtain for the
time Tp for a molecule to diffuse a distance L/2 by thermal desorption:

L 2
Tp, = (5) . (32)

tTaN gt

Comparing to Eq. (30), the connection between the transition time and diffusion times is clear:

111
Ip Tpy Tp.’

(33)

The diffusion processes are parallel, so the diffusion times add reciprocally. The long-tube
solution (Eq. (26)) goes over to the diffusion-dominated solution (Eq. (18)) on the time scale
it takes a molecule to diffuse from the center to the ends at +I/2. The diffusion solution
evolves inward from the ends and reaches the center in a time Tp. We note that a given
length tube can be both long and short depending on the time scale; in the past this has
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sometimes caused objections to the terminology. However, it seems to the author to be a useful
shorthand for referring to diffusion-negligible and diffusion-dominated situations. Perhaps the
terminology loses something in translation. Numerical values of the axial diffusion times and
related quantities will be given in Section 4.1 after discussion of some experimental data.

L 2
G)
. . 2) :
time 7¢. It is clear from Eq. (30) that we can generalize the sojourn time concept to include

From Eq. (32) the thermal diffusion time Tp is simply times the thermal sojourn

photodesorption. The mean time for photodesorption of a physisorbed molecule is —'I"’fs-, which

Uj
defines the photodesorption sojourn time '
= _Aw_s
7'T
= A",'sm for 7' =mn; (_s_) , (34)
. Mo Sm

and the sojourn time 7,, due to the combined effects of thermal desorption and photodesorption

. 1 1 1
—=—4—. 35
Tw 7'3, + T:Z, ( )
Introducing the photodesorption sojourn time 77 is merely an alternative way of express-
ing the photodesorption of physisorbed molecules; we could have started this way in Eq. (13)

by replacing 7'T by —773 Numerical estimates of the sojourn times defined here are given in
T

Section 4.1. v

We now return to the effect of density at the end of the tube on S, given by Eq. (29).
Since increasing ny/; decreases S, increasing the density at the ends tends to drive the solution
toward the long-tube case. The reason is that diffusion into the tube from the ends partially
compensates what diffuses out. Since n4(0) = ng+ng/2, the density-dependent term in Eq. (29)

can be rewritten as
1 _q_ DL
14 .7_2'1’_/2 nA(O)

%

(36)

In an extreme case with npj; = n4(0), diffusion into the tube exactly balances diffusion out,
S = 0, and the beam tube looks infinitely long. Short-tube solutions exist only for ny 2 < n4(0),
whereas long-tube solutions can have np/; < n4(0) or ny;2 >n 4(0). Engjy > ny4(0), the surface
density cannot reach a steady state and the surface of the beam tube is forced to continue
pumping. To some extent np/; can be controlled by varying the pumping speed at the ends
of the beam tube. Reaching nr/; > na(0) requires a source of gas at the ends in addition to
photodesorbed gas from the beam tube. These techniques can be useful for extending the range
of long-tube behavior and measuring 7' at high values of s/s, that otherwise would be limited
by diffusion out of the beam tube.
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2.2.4. Beam Tube With a Liner
The case of a beam tube with a liner is only interesting when Cn > A.D8%n/02%. In

0 .
that case, and with the quasi-static approximations Vgt'r_z_ ~ 0 and Ab—'tz = 0, the solution for
the density is )

Equation (37) is remarkable in its simplicity compared to Eq. (26). It depends only on the
desorption coefficient 7 = 7; + 7, to specify a conductance C that will meet the beam lifetime
criterion. Equation (37) is valid for any temperature liner, independently of whether there
is cryosorption on the liner surface. The conductance C is related to the holes in the liner
by C' = pN,A,D/4, where p is the transmission probability, N; the number of holes per unit
axial length, A, the area per hole, and 7 the mean molecular speed. Although the mean
speed 7 may be higher than that corresponding to equilibrium with the liner temperature, a
conservative estimate of the conductance may be made by assuming the molecules and liner are
in thermal equilibrium. Equation (37) suggests that an effective way to measure the desorption
coefficient 7, +17, of tightly bound molecules is to measure the density of molecules inside a beam
tube with a liner. This method has some advantages compared to the methods suggested by
Eq. (18) for the beam tube without a liner. The density needs only to be measured at one axial
location. One need not worry about generation of gas in the warm-end regions due to imperfect
collimation or about pumping by the synchrotron radiation beamline. Measurement of 7; + 7,
is precisely what is needed to decide the issue of liner or no liner when vacuum quality is the
deciding issue, since 7, + 7, integrated over the photon flux I' gives the amount of desorbed H,
and, therefore, the frequency of beam tube warm-ups required in a beam tube without a liner. It
is paradoxical that the best way to decide this issue is an experiment with a liner configuration.

If the liner is cold enough to be cryosorbing, the solution for the surface density is the
same as Eqgs. (19)-(21) for the short-tube solution of the cryosorbing beam tube without a
liner. In fact, as we saw with Eq. (28), Eq. (19) can be rewritten to look like the long-tube
solution (Eq. (26)) but with 7, replaced by —7,. Because of this one might think that the liner
configuration could be useful to measure 5’ as well as ; + ;. In practice this turns out not to
be the case because the liner conductance term has been chosen to be large compared to axial
diffusion. In this case the surface density of physisorbed H, only reaches a low value before it
saturates, and the isotherm density is too small to be observable above background. In fact, the
usual situation for a liner experiment is that 7, < 7/, n. < n so that 7, 4+ 7, and 7’ are related
by

OuwSw

7 = C (m +mn2), (38)

and from this s may be estimated if 7} is known.

2.2.5. Model of Beam Tube Density at the Ends

In several places we have dealt with the boundary condition at the end of a beam tube by
simply specifying the density ny/;. In practice this density is determined by a number of factors:
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the gas flux into or out of the tube ends, the effective pumping speed at the ends of the tube,
and the magnitude of gas source at the tube ends. In this section we will give some formulas
for np/; in terms of these factors. Usually the effective pumping speed is determined by room-
temperature vacuum components that are connected to the cold tube end by thin-walled bellows
while the photodesorbed gas is coming out of the tube with a different temperature. We will
first consider the artificial case where all the vacuum components are at the same temperature
as the gas leaving the beam tube (7), and then consider the changes when the components are
at room temperature (T3).

Suppose there is a source of gas Qex: external to the beam tube and an effective pumping
speed Sey at the tube ends £L/2. Continuity of mass flow then gives Qext + @D = SextPL/2s

where Qp = —A.D dn is the gas diffusing into or out of the tube at =L /2. For the short-

dz | 1/

tube solution (Eq. (18)), @p = (m + nz)f-g—. Inserting this into the continuity equation gives
the following result for -n—LE,/E in Eq. (29):

U

2

nLo/z _ Cr/2 (1+ Qext ‘L) , (39)
nga Sext (m +n2)T'3

where the external pumping speed is normalized to the beam-tube conductance Cr/z, and the
external gas source is normalized to the photodesorbed gas in half the length of the beam tube.

In Eq. (39) we have supposed that the external pumping and gas source are right at the
tube ends and at the temperature T; of gas leaving the tube. Now suppose a more realistic
case, with the gas source and external pumping speed at room temperature and separated
from the cold end of the beam tube by a room-temperature tube with conductance Cg,;. The
primed conductance (C’,,) and pumping speed (S%,,) are evaluated at room temperature T3,
unprimed at the cold temperature Ty of gas leaving the beam tube. The room-temperature
tube is connected to the cold end of the beam tube with a short bellows whose impedance we
neglect. Applying continuity at both ends of Cl,, we obtain Cly(ne — m1) + Qexe = Sexem1

. L
(m +172)1"-2— = C! ,(nz—n1), and noy/T2 = ng 2v/Th, where n; and ng are the room-temperature

gas densities at the opposite ends of Cl,,, and ny, is the density of gas at the end of the beam
tube at temperature T;. Note that if Ty # Ty, ng # nr/, and there is a step in density at L/2.

Using these equations to solve for %()/—2, Eq. (39) is replaced by
A

2C 2C !
'nLO/Z — Lj2 + Lj2 (l‘l‘ ext .L) . (40)
na L, L, (m + 7)1

T2 ext T2 ext

From the form of Eq. (40) we see that we can drop the primes and the temperature factors if
pumping speeds and conductances at T} are evaluated as though they were at temperature T;.
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2.8. Ion Desorption

So far we have included only gas desorption by synchrotron radiation. Ionization of beam
tube gas by the circulating proton beam followed by acceleration of the low-energy ions into the
beam tube wall by the beam space-charge fields can cause ion-induced desorption. Because the
ion desorption rate depends linearly on the gas density, the process is regenerative and can lead
to the well-known ion pressure bump instability.>® Furthermore, the ion desorption coefficient
for physisorbed gas is known to be very high.®* So in the present context of a cold cryosorbing
beam tube exposed to synchrotron radiation, it is possible that an initially stable situation may
become unstable due to the accumulation of physisorbed gas by the combination of synchrotron
radiation and ion bombardment desorption of tightly bound molecules and atoms. To analyze
the situation we add the appropriate ion desorption terms to Egs. (13) and (14):

on I Tpi . o, , Ays 8*n
on _ 41
Vg =nntis e ml T - oSyt 2 o2 4D
A —gt = 9l 4 6, Syn — —T" — 'l — 7} —Ia"'n, (42)

w

where I is the proton beam current, o,; is the proton ionization cross section for H,, 5; is the
net ion desorption coefficient of tightly bound hydrogen (7; > —1), and 7] is the ion desorption

coefficient of physisorbed H,. Molecules that are pumped by proton ionization are assumed not
to contribute to the physisorbed molecules. If all of them did, for example, then there would

be an additional term on the right hand side of Eq. (42), (— -{?n) Following our treatment
of the photodesorption of physisorbed gas, we define a linear ion desorption coefficient at low
surface coverage: 7} = 75, (s ) The data of Hilleret and Calder® show this linear behavior

up to s ~ 10 /cm? for the desorption of physisorbed H; on a 3.2-K stainless steel surface
bombarded by 0.5-10 keV H,*. We now turn to the solutions of these equations in the same
order given previously without ion desorption: short beam tube without a liner, long 4.2-K
beam tube without a liner, and beam tube with a liner.

Short beam tube without a liner

The solution to Eqs. (41) and (42) with V-a—rﬁ ~0,C =0, and Aﬁ ~ 0 is

at ’ ’ ot
cos (i) cos (i>
T A An: L
_ (mtn)l *}a’z") 1- Z- |+ i (:I:E) (43)
sl ek My
I.‘ w~w
s = 2 +IZ S n A Sm (44)
7lor + 7o ( ) + ?t‘
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1 7 Ioy
here — = x —=
where X = AD .
If 7; is negative then the cosines are replaced by hyperbolic cosines, the solution goes over to
the form of Eq. (25), and it is stable. If 5; is positive, then from Eq. (43) we have the geometric

. We have assumed that the ion desorption coefficient 7; is positive.

stability condition3° P < g—, or

2\? 2
nil < W——E—_ X (—) X §7ra31';. (45)

This is the same as the familiar result for ion desorption stability. If it is violated there is no

quasi-static solution VB% ~ 0, and an initially finite beam tube density will grow exponentially
with time.

