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1.0 INTRODUCTION

In this paper, a diffusion model is developed as a phenomenological description of the photodesorption
process. The model starts from the work described in References 1 and 2. Expressions are derived for the
dependence of the photodesorption coefficients on certain semi-phenomenological parameters. Photo-
desorption data for possible Superconducting Super Collider (SSC) beam tube surfaces are fitted to the
derived form, and values for the parameters are extracted from the fits.

In an application to the vacuum problem for the SSC, the time required to desorb a monolayer is derived as
a function of the model parameters. The range of parameter space required for long monolayer desorption
times (up to 4000 hrs) is established, and this is compared with the values of the parameters obtained from the
fits to photodesorption data discussed above. The sensitivity of the results to various model assumptions is
also explored.

2.0 DERIVATION OF EXPRESSIONS

One of the principal features of the process of photodesorption is the “clean-up” phenomenon. The
photodesorption coefficient, 7, is defined as follows:

n=a/. 1)

In this definition, @ is the flux of photodesorbed molecules (in molecules/cm?/sec) and  is the incident flux