Long 4.2-K beam tube without a liner

The solution to Egs. (41) and (42) with V%—: ~0,C =0, and A-gt—s #0is

7711;_*_77,]3\_*_:2:,3
— w 46
" 0. S _n.ﬁ_ 1 Topi (46)
w-w t e '] e
_ 1 r Iap,-) ]
S_Aw/o [m+nz+(d-,n 7| dl', (47)
AD 44

= —— & L2, and we are at least a few diameters

OwSw 3oy
from the end of the tube. If the denominator in Eq. (46) vanishes or is negative, there is no net
pumping by the wall and the vacuum is unstable. Stability then requires that

where we have assumed that \2 =

(m: + )1 < %awa. (48)
pt

Compared to Eq. (45), pumping by axial conductance has been replaced by the potentially much
larger cryopumping on the beam tube wall. However, the desorption coefficient of tightly bound
hydrogen has been replaced by the sum of ion desorption coefficients for tightly bound and
physisorbed hydrogen, which is also potentially much larger. Hilleret and Calder have reported
nt /= 700 Hy/ion for 500 eV Hp* incident on a surface with 10'° Hy/cm? of physisorbed H, at
3.2 K.3! Clearly ion desorption of physisorbed H, could be a serious threat to the stability of a
cryosorbing beam tube.
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Beam tube with a liner

For the case of a beam tube with a liner chosen so that Cn > A.D&?n/82?%, and with

the quasi-static approximations V% ~ 0 and A% ~ 0, the solution to Egs. (41) and (42) is

_ (m + 772)]:1 (49)

- IO‘p,'
Come
nzf‘ + 0y Sun

1oL + 1l (IZ”i n) +

S
ApSm T

=
OwSun
~ . Too N (50)
8 + 1t (~2n)

From the denominator of Eq. (49) stability now requires that pumping through the conductance
of the liner holes exceed the ion desorption rate of tightly bound hydrogen:

il < %C . (51)
pt

Although the liner pumping speed C is perhaps a few percent of the pumping speed of the
cold beam tube surface 6,5, in Eq. (48), the stability condition is improved by the absence
of ;. Even if the liner is cold enough that there is a finite density of physisorbed H, on its
surface given by Eq. (50), the ion desorption coefficient of physisorbed H; does not appear in
the denominator of Eq. (49) and hence does not enter into the stability condition. The ion
desorption of physisorbed H, is balanced by pumping through the holes in the liner. One can
see from Eq. (50) that the surface density of H; physisorbed on the liner is lower in the presence
of ion desorption than without it. In effect ion desorption simply increases the rate at which
H; is moved to the region behind the liner, and together with photodesorption it prevents the
build-up of thick adsorbed layers on the liner. From the viewpoint of vacuum stability of the
liner there does not appear to be any particular advantage to operating at a temperature high
enough to avoid physisorbed H, (> 20K).

3. Beam Tube Photodesorption Experiments
3.1. Room-Temperature Ezperiments

Since the experiments of Grobner et al. reported in Reference 4 there have been many
measurements of room-temperature photodesorption coefficients on a variety of materials. A
representative but not exhaustive collection of results is contained in References 4, 18, 19, 20,
22, 29 and 32. Within the last couple of years an investigation of photodesorption from vari-
ous methods of manufacturing copper was carried out at the Brookhaven National Laboratory
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National Synchrotron Light Source (BNL NSLS) UV ring.?® These experiments were motivated
by the SSC. Beam tube samples (1 m long, 32 mm ID) were exposed to synchrotron radiation
with critical energy 490 eV, angle of incidence 12 mrad, and total integrated flux ~ 102 pho-
tons/m. Samples of electrodeposited Cu from two manufacturers with different plating proce-
dures (Silvex and Fluhmann) and high-purity bulk copper (Hitachi 10100) were investigated. In
addition, one sample of aluminum was investigated (A7N01/4N). All samples were cleaned with
the identical procedure prior to installation in the vacuum system (degrease in ultrasonic cleaner,
water rinse, alcohol rinse, air dry). The standard procedure after cleaning was to install the
samiple beam tube in the vacuum system, pump for a few days until a base pressure ~ 108 Torr
was reached, and then begin the photodesorption experiments (samples 1, 3, 4, 5, 7, 8, and 9
in Table 4). Variations of this procedure were carried out on two of the Silvex samples: 24 h,
350°C vacuum bake (sample 2); and 5 h, 700°C thermal pretreatment (sample 6). The thermal
pretreatment was carried out in an apparatus at Virginia Polytechnic Institute (VPI).>® The
700°C thermal cycle in a flowing atmosphere of 10% Hs + 90% He was followed by passivation

with ~ 200-300 A of Au and then exposed to atmosphere for shipment to BNL. The thermal
pretreatment was observed to significantly increase the grain size and decrease the Cu porosity.
One of the Silvex samples was immersed in a ~ 1.1-kG vertical magnetic field, and another was
coated with 2 pm of Au. Samples 1-3 from Silvex were manufactured in the period 1988-90, and
samples 4-6 in 1992. Photodesorption of H, CHy, CO, and CO; were recorded as a function of
photon exposure. In Table 4 we simply give as figures of merit the magnitudes of the H, and
CO photodesorption coefficients and the total amounts of desorbed gas at the end of exposure
to 1028 photons/m, and refer to Reference 20 for additional information.

Before getting into the details we simply note that there are not large sample-to-sample
variations in Table 4. Comparing sample 1, with the largest photodesorption coefficients, to
sample 6, with the smallest photodesorption coefficients, the ratio of H; photodesorption co-
efficients is 2.5 and the ratio of desorbed H, is 3.4. Taking the H, monolayer surface density
to be 3 x 10*3/cm?, 17 monolayers have been desorbed from sample 1, and 5 monolayers from
sample 6, in what amounts to half an operational year of photon flux at the SSC design intensity.

Now we comment on a few of the details in Table 4. Comparing samples 1 and 5, about
1.5 times more H, was desorbed from the earlier production sample.than from the later, sug-
gesting that continued exposure to atmosphere increases the amount of desorbable material.
The effect is smaller for CO. Comparing samples 1 and 2, an in situ 350°C vacuum bake re-
duced the desorbed H, by a factor of 3. The 700°C thermal pretreatment followed by an Au
flash obtained a slightly better ratio, 3.4. Comparing samples 4 and 5, an Au layer without
thermal pretreatment had no significant effect on the magnitude of photodesorption. Compar-
ing samples 5 and 7, the Silvex and Fluhmann electrodeposited Cu desorbed about the same
amount of H,, and the desorbed CO was 1.7 times less for the Fluhmann sample. Comparing
samples 5°and 7 with sample 8, the amount of desorbed H; and CO from the high-purity bulk
Cu falls in the range of the electrodeposited Cu results. At the beginning of this undertaking,
the intent was to test several other methods of Cu production, including chemical vapor and
plasma vapor deposition (CVD and PVD). Cancellation of the SSC prevented completion of this
program. However, the bulk Cu result obtained here suggests that there is little to be gained
in the reduction of photodesorbable material by different preparation methods. Rather it seems
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that exposure to atmosphere and cleaning solutions render the photodesorption characteristics
to be fairly similar and independent of the method of production. If any gain is to be obtained
in the reduction of photodesorbable material, it seems that it will have to occur by some type
of surface treatment following production. Finally, we see that electrodeposited Cu (samples 5
and 7), high-purity bulk Cu (sample 8), and aluminum (sample 9) have remarkably similar
photodesorption coefficients.

Table 4. H, and CO room-temperature photodesorption coefficients and amounts of desorbed gas after an

integrated photon flux 10%® photons/m.2°

Sample 7 (Hp) 7 (CO) H;/m CO/m
1. Elec. Cu (S, 1988-1990) 1.7 x 1074 | 4.4 x 1073 | 5.1 x 10° | 1.3 x 10'°
2. Elec. Cu (S, 1988-1990) with 9.3 %1075 | 1.4 x10~% | 1.7 x 10'° | 2.8 x 10!8
350°C bake

3. Elec. Cu (S, 1988-1990) with B 1.4x107% | 3.0 x 1075 | 3.3 x 10° | 8.1 x 10?8
4. Elec. Cu (S, 1992) with Au layer 1.5x10~4 | 1.7 x 10-5 | 3.4 x 10° | 4.5 x 10?8
5. Elec. Cu (S, 1992) 1.0 x 1074 | 2.0 x 1073 | 3.5 x 10%° | 1.0 x 10%°
6. Elec. Cu (S, 1992) with thermal 6.8 x 10-5 | 1.4 x 10=° | 1.5 x 10'° | 2.9 x 10
pre-treatment

7. Elec. Cu (F, 1992) 1.3 x107% | 2.8 x 1073 | 2.8 x 10*° | 5.8 x 108
8. High-purity bulk Cu (Hitachi 10100) | 9.2 x 10~5 | 2.0 x 1075 | 2.4 x 10%° | 7.4 x 108
9. Al, ATNO1/4N 1.0 x 1074 [ 2.1 x10~% | 3.1 x 10 | 6.7 x 1018

S = Silvex, F = Fluhmann
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One experiment (sample 3) in Table 4 was carried out with a magnetic field strong enough
to confine photoelectrons leaving the surface to within a small distance of their point of emis-
sion. The primary synchrotron radiation photons with E = Ey, illuminate a strip height with
FWHM = 16 mm, only ~ 16% of the beam-tube circumference. If secondary electrons leaving
the directly illuminated strip are responsible for a large fraction of the desorbed gas, then one
would expect much faster clean-up with the applied magnetic field, which reduces their effective
desorption area to ~ 16% of the tube circumference. In fact, comparing samples 1 and 3, the ef-
fects of magnetic field on the magnitudes of desorption coefficients and amounts of desorbed gas
at 102 photons/m are not large and are arguably less than what could be expected from sample-
to-sample variation. Switching the field momentarily off during the magnetic field experiment
resulted in a 10-20% increase in the magnitude of desorption coefficients. Similar results have
been obtained in warm-tube experiments at the Budker Institute of Nuclear Physics (BINP).?
The conclusion of this experiment is that photodesorption experiments without magnetic field
are adequate for simulating accelerator conditions with magnetic field. A corollary is that the
photoelectrons leaving the directly illuminated strip are not responsible for the bulk of the
desorbed gas.

Following the experiment reported as sample 2 in Table 4, the tube was rotated 140°
under vacuum and again exposed to photons. The magnitudes of initial desorption coefficients
after rotation indicated a conditioning equivalent to approximately 25% of the integrated flux
in the original orientation.

3.2. Cryogenic Fzperiments
3.2.1 The CDG Ezperiments

The first photodesorption experiments at LHe temperature were done during the Cen-
tral Design Group (CDG) era (1984-89) of the SSC by the authors of References 16 and 17.
Figure 4(a) shows a schematic of the apparatus of Reference 16. A 4.1-m length of 32-mm-ID
beam tube in an LHe cryostat was exposed to synchrotron radiation from the BNL NSLS UV
ring, with critical energy 251 and 478 eV and angle of incidence 9.3 mrad. The photon beam
could be modulated by a beam chopper that produced ~ 3.5-ms-wide pulses. An interesting
arrangement of residual gas analyzer (RGA) detectors was used in this experiment; a schematic
is shown in Figure 4(b). Each RGA is arranged in a molecular beam detector fashion; the ionizer
intercepts a stream of molecules leaving a hole in the beam tube and measures the density of the
stream in a single pass. This type of detector requires close coupling to the beam tube in order
to get adequate sensitivity. The RGAs could be moved out of the molecular streams to correct
the data for the background density of molecules that have equilibrated with the walls of the
ionizer. The ratio of molecular density in the beam tube to the density in the stream passing
through the RGA depends only on geometry and is independent of the molecular velocity and
gas species. As a consequence, this ratio can be conveniently measured with room-temperature
gas. The authors of Reference 16 did this for H; (154), He (103), N2 (93), and Kr (72), and
reported the values given in parentheses. Monte Carlo calculations gave a value of 78. The
density ratio shouldn’t depend on mass; the factor-of-two higher value for H; than for Kr and
the Monte Carlo calculation were not considered to be a significant disagreement outside the
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bounds of measurement accuracy. To be conservative the authors of Reference 16 used a density
ratio of 150 to infer beam-tube densities from the RGA densities. Although density is measured,
the authors of Reference 16 consistently report beam-tube pressure in units the same density
would have at room temperature.
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Figure 4. CDG cold tube photodesorption apparatus:!® (a) cryostat, (b) detectors.

Four types of information are available from the experiment shown in Figure 4:

1. photodesorption coefficients of Hy, CO, and CO, versus integrated photon flux with the
beam tube at room temperature;

2. beam tube density (mostly Hy) versus integrated photon flux with the beam tube at 4.5 K;
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3. axial profile of the RGA H, signal as the edge of the photon beam is moved across the
detector;

4. time decay of the chopped RGA Hj signal.

Stainless steel and electrodeposited stainless steel tubes were investigated and found to have
essentially the same behavior. The photodesorption coefficients of tightly bound gas were not
measured in beam tube geometry. Rather they were measured in open geometry with samples
cut from the beam tube. The open geometry experiments are reported in Reference 17. There
was a systematic tendency for the Hy photodesorption coefficients at 4.5 K to exceed the values
at room temperature by a factor ~ 2. This is perhaps not significant due to the experimental
difficulties, and for purposes here we will ignore this difference. The maximum integrated photon
flux in the CDG experiments was ~ 102! photons/m, corresponding to a day of SSC operation
at design intensity.

We now present an analysis of the CDG experimental data for H; in terms of the param-
eters of our vacuum model. Figure 5 shows the room-temperature photodesorption coefficients
measured with a copperplated beam tube.’® The H, data for 10° < T < 10#! photons/m are

reasonably well represented by
Y P - 0.017

—F'ﬁ t
)
where Ty = 101 photons/m. Equation (52) is plotted as the dashed line in Figure 5. The other

gases, CO and CO,, have similar power law dependence on integrated photon flux but lower
magnitudes.

7 (Hz) = (52)

10—1: [ L lIIlIIl ) llllllll I Illlllll I llllllll ) =
N - !
= Hz ~ — .
\\
10-2 co —
2 < E
108 3
1 . § || IIIIII‘ L1 IIlllII L1 lllllll 1t llJIIIl 11 111t
1017 1018 1019 1020 1021 1022
Accumulated dose (photons/m)
TIP-05744

Figure 5. Room-temperature photodesorption data from the CDG experiment.®
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Figure 6 shows the time behavior of the chopped H; pulse recorded by the RGtA; the

0 -= .
1/e decay time is 7 = 0.235 ms. From Eq. (13), Van = —0y,Syn, so n(t) = n(0)e 7 with
T= 2_a Inserting the decay time and ¢ = 1.6 cm we obtain 7,5 = 1.36 x10* cm/s. Information

Owl
on the sticking coefficient can be gotten from the decrease in beam tube density as the edge of

the photon beam is moved across the detector. If we let z = 0 be the edge of the photon beam
with I' > 0 for z < 0, and I' = 0 for z > 0, the solutions to Eq. (13) are

(m+7)0 (1 }
— —5er |, @< 0 (53)
. T
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_ 1 54
n —~ 5¢ , >0, (54)
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Figure 6. Time spectrum of an RGA H, signal from the CDG experiment.34

Measurements of the spatial profile of the H, density at the edge of the photon beam are
given in Figure 7 of Reference 16. The data can be fit with A = 6.75 cm, corrected for smearing of
the photon edge by the horizontal width of the electron beam in the BNL UV ring. Inserting this
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into the equation for A and with beam tube radius a = 1.6 cm, we obtain o, = 0.075. Returning
to the result from the decay time of the chopped H, signal, we then obtain for the mean speed
of the dynamic component of beam tube density = 1.36 x 10*/0,, = 1.8 x 10° cm/s. This
corresponds to an effective temperature T ~ 300 K, far higher than molecules in equilibrium
with the beam tube.

' We now turn to the determination of 7', the desorption coefficient of physisorbed Ha.
Figure 7 shows a typical plot of the dynamic H, density versus integrated photon dose with
the beam tube at 4.2 K.3* The density is expressed in room temperature T = 294 K pres-
sure units and normalized to the photon flux in units of 2 x 10** photons/m/s. Compared
to room-temperature photodesorption experiments, the most striking thing is that the beam
tube pressure is increasing with integrated photon flux, presumably due to the accumulation of
physisorbed hydrogen. If we assume 7’ > 71, which will be justified e posteriori, then according
to Eq. (26) the dynamic density increase, An, normalized to the photon flux is

7 !
él"_ - Ui 770('3/'87"3') To 77r (55)

T OwSu OuwSw  OwSw AwSm

and the data in Figure 7 can be used together with the measured o,, and ¥ to obtain estimates
of n' versus mtegra.ted photon flux T'. For example, for the data point at I' = 5 x 10%° pho-
tons/m we obtain 7' = 0.34 H; molecules/photon, alarmingly large compared to the tightly
bound desorption coefficients in Figure 5 and Table 4. It is clear that something quantitatively
different from desorption at room temperature is taking place. To proceed further, the tightly
bound desorption coefficient given by Eq. (52) can be used to calculate the surface density s
of physisorbed H; as a function of I', assuming negligible axial diffusion. The data can then
be used to estimate 7} according to the last expression given in Eq. (55). This is an indirect
procedure since the surface density was not measured in the experiment, but it is interesting to
see what happens. The parameter 5}, can be estimated from a single data point, and then n/ r
can be plotted versus I’ to see how well it reproduces the trend of increasing pressure with T'.

Using a normalization monolayer surface density s,, = 3 x 10'® Hy/cm?, the dashed line drawn
in Figure 7 is for gy = 0.3, and the agreement with the data is not too bad for the “first cycle”
except at the first data point at I' = 108 photons/m/s. A similar analysis of another data set
gave gy = 0.7. The message here is that the desorption coefficient of physisorbed H, ca.n be
very large, of the order of 0.5 H, molecules per incident photon as s, = 3 x 101® Hy/cm? is ap-
proached. Further discussion of the implications of this data are deferred until Section 6, where
we describe model calculations of beam tube vacuum. However, we note the remarkable fact
that from this first experiment we have most of the parameters required by the model equations
in Section 2 for predicting beam tube vacuum performance for Hy: 5 (= 71 + 92), ', 0w, and .
What is missing is information on the H, isotherm and data for long-term exposures to photon
flux.
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Figure 7. Dynamic H, pressure versus integrated photon flux for the CDG experiment.34

3.2.2. The BINP Ezperiments

The second series of cold beam tube photodesorption experiments was initiated in 1991
following an important and influential re-examination of the expected vacuum behavior of the
SSC by A. Maschke.? The experiments were done as a collaboration between the SSCL and
BINP in Russia. Several recent reports have been written on this work.3-%° A schematic
of the apparatus is shown in Figure 8. The experiments were performed on a synchrotron
radiation beamline of the VEPP2M electron-positron storage ring at BINP. Electron beam
energy and current were set to produce the photon-critical energy and intensity of the SSC
(284 eV, ~ 10'® photons/m/s). A second synchrotron radiation beamline was constructed with
approximately eight times higher intensity for high integrated flux experiments. So far two types
of experiments have been done: the first with a simple beam tube (for measurement of 7) and the
second with a perforated liner configuration (for measurement of ). The simple beam tube and
the bore tube liner were 1-m-long sections of electrodeposited Cu on stainless steel (ID = 32 mm,
OD = 34.9 mm, Cu thickness = 70 mm). The liner was perforated with 600 2-mm-diameter holes
spaced 1 cm axially and 60° azimuthally. 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 tube were in turn welded into a horizontal LHe cryostat (~ 201 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. The estimated
temperature rise at the center of the liner is 5-10 K above the LHe temperature when exposed
to a photon intensity of 125250 mW /m .
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Gas densities were measured with calibrated rf quadrupole 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
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 jon and titanium sublimation pumps.
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Figure 8. Schematic of the BINP apparatus for cold beam tube photodesorption experiments.3°

The 77-K portion of the RGA viewing tube allows only cold-tube measurements of the
photodesorption coefficients of Hz and CO. It is planned to modify the viewing tube so that it
has a temperature of 294 K along its entire length, and cold-tube photodesorption data will also
be available for CO, and CH,.

In contrast to the CDG setup in Figure 4(b), the RGA is not closely coupled to the
beam tube, and the molecules make many wall collisions before reaching the ionizer. Assuming
equilibration of molecular fluxes between the room-temperature RGA (RT = 294 K) and the
cold beam tube (BT), we have: nprPpr = npropr. The RGA measures ngr, and we may
assume the molecules inside the RGA ionizer have had a large enough number of wall collisions
that their velocity distribution is in equilibrium with room temperature (orr = 1.8 x 10° cm/s
for Hy). The RGA measurement in the BINP experiment is then equivalent to a measurement
of the product of density and mean molecular speed inside the cold tube. Although the cold
beam tube density isn’t measured directly as with the CDG setup, there is a gain in the sen-
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sitivity, which is proportional to the density ratio, S = — = For the CDG case this
1 1 nBT ORr
ratio was S = ™ to T80 For the BINP experiment this ratio depends on the density com-

ponent. For the H, isotherm density the mean molecular speed corresponds to T' = 4.2 K and
S = 8_ For the photodesorbed molecules, the mean thermal velocity from the CDG experi-

ment is Dgr = 1.8 X 10° cm/s, and from a recent experiment at BINP oy = 8 x 10* cm/s,*° and
S = 0.5~1. The determination of the mean thermal velocity at BINP was accomplished with a
hydrogen-ion beam method of direct density measurement inside the cold beam tube, described
briefly in Section 7.1.

The BINP experimental measurements of photodesorption coefficients in a 4.2-K elec-
trodeposited Cu beam tube (ID = 32 mm, length = 1 m) have been described in detail in a
recent report.3” Here we summarize some of the primary results. In a simple beam tube we have
seen that if the desorption coefficient of physisorbed molecules (%) is large compared to the
desorption coefficient of tightly bound atoms and molecules (%), then the difference density An
with photons on minus photons off is related to 5’ by

7T = awAwZ—An . (56)

Therefore, since % * An is conserved between the beam tube and RGA, the RGA measurements
are equivalent to a measurement of %'/o,. The photodesorption coefficient 7’/o,, for 4.2-K
physisorbed H; is shown versus integrated photon flux in Figure 9(a). The isotherm density was
measured separately with the photons gated off (see discussion in Section 4.1). This has been
used to infer the surface density of physisorbed H, and 7'/o,, versus s in Figure 9(b). The data
are reasonably well represented by a linear dependence: ' = n{(s/sn,) with 55/oy, = 7.0 £ 1.5
and s,, = 3 x 10'° Hy/cm?. It is impressive how large 7’ can be for reasonable estimates of o,
(say, oy = 0.075, ny = 0.5). Changing to the liner configuration, the photodesorption coefficients
for the tightly bound molecules at LHe temperature are related to the density by

al = pNhAhz—n, (57)

where the transmission probability p = 0.59, N, = 600 holes/m, and A; = 0.017 cm?. Com-
pared to Eq. (56), the known transmission coefficient takes the place of the sticking coefficient,
and since once again 7*n is conserved between the beam tube and RGA, the RGA measurements
are equivalent to a measurement of 7. The tightly bound photodesorption coefficients for H,
and CO measured this way are given in Figure 10 up to a photon flux of 10?2 photons/m. Data
are shown for 4.2-K and 294-K experiments. The photodesorption coefficients of tightly bound
molecules in Figure 10 show an overall trend of decreasing with increasing photon exposure at
room temperature and at 4.2 K. The room-temperature coefficients appear somewhat larger than
4.2-K coefficients. However, except for what appear to be initial temperature-dependent tran-
sients that are most apparent in CO in Figure 10, more careful experiments would be required
to determine if this is a real effect or is due to other differences between the experiments. The
two experiments were done with different samples of beam tube, and the room-temperature
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data was taken in the high-intensity beamline with eight times higher photon intensity than the
4.9-K data. The total numbers of desorbed molecules are estimated by integrating the desorp-
tion coefficients over the measured range of integrated photon flux I' = 10%* photons/m: for
the 4.2-K data, 1.1 x 10 H,/m and 9.2 x 1017 CO/m; for the 294-K data, 3 x 10'° H,/m and
5 x 10® CO/m.
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Figure 9. Photodesorption coefficient 7' /oy, for physisorbed Hz measured at BINP versus (a) integrated photon
flux, (b) surface density of physisorbed Hz.3”
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Figure 10. 7(H2) and n(CO) versus integrated photon flux for electroplated Cu. Data are shown for 4.2-K and
294-K experiments.3”

For a simple 4.2-K beam tube without a liner, we can estimate the transition photon flux I'

when the photodesorption of physisorbed H, molecules dominates photodesorption of iilghtly
F oy . wsm

bound molecules. Since 7' = 7; (ss ) ~ 7 ( s ) the condition 7 = 7’ yields T’ = T
We note that this estimate of themmtegrated ﬂug at which photodesorption of phy31sorbed
molecules surpasses tightly bound molecules is independent of the magnitude of 7. Inserting
numbers, 7, = 0.5, A, = 1005cm?/m, and s,, = 3 x 10'® H,/cm?, we obtain the transition
flux T' = 6 x 1018 photons/m For the experimental conditions I' = 1 x 10® photons/m/s,
the transition time is ~ 10 min. Dominance by photodesorption of physisorbed molecules
in a simple beam tube at LHe temperature occurs very quickly after the first exposure to
photons. The surface density of physisorbed H, at which the transition occuI1;s is a small fraction
of a monolayer and actually depends on the magnitude of 7: 2= A:],,s = 0.008 for the

3m m

initial 7(Hz) = 4 x 1073, The fact that the transition occurs so early in time justifies neglecting
axial diffusion and assuming 7 is constant in this analysis.

For the case of the liner experiment we can use Eq. (38) to estimate the surface density
of H, physisorbed on the liner:

s Oy A,
Sm ( ) PNhAhn = 1297

= 0.05 for p=4x10"3
= 0.005 for n=4x10"". (58)
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In Figure 11 we have plotted the cumulative and differential photon fluxes required to
desorb successive monolayers of H, (one monolayer = A,sm = 3.1 X 10*® Hy/m) for 4.2 K and
294 K; more data are shown for 294 K because that experiment was continued to 2 x 102 pho-
tons/m. The differential data give the integrated photon flux required to desorb each successive
monolayer, and the cumulative data give the total flux required to desorb N monolayers. Since
the time to form an H, monolayer is an upper bound on the beam tube warm-up interval for
a proton collider with a simple beam tube, this information is crucial for deciding the issue
of liner or no liner for a collider such as the SSC. On the other hand, if a liner approach is
adopted the information is necessary to estimate the required capacity of H, cryosorber unless
the cryostat operating temperature is so low that the saturated vapor pressure of Hj is not a
concern, as in the LHC. The 4.2-K data in Figure 11 show that the first monolayer is desorbed
with the equivalent of 1.4 days’ integrated photon flux, and by the fourth monolayer this has
increased to 7 days. Simple extrapolation of the trend of the data indicates that between 10 and
20 monolayers would be desorbed before reaching the level of one monolayer per operational
year (2 x 102 photons/m). Since this conditioning process would restart each time a section of
the beam tube is replaced, this would seem to be an unacceptable burden on machine operation.
Perhaps a better beam tube material or conditioning procedure can be found that reduces the
desorbable H,. Several suggestions have been made. The experimental machinery is now in
place to carry out comparative studies of such options. Of course this problem is avoided if
a liner approach is used. This point was demonstrated in the experiments measuring the des-
orption coefficients in Figures 9 and 10; a liner was shown to effectively shield the cryosorbed
molecules from the synchrotron radiation.
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Figure 11. Number of monolayers of Hy desorbed from electrodeposited Cu versus cumulative and differential
integrated photon flux. Data are shown for the 4.2-K and 294-K experiments.38
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Before leaving this section we would like to discuss a simple calculation of the H; molecules
bouncing off the beam tube wall and slowing down until they stick. In this model the stick-
ing coefficient is 0 for all wall collisions except the last, and then it is 1. For a sticking co-
efficient 0, = 0.075 averaged over all collisions, the molecules make on the average about
N = 13 collisions with the wall before sticking. If they are born with energy Ey and lose half
their energy on each collision with the wall until they stick, then the mean speed can be shown
to be

(59)

V=

21/2 — 1 (2E0)1/2

2§21 \m

Inserting N = 13 and o = 8.0 x 10? cm/s gives an initial energy Eo, = 1.9 €V and an energy at
sticking Eo/2N = 2.7 K, which seem to be in reasonable ranges.

3.2.8. Comparison of CDG and BINP Ezperiments

In this section we compare the BINP and CDG measurements of %’ and 7 at 4.2 K for H,.
If we take o, = 0.075 from the CDG data, then the BINP experiment gives 53 = 0.5 £ 0.1,
which is in the middle of the range of 0.3-0.7 estimated for CDG data in Section 3.2.1. So
the two experiments are consistent for the photodesorption of physisorbed H;. We now turn
to comparison of desorption coefficients of tightly bound H; at 4.2 K, measured in the CDG
open sample geometry experiments in Reference 17 and in the BINP quasi-closed beam tube
liner geometry. There are legitimate reasons for questioning the validity of a comparison of
photodesorption coeflicients measured in open sample and beam tube experiments, including:
(1) diffusely scattered photons contribute significantly to desorption from a beam tube surface
but not from an open sample; (2) the detailed profiles of surface illumination intensity may vary
greatly; (3) photon impact may create active pumping sights for tightly bound molecules; and
(4) desorption coefficients for open samples are presented as a function of photons per unit area,
whereas beam tube experiments use photons per unit length. Nevertheless we will compare the
photodesorption coefficients of Figure 10 to the open sample results of Reference 17, assuming
the beam tube is uniformly illuminated. With this assumption 102! photons/m is equivalent to
10'® photons/cm?; this same assumption was made in Reference 17 for comparing 4.2-K and
room-temperature open sample data to room-temperature beam tube data in Reference 16.
From Figure 10, 7 (H;,4.2 K) = 2.5 x 103 at 10?! photons/m. From Figure 6 in Reference 17,
an average over three open samples gives  (H,4.2 K) = 3.8 x 1073 at 10® photons/cm?. The
two results are within a factor of two; given the very different approaches, this is perhaps as
good agreement as could be hoped for.

4. Some Related Vacuum Experiments
4.1. The Hydrogen Isotherm

In order to predict the behavior of the H, isotherm density in Eq. (26) we need to know
the isotherm density as a function of the surface density of adsorbed H,. The 4.2-K H, isotherm
density measured at BINP is shown in Figure 12 for an electrodeposited Cu beam tube.®8
The data were obtained with the same cryostat used for the photodesorption experiments of
Figure 8, but with an additional small-diameter, perforated dosing tube inserted along the axis
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of the beam tube. For the data shown, the H, dosing rate was 2.6 x 10'2 Hy/cm?/s, and the
duration of the entire experiment 2.9 x 10° s. A background density 5.0 x 108 Hp/cm® has
been subtracted from the raw data. The isotherm density increased to 4 x 10® Hy/cm® at
adsorbed surface density 2.3 x 10'® H,/cm? and then increased over three orders of magnitude
to reach a density ~ 1.4 x 1012 H,/cm® at adsorbed surface density 7.6 x 10'® Hy/cm?®. The
experimental data in Figure 12 are reasonably well represented by the BET Eq. (15), with
monolayer density s,, = 3 X 10%® Hy/cm?, saturation density ne (4.2 K) = 2.0 x 102 Hy/cm®,
and a = 1.3 x 10%. The isotherm vapor density reaches 4 x 101° Hz/cm?, the local density limit
allowable for the SSC design, in the neighborhood of the surface density sm = 3 x 10*® Hy/cm?.
The dosing tube was removed prior to photodesorption experiments.
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Figure 12. H, isotherm density versus surface density on electrodeposited Cu.38

It is interesting to use the parameters of the BET equation plotted in Figure 12 and the
photodesorption measurement of 7’ in Figure 9 to estimate the sojourn times given by Egs. (16)
and (34). We will assume the sticking coefficient o7, = 1 for a thermalized H; molecule at 4.2 K
with mean speed 7; = 2.1 x10* cm/s. For the other parameters we take 75 = 0.075x 7.0 = 0.525,
Ay = 27(1.6)(100) = 1005 cm?/m, I' = 106 photons/m/s, and s, = 3 x 10'® Hy/cm?®. These
values correspond to the BINP cold-tube experiments and the anticipated operation of the SSC.
The results for 72, 777 and the reciprocal sum 7,, are given in Figure 13. The photodesorption
sojourn time is plotted beyond its known range of validity, but the generalized sojourn time is
dominated by thermal desorption in that range anyway. At low surface coverage the sojourn time
is dominated by photodesorption and is ~ 500 s; as the surface density builds up the thermal
desorption time decreases and dominates as one monolayer is approached. At one monolayer
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s = 3 x 10% H,/cm?, the sojourn time is ~ 30 s. The sojourn time continues to decrease,
reaching a broad minimum ~ 1 s at s = 2s,, = 6 X 10'® Hy/cm?, and then slowly increases with
increasing s.
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Figure 13. H, sojourn time versus surface density.

The sojourn times have been used to calculate the axial diffusion times (Eq. (30)) for
beam tube lengths of experimental interest: L = 1 m (photodesorption experiment), L = 5 m
(superconducting quadrupole magnet), L = 15 m (superconducting dipole magnet), and L =
90 m (length of a half cell of the accelerator lattice). Results are shown in Figure 14, where
the physical parameters are the same as for Figure 13. The axial diffusion times decrease
rapidly by a factor of ~ 35 in the neighborhood of one monolayer due to the large decrease in
the thermal desorption sojourn time. This factor is less than the decrease in sojourn times in
Figure 13 because the scaling factor L2/)? has a sticking coefficient in it that has been taken to
be 0.075 for photodesorbed H; and 1.0 for thermally desorbed H,. Since for an L = 1 m beam
tube the initial axial diffusion time is ~ 4 h and is short compared to the duration of the
photodesorption experiments, it is clear that the effects of axial diffusion will be noticeable.
This has been discussed together with the experimental data in Reference 37 and will be visited
again in the model vacuum calculation in Section 6. For the actual accelerator components the
vacuum conditions inside the beam tube are isolated from the ends for very long times: ~ 4 days
for a 5-m quadrupole, ~ 40 days for a 15-m dipole.
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Figure 14. Axial diffusion times in beam tubes with length L =1 m, 5 m, 15 m, and 90 m.

4.2. The Hydrogen Depth Profile

The 294-K H, photodesorption data in Figure 11 indicate approximately 20 monolay-
ers/m (1.8 Torr-1/m) of H, desorbed at 2 x 10% photons/m. The source of this H; is a question
of obvious interest. A first step in answering this question is to obtain the hydrogen depth
profile of the surfaces we have studied.*! Such profiles have been obtained using nuclear reaction
analysis (NRA) at the State University of New York (SUNY)-Albany Accelerator Laboratory.
The particular reaction used is N + H — *?C 4 *He + v (4.43 MeV). This reaction has a
narrow resonance (width I' = 1.8 keV) at E; = 6.4 MeV, which is particularly effective for
depth-profiling surface hydrogen density. A sample is irradiated with a monoenergetic N beam
and the 4-ray intensity at 4.43 MeV is measured with a bismuth germinate (BGO) scintillation
detector. The depth profile is obtained by scanning the energy of the 15N beam. The samples
irradiated have been cleaned with the standard cleaning procedure used for the photodesorption
experiments. Figure 15 shows the hydrogen depth profile results for the Silvex electrodeposited
Cu and, for comparison, for high-purity Hitachi 10100 bulk Cu (the last entry in Table 4). Both
samples show a sharp peaking of hydrogen density ~ 4 x 1022 H/cm?® in a surface layer approxi-

mately 100 A thick decreasing to a density ~ 1-2 x 10%° H/cm® in the bulk material. Compared
to the bulk Cu atomic density 8.5 x 1022 Cu/cm3, the fractional atomic percent of hydrogen is
0.1-0.2% below the surface layer. The observed thickness of the surface layer may be limited
by the. spatial resolution of the profiling method. Consequently the actual thickness may be

less than ~ 100 A and the H/cm? within the surface layer higher than shown in Figure 15.
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However, the surface H/cm? obtained by integrating through the peak is given correctly. The
surface densities obtained by integration are 2.3 x 10'® H/cm? for the Silvex electrodeposited
Cu, and 2.6 x 10*® H/cm? for the Hitachi 10100 high-purity Cu. Considering the very different
manufacturing processes for these materials it is perhaps surprising how similar these results
are, even in the bulk material far below the surface.
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Figure 15. Depth profile of hydrogen in Silvex electrodeposited Cu and Hitachi 10100 high-purity bulk Cu.*!

Photodesorption data at room temperature have previously been obtained for both
of the materials investigated in Figure 15 up to an integrated photon flux I' = 10%® pho-
tons/m (Table 4 from Reference 20). It is interesting to compare the amount of photodesorbed
hydrogen with the hydrogen surface densities measured with nuclear reaction analysis. This is
done in Table 5. The photodesorption experiments measure an amount of molecular hydrogen
desorbed per meter length of beam tube. To convert this to an amount of Hy/cm? that can
be compared with the NRA analysis, we have simply divided by the beam tube area per me-
ter (= 1005 cm?/m), ignoring the question of the uniformity of photodesorption. Two things
are notable in Table 5: (1) the photodesorption and NRA data separately show similar results
for Silvex electrodeposited Cu and Hitachi 10100 Cu, and (2) the amount of hydrogen in the
surface layer measured with NRA analysis is a significant fraction (0.35-0.5) of the hydrogen
photodesorbed by 1022 photons/m. The depth-profile results reported in Reference 41 and the
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photodesorption experiments of a more extensive list of materials in Reference 20 suggest that
all the materials investigated have a similar hydrogen-rich surface layer that is acquired during
exposure to atmosphere and the cleaning process.

Table 5. Comparison of the 294-K photodesorption yield of hydrogen with the NRA analysis of hydrogen surface
density.

Photodesorbed molecular | NRA surface density
Material : hydrogen (H,) at of protons (H)
I' = 10% photons/m
Silvex elec. Cu 1.0 Torr I/m H, 2.3 x 10* H/cm?
3.3 x 10 Hy/cm?
Hitachi 10100 Cu 0.8 Torr 1/m H, 2.6 x 10 H/cm?
2.6 x 10'® Hy/cm®

»

4.8. Sticking Coefficients

Knowledge of the molecular sticking coefficients oy, in Eqgs. (13) and (14) is essential
to understanding the dynamics of beam gas density. An apparatus has been assembled at
BNL using photoelectron emission spectroscopy to measure sticking coefficients.*?> Synchrotron
light from a monochromator (photon energy = 170 V) illuminates a surface, and the intensity
and energy spectrum of photoelectrons are measured with a hemispherical electrostatic energy
analyzer and channeltron detector. The sample is attached to a continuous-flow LHe cryostat
and has a temperature of 4-5 K. Dosing gas is admitted to the vacuum chamber through
a variable-temperature nozzle that can be directed at the sample surface. It is planned to
vary the temperature of the nozzle from 294 K to 40 K; the first measurements reported in
Reference 38 are at 294 K. The surface that has been investigated so far is a clean evaporated

50-100 A Cu film; once this is understood, similar studies will be made with technical beam
tube surfaces.

Figure 16(a) shows photoelectron energy spectra from the clean 4-5 K Cu surface and
after a dose of 7.4 Langmuirs (L) of H (1 Langmuir = 1 x 107¢ Torr-s = 1.45 x 10 H,/cm? at
294 K). The clean surface shows a sharp peak due to photoemission of Cu 3d electrons and a flat,
continuous, inelastic electron spectrum from the Cu 3d peak to higher binding energies. The
spectrum after exposure to 7.4 L of H, shows an enhancement of the continuous spectrum below
—15 eV due to inelastic scattering on hydrogen. The data in Figure 16(a) have been normalized
to the same Cu 3d intensity. The absolute intensity of the Cu 3d peak actually decreases due to
scattering in the adsorbed gas layer, and it is this decrease in intensity that is used as a measure
of the hydrogen surface density. An example of this is shown in Figure 16(b); the electron
energy analyzer has been tuned to the Cu 3d feature, and the intensity plotted versus H, dose.
A linear decrease in intensity is observed at 0-2.3 L; beyond 2.3 L the intensity is flat, indicating
no further adsorption of Hy. We interpret this as the adsorption of one monolayer of Hy; the
flattening occurs because the vacuum pressure is well below the saturation density of the H
isotherm. An estimate of the sticking coefficient is readily obtained from a simple flux balance:
Ow X 2.3 x 1.45 x 10*® = s, or 0y, = 8,,/3.34 x 10*® ~ 1 for 294-K H, on a 4-5-K “clean” Cu
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surface. We don’t actually know the monolayer H, density for the evaporated Cu surface used for
this experiment, but if it is similar to what we have measured for an electrodeposited Cu beam
tube, then the sticking coefficient implied by the data in Figure 16(b) is close to unity. However,
the enhancement of the H, density over the substrate due to the formation of a gas jet by the
doser has been neglected. In an identical experiment using CO (assumed to have unity sticking
coefficient at 4 K), the enhancement factor was found to be about 10. This would reduce the
estimated sticking coefficient for 294-K H, to approximately 0.1, a value in reasonable agreement
with sticking coefficients derived from H; and D; molecular beam experiments on LHe-cooled
Cu(100)*® and the value 0.075 deduced from the CDG experiments.
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Figure 16. (a) Photoemission electron energy spectra on a 4-5 K clean Cu surface exposed to Hy dosing;
(b) attenuation of the Cu 3d photoelectron intensity versus Hp dose.3®
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5. Liner Vacuum Conductance and Impedance

The vacuum performance of a liner is defined by the conductance of the perforations. If
the perforations are taken to be circular holes with diameter d in a wall with thickness ¢, the
conductance per unit length is given by

_ (T 2
C= (16)pthv, (60)
where N, is the number of holes per unit length, % is the mean molecular speed, and p = p(t/d) is
the Clausing hole transmission probability. The holes increase the impedance seen by the beam
compared to a smooth-wall beam tube and must be chosen to allow adequate safety margins for
single-bunch instabilities. Below the cutoff frequency of the beam tube (~ 5 GHz) the transverse

and longitudinal impedances of circular holes are given by*4*®

. ([ 4\ ZoRNp,&®
ZTholes = 1 (3‘;) i (61)
ZL,holea _ D 2
n - SR ZT,holes ) (62)

where D is the diameter of the liner, 27 R is the liner circumference, Z, = 377 2, and g = ¢(¢/d)
is the thickness correction worked out by Gluckstern.®® These expressions for the impedance of
holes are in good agreement with experimental measurements and computer simulation.*®4? The
two thickness-dependent factors are plotted as functions of the ratio of thickness to hole diameter
in Figure 17. The Clausing transmission factor decreases monotonically and rather slowly, while
the impedance correction factor of Gluckstern initially decreases sharply with thickness and
then reaches a thickness-independent asymptotic value g = 0.562 for t/d > 0.625. Since the
hole impedance for constant conductance decreases linearly with the diameter d of the holes,
minimizing the impedance pushes one to the smallest possible diameter holes. Meanwhile, the
liner must be thick enough to withstand the forces induced by a magnet quench; for electroplated
Cu on the inside of a stainless steel tube, ¢ ~ 1 mm is required.*® Practically, a hole diameter
must be chosen so the number of holes does not become excessive; going from d/t =2 to d/t =1
would require increasing the number of holes by a factor 5.2 to keep the conductance constant.
Consequently, we provisionally choose d/t =2, ¢ = 1 mm, d = 2 mm, p(¢/d = 0.5) = 0.67, and
g(t/d = 0.5) = 0.56 as working numbers.

An effective way of decreasing the hole impedance while holding the conductance constant
is to use rounded-end longitudinal slots instead of circular holes. For thin, rounded-end slots
Kurrenoy has derived the interesting result that the impedance approaches a constant value
independent of the length of the slot and equal to 1.6 times the impedance of a circular hole with
diameter equal to the width of the slot.*® In addition, the Clausing factor increases, requiring
less hole area for a given pumping speed. Very long slots, however, have the disadvantage of
radiating high-frequency, long-term wakefields, so a slot length-to-width ratio ~ 3 seems to be
an optimal choice. The thickness correction analogous to the Gluckstern factor in Figure 17
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for circular holes has not been worked out for slots. However, Kurennoy states that it seems
reasonable that the relative impedance ratio of thick slots to thick circular holes should be the
same as for the thin case, with accuracy 10-20%.
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Figure 17. Clausing and Gluckstern hole-thickness correction factors versus the ratio of hole thickness to diameter.

In Figure 18 we have plotted the transverse and longitudinal impedances versus the
fraction of wall area covered by holes in a liner. Cases with circular holes and rounded-end
slots are shown, and the liner impedance has been added to the impedance of the rest of the
accelerator beam-tube structures for the particular case of the SSC. The diameter of the circular
holes and rounded slot ends has been taken to be d = 2 mm, the inside diameter of the liner
is D = 32 mm, the liner circumference is 2r R = 70.4 km, and the liner thickness has been taken
to be t = 1 mm. For the slot case, the slot length has been chosen to be 3d = 6 m, and the
impedance is reduced to 40% of the circular hole case, assuming the same hole area fraction.
For the liner with circular holes (rounded slots) and a hole area fraction of 0.10, the transverse
impedance of holes is 24.5 (9.8) M{)/m, and the total transverse impedance has increased from
23.8 MQ/m for a beam tube of the same diameter without a liner to 48.3 (33.6) MQ/m, a
factor of 2.0 (1.4). Furthermore, since the effective beam tube diameter would be larger without
the liner, the real impedance increase is closer to a factor of 3.6 (2.5). These results favor the
use of rounded slot-type holes and a hole area fraction no more than a few percent. Vacuum
performance of such a liner is estimated in Section 6.

In addition to the low-frequency impedances below beam tube cutoff (~ 5 GHz), there
have been concerns about TEM waves propagating in the annular region outside the liner,
high-frequency wakefields and resonances occurring near or above the cutoff frequency,*” and
trapped modes just below the cutoff frequency. Chou and Barts?” have studied the TEM mode
with MAFIA and found no significant coupling between the inside and outside of a liner up
to 30 GHz. They concluded that the impact of the coaxial structure on liner impedance was
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negligible. If a regular pattern of holes is adopted, resonances related to the hole spacing have
been observed in computer simulations. Randomization of the hole spacing and size suppresses
the resonances to negligible levels and is recommended to avoid high-frequency resonances and
trapped modes for an actual accelerator.”** Walling recently extended liner impedance mea-

surements to frequencies above the beam pipe cutoff and found reasonable agreement with the
MAFIA calculations.®
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Figure 18. Transverse (a) and longitudinal (b) impedances versus the fraction of wall area covered by circular
holes and rounded slots.

6. Model Vacuum Calculations

In this section we will present numerical solutions to the model equations in Section 2,
using the experimental data described in Sections 3 and 4 to fix values of the various parameters.
For the specific calculations we will generally assume the conditions representative of the SSC:
I' = 1 x 10 photons/m/s, photon critical energy 284 €V, beam tube radius = 1.6 cm, and
magnet cryostat temperature = 4.2 K. Calculations are first presented for a simple beam tube
and then for a liner configuration. Because of the absence of data on the photodesorption
coefficients of physisorbed gases heavier than H,, the simple beam tube calculations are done
only for H,. For the liner in steady state we need only the photodesorption coefficients of
tightly bound molecules, and we will include CO because this data is available from the BINP
experiments. Usually we will refer to the liner as being fabricated from stainless steel tubing
with copper plating on the inside surface, since that is the case that has been most discussed
and for which the most data exists. However, aluminum has also been discussed as a possibility
and may have some fabrication advantages.’?>®
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6.1. Simple Beam Tube

Figure 19 shows a calculation of the H, density versus integrated photon flux in a simple
beam tube exposed to the synchrotron radiation intensity of the SSC. The solid line is for a
tube of infinite length and represent a solution of Eq. (26). The three density components of the
infinite-length solution are labeled (1) for the photodesorption of tightly bound hydrogen, (2) for
the photodesorption of physisorbed Hj, and (3) for the H, isotherm. The uppermost solid curve
is the sum of the three components and isn’t labeled. The integrated photon flux shown in Fig-
ure 19 extends from 10'° photons/m to 10%? photons/m, corresponding to 16.7 min to 11.6 days
of operation at the SSC design intensity of 101® photons/m/s. For the photodesorption of tightly
bound hydrogen we have assumed photodesorption coefficients 7; = 5, = constant = 2 x 1073
for simplicity of illustration. These correspond to the initial magnitude of 4.2 K photodesorption
coeflicient in Figure 10. The calculation began at I' = 0 photons/m, with the surface density of
physisorbed H; set equal to zero. In this simplified calculation with constant 7; + 72, the surface
density of physisorbed H; (Eq. (27)) and the photodesorption coefficient 7’ will increase linearly
with the integrated photon flux. The question arises what to use for the product of sticking

coefficient, o, and ideal wall pumping speed, S, = Aﬂ%, in the denominators of Eq. (26). For

the sticking coefficient of photodesorbed molecules we have taken o,, = 0.075, which is consis-
tent with the CDG experiment® and the photoelectron emission spectroscopy measurements at
BNL.*? Analysis of the CDG experiment gave a value & = 1.8 x 10° cm/s for the mean speed
of photodesorbed molecules. Since this report has been in preparation the new H*/H~ ion
beam experiment at BINP has obtained a somewhat lower value, ¥ = (8 £ 1.5) x 10* cm/s.%°
This experiment is described briefly in Section 7.1; since it gives a more conservative estimate
of the vacuum conditions we will use it in the calculations. We do not make a distinction
between the product of sticking coefficient and speed for the desorption of tightly bound and
physisorbed molecules for the simple reason that there is no experimental information available.
It will emerge from the calculation that except for a very brief period of the order of a few
minutes following initial exposure to photons, the density is dominated by photodesorption of
physisorbed H, until a surface density s = s, = 3 x 10'%/cm? is reached and thermal des-
orption takes over. For this reason it seems likely that the CDG and BINP data for sticking
coeflicient and mean molecular speed apply to photodesorption of physisorbed H,. For the
photodesorption coefficient of physisorbed H, we take pf = 0.525 and o, = 0.075, obtained
/

by combining the measurement T~ 7.0 from the BINP data in Figure 9 with the CDG

Uw
estimate of the sticking coefficient. Finally, for the isotherm density component we take the
BET Eq. (15) with the parameters that are given following the discussion of the BINP data in
Figure 12: a = 1.3 x 10%, monolayer density s,, = 3.0 x 10*® Hy/cm?, and saturation density
Near (4.2 K) = 2.0 x 10 Hy/cm?®. From I' = 1.0 x 10*° to 7.2 x 10% photons/m, the H, density
is dominated by the photodesorption of physisorbed H,. Near I' = 7.2 x 10%° photons/m the
surface density of physisorbed H; approaches a monolayer, and the H; isotherm density becomes
dominant as it rapidly increases over three orders of magnitude. Although the photodesorption of
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tightly bound hydrogen seems to be playing a relatively minor role, it determines the magnitude
of integrated flux that is requried to accumulate a monolayer.
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Figure 19. Hj density versus integrated photon flux for an infinitely long beam tube at 4.2 K; T = 1 x 10'°-
1 x 10?2 photons/m. The individual components shown by the dashed lines are labeled (1) for photodesorption
of tightly bound hydrogen, (2) for photodesorption of physisorbed molecules, and (3) for thermal desorption of
physisorbed molecules. The solid line is the sum of the components.

Even though the portion of the calculation presented in Figure 19 begins at the relatively
low integrated photon flux of 1 x 10'® photons/m, the H, density is already dominated by the
photodesorption of physisorbed Hz, which has reached s = 4 x 10" Hy/cm?, or 1.3% of a
monolayer. Since the calculation was started off with zero physisorbed Hj, as in an experiment
that has just been cooled to 4.2 K before exposure to photons, it is clear that if one looks
at low enough photon exposure there will be a region where the density is dominated by the
photodesorption of tightly bound hydrogen. This region is shown in Figure 20, where the
density of the infinite-length solution and the three components are plotted from I' = 107 to
10% photons/m. Before I' = 2.9 x 10'® photons/m, the dominant density component is due
to the photodesorption of tightly bound hydrogen. The photon flux 2.9 x 10'® photons/m at
which photodesorption of physisorbed H, takes over as the dominant component is determined

Ay
N Zwdm  The H,
. . m+n %o
surface density at this point has reached s = 1.1 x 10*3/cm?, or 0.4% of a monolayer, and at

10'® photons/m/s the elapsed time from the beginning of photon exposure is only 287 s, or
approximately 5 min.

by 7' = 7, or for constant n; and 7, as we have assumed here, T' =

49




1010 1 i III i T LI 1 ¥ Fl

104 1 Lo ] Lol ] L1

1017 1018 1019 1020

Photons/m TIP-05727

Figure 20. H, density versus integrated photon flux for an infinitely-long beam tube at 4.2 K; T = 1 x 1017
1 x 10%° photons/m.

For the calculations in Figures 19 and 20 we have assumed 7; = 72, whereas what we
know from the experiments is the sum 7; + 72, and we don’t know how the photodesorption
of tightly bound hydrogen divides up between that which appears directly in the gas phase as
H; (1) and that which appears first as physisorbed H, on the surface (7). Here we comment
on what happens to the calculations in Figures 19 and 20 if we allow 7; and 7, to vary while
holding the sum 7, + 7, constant. Under these circumstances the surface density of physisorbed
H, and the magnitude of 7’ versus I are unchanged since they depend on 7; + 2. It follows that
the density due to desorption of physisorbed H, and the H, isotherm density versus I' are also
unchanged. All that changes is the magnitude of the density due to photodesorption of tightly
bound hydrogen and its contribution to the total H, density (component 1 in Figures 19 and 20).
With 7; + 52 = constant, as 7; goes to zero this density component vanishes; as 7, goes to zero
it doubles compared to the assumption 7; = ;. This uncertainty will only make a significant
difference to the plot of Hy density versus I' for I' < 10'® photons/m. This suggests that a way
to get an experimental measurement of 7; and 7, separately is by carefully measuring the H,
density versus photon flux for 0 < I' < 10'° photons/m after initial cooldown. The density
versus photon flux in this range is given by

771f + Uéf‘ 711+772F

n = .
OwSw  OwSw AwSm

(63)

The constant part of the density versus I' would give 7;; the linearly increasing part of the
density would give n; + 7.
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The reader may have noticed that for the calculations in Figures 19 and 20 we have
used the mean speeds of the individual components in Eq. (26) rather than a density-weighted
average everywhere, as described in Section 2. The total density would be the same in either
case, but when the individual component speeds are used, each component is direct reading in
density. This distinction is described further in Appendix A; the components of Eq. (A5) rather
than Eq. (A6) have been plotted.

The calculations in Figures 19 and 20 are for an infinitely long beam tube. For finite-
length beam tubes the density at the center of the tube will respond to the boundary conditions
at the ends when the axial diffusion time given by Eq. (30) has been reached. The density
at the center of the tube then reverts to Eq. (18) at z = 0, and the full axial solution is a
parabola. Prior to this time the solution is a truncated parabola. Assuming n(+L/2) < n(0),
the surface density of physisorbed H; ceases to increase because of pumping out the ends; in fact,
it would decrease if the surface began to clean up and 7, + 7, decreased with increasing I'. In
our simplified calculation with 7; + 72 = constant, the surface density and volume density of H,
would simply stay constant with continued photon exposure. For the molecular speed appearing
in the diffusion coefficient D, a density-weighted average over the three gas components is to be
used. For the photodesorbed molecules we use 3 = 8 x 10* cm/s, and for thermally desorbed
molecules 7 = 2.1 x 10* cm/s. We have taken the density components of the infinitely-long
calculation in Figures 19 and 20 to calculate the mean speed and density at the centers of tubes
with lengths = 1 m, 5 m, 15 m, and 90 m. The results are shown in Figure 21, together with
the infinitely-long solution superimposed. The transitions from infinitely-long to finite-length
solutions occur at the intersections. For L = 1 m the transition flux is I' = 1.5 x 10%° photons/m,
and diffusion to the ends prevents it from reaching the H, isotherm-dominated region. The
density at transition is 7.6 x 108/cm3. For this case the dominant axial diffusion process is
photodesorption of physisorbed Hz. The step increase in density in the finite-length solutions
near 8 x 10%° photons/m occurs when the density of the H, isotherm dominates the density
components due to photodesorption. For the 5-m and 15-m cases the transition fluxes are
I' = 7.7 x 10%° and 1.1 x 10?! photons/m, and they have reached the H, isotherm-dominated
region with densities n = 6 x 10 and 6.1 x 10! /cm?, respectively. For these cases the dominant
axial diffusion process is thermal desorption of physisorbed H,. The finite-length, 90-m solution
lies well above the infinitely-long solution for the range of integrated photon flux shown-in
Figure 21. The solution in this case therefore remains on the infinitely-long branch for the
duration of the calculation.

It should perhaps be pointed out that the finite-length solutions in Figure 21 are not
plots of density versus integrated photon flux in the sense of Figure 19. At each value of the
integrated photon flux they are simply the finite-length densities that would pertain if they were
in fact the solutions. The only solutions that actually pertain are at the intersections with the
infinite-length solution. Once these are reached the density is clamped at that point and ceases
to evolve, since we have assumed 7; + 72 is constant. If 7; + 72 is not constant then putting
in the actual dependence of 7; + 72 on T’ would determine the evolution of density from the
intersection point forward. Since the finite-length solution given by Eq. (18) depends only upon
m1+72 and not ' or the isotherm, one might expect that the gas density, including that which is
diffusing out the ends, is due to direct desorption of tightly bound gas. This would be true if the
surface were not cryosorbing. However, as we have just seen by the examples in Figures 19-21,
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this gas density tends to be dominated by photodesorption or thermal desorption of physisorbed
molecules in cases where the temperature of the beam tube is low enough to be cryosorbing. The
density due to desorption of tightly bound hydrogen is suppressed by cryosorption on the surface.
Meanwhile, photodesorption and thermal desorption of physisorbed molecules have increased the
density precisely to that which would pertain with no physisorption. These processes do this by
recycling physisorbed molecules from the surface, but they do not increase the total inventory
of molecules in the gas phase plus physisorbed on the surface, and diffusing out the ends. New
molecules are created only by photodesorption of the tightly bound H, C, and O. It is that
creation rate, depending on 7; + 72, divided by the axial conductance that appears in the finite-
length, quasi-steady state solution whether physisorption is present or not. If the 5, + 7, process
were somehow suddenly turned off but photodesorption and thermal desorption of physisorbed

s . .
molecules continued, the quasi-steady state assumption A, — = 0 would be violated until all

the molecules had been pumped out the beam tube and the steady state solution n =0, s =0
were reached, which is consistent with Eqgs. (18) and (19).
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Figure 21. Intersection of finite-length beam tube solutions with the infinite-length solution at 4.2 K; L = 1 m,
5 m, 15 m, and 90 m, with boundary condition n(+L/2) = 0.

The calculations in Figures 19-21 have been done with a photon flux of 1016 photons/m/s.
If the photon intensity is changed, the magnitudes of the density components due to photodes-
orption of tightly bound and physisorbed hydrogen will scale linearly with I, and the component
due to the isotherm or thermal desorption will be unchanged, all versus I'. However, if the den-
sity is plotted versus time, the magnitude of the tightly bound component will increase linearly
with T', and the magnitude of the physisorbed component will increase as I'>. The isotherm
component would initially increase linearly with I' for £ < 1 and ay < 1. As one monolayer is
approached, the scaling becomes more complicated and can be deduced by inverting Eq. (15).
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In Figure 22 we repeat the calculation in Figure 21 with finite density at the tube ends
n(L/2) = 6 x 10° Hy/cm®. The infinite-length solution is unchanged, whereas the finite-length
tubes all have a constant 6 x 10°/cm® added to them. This has the effect of pushing the
transitions from the infinitely-long solution to the finite-length solutions to larger values of
integrated photon flux, since axial diffusion out of the tubes is now being partially compensated
by axial diffusion into the tubes. The change is most noticeable for the shortest length tube,
and the change in transition flux becomes less noticeable as the rapidly rising portion of the
isotherm is reached (e.g., the 5-m and 15-m solutions). As the density at the ends is increased
the shortest tubes will eventually reach the rapidly rising portion of the isotherm before making
a transition to the finite-length solutions. In this way the H; isotherm was observable even with

1-m-long tubes in the BINP experiments.*”
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Figure 22. Intersection of finite-length beam tube solutions with the infinite-length solution at 4.2 K; L =1 m,
5m, 15 m, and 90 m, with boundary condition n(L/2) = 6 x 10° Hy/cm?®.

The calculations in Figures 21 and 22 indicate the difficulty of achieving the required
vacuum conditions in a superconducting proton collider with distributed pumping. Keeping the
H, density below 3 x 108/cm® would require placing even ideal pumps at less than 1-m intervals
(e.g., the 1-m solution in Figure 21).

The primary beam tube temperature effect in these calculations is the H; isotherm. In
Figures 23 and 24 we have redone the calculations of Figures 19 and 21 with the beam tube
temperature reduced from 4.2 K to 3.0 K. The effect is dramatic: the H, saturation density
is reduced almost four orders of magnitude, from 2.0 x 10'%2/cm® to 3.1 x 108/cm®. If the H,
isotherm density were the only problem, then this would practically get one into a range of
acceptable vacuum for a superconducting proton collider. However, one sees from Figures 23
and 24 that the density due to photodesorption of physisorbed H, gets into an unacceptable
range rather quickly, and so far no account has been taken of the possible photodesorption of
physisorbed gases heavier than H,.
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Figure 23. H, density versus integrated photon flux for an infinitely-long beam tube at 3.0 K; T' = 1 x 109~
1 x 10?2 photons/m.
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Figure 24. Intersection of finite-length beam tube solutions with the infinite-length solution at 3.0 K; L = 1 m,
5 m, 15 m, and 90 m, with boundary condition n(+L/2) = 0.
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6.2 Liner

The solution for the H, density in a liner given by Eq. (37) is shown in Figure 25 with the
infinite-length, 4.2-K simple beam tube solution superimposed. The physical conditions are the
same as for the calculations in the previous section. The linear has 300 2-mm holes/m with hole
thickness 1 mm and transmission probability p = 0.67. The H, density, 3.3 x 108/cm?, is roughly
half the density of the 1-m-length solution, with strong pumping at the ends in Figure 21. The
treatment of the molecular speed has been done in exactly the same way as for the finite-length
simple beam tubes. Because the assumed molecular speed of the photodesorbed molecules,
7 = 8 x 10* cm/s, corresponds to an effective temperature ~ 60 K, the calculations are not
sensitive to the actual temperature of the liner until it reaches 60 K.
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Figure 25. Intersection of a liner solution with the infinite-length solution at 4.2 K.

Although the magnitude of the quasi-steady state liner density does not depend on
whether the liner surface is cryosorbing, the details of what is going are quite different in these
two cases. If we assume the liner is at low enough temperature to be cryosorbing, then there
will be an initial period of time when the surface of the liner has not yet reached the steady
state solution and the surface is actively pumping. During this initial period the H, density
will fall on the infinite-length beam tube solution and the surface density of physisorbed H,
on the liner will increase with integrated photon flux. Eventually the H; density in the beam
tube will increase due to photodesorption or thermal desorption of the physisorbed H,, and the
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solution will intersect and go over to the liner solution. Although the form of the solution given
by Eq. (37) depends only on 7; + 72, and therefore suggests that the gas being pumped is due
to direct photodesorption of tightly bound H, it is actually the photodesorption of physisorbed
H, that is dominating the denisty in the beam tube. The story is essentially the same as the
one for pumping at the ends of finite-length beam tubes. If the liner is at 4.2 K, the intersection
can be seen in Figure 25 and occurs at T' = 6.5 x 10 photons/m, or 1.8 h for the assumed
intensity of 10® photons/m/s. At this time the surface density of H; on the liner has reached
2.7 x 10*/cm? or 9.1% of a monolayer. Beyond I' = 6.5 x 10 photons/m the liner solution
would stay clamped at 3.3 x 108/cm? until the H, pumping capacity of the region outside the
liner were reached, which is not considered in Figure 25. If the magnet cryostat bore tube out-
side the liner is at 1.9 K as in the LHC, the saturated vapor pressure of H; is extraordinarily low
and the liner would pump indefinitely. If the outer bore tube is at 4.2 K, then as one monolayer
is approached the vapor pressure of adsorbed H, will rise to equal that inside the liner and the
liner will cease to pump. The solution will then revert to one of the simple beam tube solutions
pumped from the ends. This can be dealyed by adding high-porosity cryopumping material to
the surface of the bore tube. Charcoal is one possibility. Recently Rao and coworkers at CEBAF
have obtained very high pumping capacities for a layer of anodized aluminum at 4.3 K, and this
may be attractive for accelerator beam tube applications.>*

If the liner is at high enough temperature that it does not adsorb H,, then of course
the molecules being pumped directly by the liner will be the photodesorbed, tightly bound
hydrogen. Compared to the cryosorbing case, the density due to desorption of tightly bound
hydrogen will increase by the ratio of the wall pumping speed to the hole conductance, while
the other components will vanish. The liner solution in this case Will2 reach the quasi-steady
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In order to estimate the actual performance of a liner it is necessary to include the
photodesorption of the gases heavier than H, when calculating the vacuum-limited luminosity
lifetime and beam-gas scattered power according to Eqs. (8) and (9). For these purposes it can
be convenient to combine the liner solution, Eq. (37), for the density of each component with
Eqgs. (8) and (9) to define H, equivalent densities and photodesorption coeflicients:

state solution essentially instantaneously with time constant 7 = ~ 10 ms.

Op,j
Nijeq = O —22-n; (64)
2eq —~ Oy ¢
and
apij CH2
NHyeq = — 2. 65
R )

The factors weighting the densities and desorption coefficients for gases heavier than H, are
sizable. From Table 2 the density weights for the SSC case are 1.0, 6.04, 9.23, and 14.4 for H,,
CH4, CO, and CO,. I the photodesorbed molecules of each species are assumed to have the
same mean energy, then the photodesorption coefficient weights are increased by an additional
factor equal to the square root of the mass ratio relative to H,, becoming 1.0, 17.1, 34.5, and
67.6. We have used the 4.2-K desorption coeflicients in Figure 10 to calculate the vacuum-limited
luminosity lifetime and scattered beam power due to photodesorption of H, and CO. The results
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are shown in Figure 26 for the SSC case with 10'® photons/m/s and the liner parameters that
were considered for Figure 25. The results are clearly dominated by CO. Photodesorption data
is not yet available for CO, at 4.2 K, but we may expect from room-temperature data that CO,
will have an effect about equal to CO and will lead to a further reduction of luminosity lifetime
and an increase in scattered beam power by roughly a factor of two. For the SSC the goal for
the vacuum-limited luminosity lifetime was 150 h at design intensity. We see from Figure 26(a)
that the lifetime at design intensity is never worse than 80 h, and the goal would be met after
conditioning with approximately 7 x 10%' photons/m if H, and CO were the only important
gases. This corresponds to about 8 days’ operation at design intensity or, what is more likely,
80 days at 10% design intensity during the initial conditioning of the accelerator. At 10% design
intensity the luminosity lifetime would be hundreds of hours and not an operational concern. In
Figure 26(b) we see that the maximum scattered beam power on Hp and CO at design intensity
is always less than 10 mW/m and less than 10% of the synchrotron radiation power. This would
not be a serious cryogenic concern either locally or for the entire accelerator. Even supposing that
the accelerator has been conditioned and has achieved design intensity, component replacement
with unconditioned beam tube would permit immediate return to operation at full intensity
without danger of exceeding the local bound on beam scattered power, ~ 0.6 W/m. Eventually
data for CO, would have to be included in this type of analysis, but even allowing for this it
seems clear that the liner parameters assumed for the calculations in Figures 25 and 26 are close
to what would have permitted satisfactory operation of the SSC.
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Figure 26. (a) Estimated SSC vacuum-limited luminosity lifetime; (b) beam power scattered by beam gas

interactions versus integrated photon flux for a liner with 300 2-mm-diameter holes/m. The photon intensity is
10'€ photons/m/s.

The fraction of wall area covered by circular holes for the calculations in Figures 25
and 26 is 0.94%. From the results given in Figure 18, Section 1.5.1, and Section 5 the transverse
and longitudinal impedances are increased by only 10% compared to no liner and the same
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beam tube diameter. Consequently the single-bunch instability safety margins are essentially
not affected for this case. A further reduction of the hole impedance contribution by roughly a
factor of two could be obtained by using rounded-end slots with width equal to the hole diameter
and length-to-width ratio equal to three.

7. New Techniques for Measurement of Gas Density in a Cryosorbing Beam Tube

It is desirable to have methods of direct gas-density measurement inside a cryosorbing
beam tube. If this is done, both the gas density and the mean molecular velocity that appear
in the model equations can be independently determined. Two methods that have been under
investigation in connection with the work at SSCL since 1991 will be briefly described in this
section.

7.1. Ht /H- Ion Beam Method

The Ht/H~ ion beam method uges various stripping or charge-exchange reactions of H™
or H+ beams on neutral gas molecules (X)—for example, H¥ + X — H°+ X tH+X —
H- + X*+*—and is being developed at BINP. Figure 27 shows a diagram of the method for an
H* beam. A proton beam (~ 20 keV, ~ 1 pA) is extracted from an rf ion source, transported
to the cryostat, and injected along the axis of the beam tube by a bending magnet. H° and
H- produced by interaction with beam gas molecules are separated from each other and H*
by another bending magnet at the beam tube exit and are detected with secondary electron
multipliers (SEMs). Two pairs of small superconducting dipole magnets near the center of the
beam tube are used to offset a ~ 20-cm segment of the Ht beam orbit. The SEMs are lined up to
observe H° and H~ produced along this offset segment, thus providing a localized measurement
of beam gas density. If necessary, background due to synchrotron radiation photons can be
discriminated against by gating the detector on between bursts of synchrotron radiation. For
the double-charge exchange reaction H* + H, — H™ + H,**, which should be insensitive to
synchrotron radiation background, we can estimate the signal intensity from

R =enoy_1LIuy, ] (66)

where 7 is the H, gas density (3 x 10%/cm?), 01,1 the cross section for H¥ +H, — H™ + H,t+
(~ 2 %1078 cm? at 10 keV), L the path length of observation (~ 20 cm), Iy+ the proton current
(~ 1 pA), and € the detector efficiency (~ 1.0). Inserting the numbers in parentheses we get
R = 7.5x10* counts/s. This is a high-sensitivity method, and the single-charge exchange channel
will be even more sensitive, although more susceptible to background from synchrotron radiation.
It may be possible to observe the decay of the neutral gas density following fast extraction of
the VEPP2M electron beam, thereby obtaining an estimate of the product of sticking coefficient
and mean molecular speed. Since this paper has been in preparation, the first results have been
obtained, giving a mean speed of photodesorbed H; molecules, 5 = 8 & 1.5 x 10* cm/ s.40
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Figure 27. Schematic of the H+ /H™ jon beam method of gas density measurement in a cryosorbing beam tube.

7.2, Positron Method

A schematic of the proposed BNL positron method of gas density measurement inside
a 4.2-K beam tube photodesorption experiment is shown in Figure 28.5% Photodesorbing syn-
chrotron radiation photons are incident from the right and are intercepted on the beam tube wall
at ~ 10 mrad. For clarity they are omitted from the diagram. Positrons from a 22Na, source on
the left (e* end point = 0.540 MeV) are moderated with a tungsten foil. Moderation efficiency is
~ 1-5 x 10~%. The moderated e* leaving the foil are accelerated to the peak of the positronium
formation cross section ~ 30 eV and are separated from high-energy unmoderated et with a pair
of E x B filters. The offset path of the E x B filters allows for absorption of the unmoderated
high-energy e* and shields *?Na gamma radiation from the experiment. An electrostatic mirror
reflects the positrons from the left, doubling the sensitivity; the second E x B filter deflects
returning e* onto a beam dump. A fraction of positrons in the beam tube captures an electron
from gas molecules in the tube to form positronium; the pair of 0.511-MeV annihilation gammas
is detected in coincidence with Nal crystal detectors. A magnetic field B ~ 50-100 G, produced
by an axial array of Helmholtz coils, is used to guide the et beam. The signal rate R may be
estimated from 90

R=¢€ (Z;> noLl+, (67)

where ) (% 7 st) is the smallest solid angle of the two Nal detectors, n (= 3 x 108 Hy/cm?®) is
the gas density, o (= 4 x 107'® cm? for Hy) is the cross section for formation of positronium,
L (= 14.0 cm) is the length of the interaction region viewed by the detectors, L+ (= 3x10°%/s for
a 45-mCi 22Na source) is the number of e* per second passing through the interaction region, and
¢ (~ 0.4) is an overall detector-efficiency factor including attenuation of the gamma rays by the
walls of the cryostat. If we insert the numbers given in parentheses we obtain ~ 150 counts /h, at
least an order of magnitude greater than the anticipated random coincidence background. This
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counting rate will be adequate for the usual photodesorption experiments in which desorption
coefficients are measured over periods of days.

B
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Figure 28. Schematic of the positron method of gas density measurement in a cryosorbing beam tube.

8. Beam Tube Resistivity
8.1. Low Frequency

A formula for the growth time of the resistive wall instability 7,.,, neglecting multi-layer
effects, is given by Eq. (10) in Section 1.5.2. Here we will give numerical estimates using the low-
frequency magnetoresistivity measured for copper. In all cases we take the fractional betatron
tune Av = 0.1. Figure 29 shows two plots from Reference 56. The first one, Figure 29(a),
shows a Kohler plot of the transverse dc magnetoresistivity measured for several samples of
electrodeposited Cu. The fractional change in resistivity Ap/po is plotted versus the product
of the magnetic field strength and the field-free residual resistivity ratio RR= po(273 K)/po(T).
The measurements were carried out with beam tube samples at 4.2 K and 77 K, with the
transverse magnetic field varying up to 8 T. The symbols are for electrodeposited copper and
the solid lines are bounds from a large compilation of results for bulk copper.’” The measurements
on electrodeposited copper are consistent with bulk copper. The dashed line in Figure 29(a) is
an approximate upper bound useful for estimates of 7.,:

Ap(T, B)
po(T)
The total resistivity at temperature T and magnetic field B, then, is

=4 x 1073B(T) * RR. (68)

o(T, B) = [4 « 10-2B(T) + Elﬁ] « (23 K). (69)

In this approximate expression all the field dependence is in the first term in brackets, and all
the temperature dependence is in the second term. A convenient compilation of the temperature
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dependence of copper resistivity is given in Reference 57. For RRR = RR(T = 4.2 K) > 200, the
resistivity may be taken to be constant (= 1.55 x 1078/ RRR Q-m) for T’ < 20 K. One easily sees
that at room temperature and for magnetic fields less than 10 T, the magnetoresistivity is at most
a few percent correction. At low temperatures, however, the magnetoresistivity term can easily
dominate. The second plot from Reference 56, Figure 29(b), shows the product of conductivity
and copper thickness (= o0;) versus magnetic field strength for a 100-pm-thick copper layer
and two values of RRR = po(273 K)/po(4.2 K), corresponding to the best (RRR = 270)
and worst (RRR = 65) cases in the samples tested. At high fields, corresponding to flattop
energy in a storage ring, the RRR value makes little difference, whereas for fields less than
1 T, corresponding to injection, the RRR value makes an appreciable difference. Since Tpy
increases linearly with 4 while the product o.t decreases more slowly than 1/B, the growth
time at injection is the worst situation. For SSC the design field was 0.67 T at injection, and a
product ot > 1 —2 x 10° Q! led to resistive wall growth times greater than 100 turns and was
regarded as acceptable for feedback stabilization. This condition was met for all of the samples
tested in Reference 56, assuming a copper thickness ¢ = 100 pm.

(a) (b)
100 llllllll' llllllll' lllllllll L MR LR LF: lg,7 I ' l I l I
Q6 -0~ RRR =270 (Cu-SI-DD) |—
10 ; -e- RRR = 65 (Cu-Si-2-M1)
@ S
& 1.0 54_
e °
< o1 s 3
s
0.01 B
g
1} lllllll' 1 lllllll' { Illlllll ] L 1t rltl g o I I l I I l I
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RRxB (T) B(M) TIP-05746

Figure 29. (a) Magnetoresistivity of electrodeposited Cu; (b) product of conductivity times thickness versus
magnetic field strength for a 100-pm-thick layer of electrodeposited Cu.56

In Table 6 we have used the parameters of the SSC, LHC, and ELN together with
Eq. (69) for the magnetoresistivity to estimate the growth rates for the resistive wall instability
at injection energy. In all cases we have assumed a copper thickness of 100 ym. The SSC
and LHC both have rather long growth times of hundreds of turns and present no difficulty
for feedback stabilization. The ELN growth time is only a few turns and would require some
adjustment of parameters. We note that if the beam tube were stainless steel without the copper
layer, then ot ~ 2.0 x 10% Q! and the resistive wall growth times for the SSC and LHC would
be reduced to unacceptable values of the order of a few turns.
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Table 6. Multi-bunch resistive wall instability growth rates.

Parameter SSC LHC ELN
M 17424 2835 81000
N 0.75 x 1010 | 10.0 x 10 | 3.5 x 10°
Bavg (m) 112 62 492
Vinj 2.1 x 10® | 0.48 x 10® | 5.3 x 10°
b (mm) 16 20 15

7o (mns) 0.294 0.089 1.185
Trw (mns) 7 29 1.83
Trw/ To 262 325 ~3

8.2. High Frequency

A convenient expression for the heating of the beam tube wall by the beam image current
is given by Eq. (12) in Section 1.5.2. The main concern is that the heating not be too large to be
absorbed at cryogenic temperatures. It turns out that once a high-conductivity layer has been
specified for stabilization of the resistive wall instability, wall heating by the beam image current

falls into an acceptable range. The details of the resistivity are different, however, owing to the
1 ¢

high frequencies (f ~ o 1 GHz) characteristic of the bunched current. At f =1 GHz and
for RRR = 100, the classical skin depth in copper is § = 0.2 pm, so the image current flows in a
thin-surface layer much less than the thickness of the copper. The product of electron mean free
path and resistivity is a material property independent of temperature, purity, and frequency;
for copper it has the value 6.6 x 1071® Q-m?. At low temperature the electron mean free path,
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therefore, increases by the RR ratio and can exceed the skin depth (e.g., for RRR = 100, the
mean free path is 4.26 uym for T < 20 K). In this case the classical relation B, = p/é with
8 = (p/mpof)'? is no longer valid, and one is in the anomalous skin-depth regime. A useful
description of this situation is given in Reference 58, which also contains measurements of the
surface resistivity of copper from 1 K to room temperature in the GHz frequency range and with
magnetic fields up to 6 T. According to Reference 58 a dimensionless parameter characterizing
the division between classical and anomalous regimes is @ = (3/4)uow(p))?/p%, where X is the
electron mean free path. The classical regime pertains when a < 0.02, whereas for f =1 GHz
and RRR = 100, o = 693, clearly in the anomalous regime. In this case the surface resistance
is represented by:

(70)

R, = Ry, (1 + 1.157) ,

o9-276

1/3
where Ry, = [‘/_ﬂ- p2(pA)f?| . For copper at f = 1 GHz, Ry, = 1.13 x 107° Q. The bulk

copper used in Reference 58 was measured to have RRR = 180, whereas the experimental
data at low temperature are fit with Eq. (70), with RRR = 24, presumably because of surface
conditions different from those in the bulk material. The surface resistance was observed to be
constant for T < 20 K and for f =1 GHz, R, = 1.8 x 1072 Q. The magnetoresistivity was also
measured in the GHz range and was found to be less than 3% up to 6 T. This is much less than
the magnetic dependence at low frequency given by Eq. (69), and we will not concern ourselves
with it any further here.

Since surface conditions appear to have an important effect, a collaboration with LANL
was begun at the SSC to measure the high-frequency surface resistance of actual SSC beam tube
materials. Since 1 GHz is below the beam tube cutoff frequency, cavity modes cannot be excited
as in Reference 58. Instead, the TEM mode was excited in resonant lengths of beam tube with
a superconducting niobium center conductor.®® Several samples of electrodeposited Cu beam
tube were measured at f = 1 GHz, and a representative value obtained was R, = 2 x 1073 Q,
remarkably close to the result in Reference 58 for bulk high-purity electronic copper. We have
used R, = 2 x 1073 § to evaluate the image current heating according to Eq. (12); the results
are shown in Table 7 for SSC, LHC, and ELN assuming in all cases a surface temperature of
20 K or less. For the SSC-and ELN the image current heating power is negligible compared to
the synchrotron radiation power given in Table 1. For the LHC it is a fairly large fraction (73%)
of the magnitude of synchrotron power, and although still manageable it needs consideration in
the overall design of the cryogenic refrigeration.
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Table 7. Estimates of beam image parasitic heating.

Parameter SSC LHC ELN
M 17424 2835 81000
N, 0.75 x 10%° | 10.0 x 10 | 3.5 x 10%°
b (mm) 16 20 15

o, (cm) 7 7.5 7.8
P(W)/ring 125 2700 12180

9. Summary

Achieving a satisfactory beam tube vacuum in the next-generation superconducting pro-
ton collider presents a significant challenge for accelerator science and technology. The beam
tube vacuum system will need to be designed to pump the gas photodesorbed by synchrotron
radiation in order to avoid degradation of the luminosity lifetime and possibly the quenching
of superconducting magnets due to beam scattering. For the first time the magnitude of syn-
chrotron radiation power will need to be taken into consideration in the design of the cryogenic
refrigeration system. The physical space allowed for pumping and heat removal is limited by the
high cost of superconducting magnet aperture and the need for physical aperture for the circu-
lating beams. Experiments have shown that cryosorption on a simple beam tube coinciding with
the superconducting magnet bore tube won’t work because of the very high photodesorption co-
efficient of physisorbed gas. The photodesorbed gas must be pumped out of the view of the direct
and diffusely scattered radiation. Fortunately, a viable solution exists in the form of a perforated
liner or beam screen coaxial with the magnet bore tube. The liner can be operated above the
magnet cryostat temperature, thereby reducing the cryogenic cost of absorbing the synchrotron
radiation power. It appears that the increase in impedance by the liner perforations will not
greatly reduce the safety margin for single-bunch instabilities. Quite a lot has been learned in
the relatively short time that the SSC and LHC have been under consideration. Experimental
techniques are in hand for obtaining the information necessary for a quantitative design and
prediction of performance of the beam tube vacuum system. In the future we can look forward
to improvements in most of the areas discussed in this paper regarding photodesorption of gases
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inside cold beam tubes exposed to synchrotron radiation: direct measurement of gas density,
determination of the molecular speed, measurement of the photodesorption coeflicient of CO,,
and determination of sticking coefficients. In this paper we have dealt with understanding the
performance of a liner and defining the situations that require it. There are also a number of
interesting design, fabrication, and operational issues that have not been discussed and remain
to be settled in the building of a real system.
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12. Appendix—Three-component Formulation of the Model Vacuum Equations

In this appendix we write down the three-component formulation of the model vacuum
equations. The density equations are summed to give the single-component model represented
by Egs. (13) and (14) in the main text of the paper, with density-averaged diffusion coefficient,
liner conductance, wall sticking coefficient, and pumping speed. The equivalence of the infinite-
length beam tube solutions is discussed. If we allow subscripts 1 to designate molecules having
their origin in the photodesorption of tightly bound hydrogen, 2 to designate photodesorption
of physisorbed molecules, and 3 to designate thermal desorption of physisorbed hydrogen, then
the diffusion equations for each of these components is

on . *n
VWI' = Thr —_— aw,ISw,1n1 -_— C]nl + Ac'Dl 6221
on - 0
V_ﬁg = T]'P — Uw,gsw,2n2 — Cong + AcD2_£ ’
on Ays 0*n
Vv 6t3 = = 5; —_ Uw,3Sw,3n3 — Csng + A.Ds 6z23 (Al)
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and the equation for the surface density of physisorbed H; is

as . Aws .
A‘WE =9I + Zaw,ij,jnj i 7'T. (A2)
K] w
If we sum Egs. (Al) we get
an _ o " A‘ws 6212
V-gt-—771I‘+7711+E—Uwa.*n—C*n‘l'AcDEE’ (A3)

which is simply Eq. (13) with 7, 6,S,, C, and D defined by the following density-weighted
averages:

n=Zn_,-
J

2. 0w,iSu,in;
OwSy = =
n
2 Cjn;
c = -
n
2. Djn;
D = 2 - (A4)

Using these same definitions we also recover Eq. (14) for surface density.
If Egs. (Al) are solved for an infinitely-long tube with V%L ~ 0, C = 0, axial diffusion

neglected, and A% # 0, we get
n = ny+mny+n3

nI 'l L Aus

Owa S w,1 Uw,Z S w,2 w3 S w,3 7-3,

(AS)

On the other hand, solving Eq. (A3) in the same approximation as was done in the main body
of the paper (Eq. (26)) gives

r T 1
n= L2 + 1 -+ Aws . (AG)

OuwSw  OwSw  0uSy T

Equations (A5) and (A6) are equivalent by virtue of the definitions given in (A4). Equations (A5)
and (A6) are not equal term-by-term, however, so properly speaking the gas density of each of
the three components is given correctly only by the components of Eq. (A5).
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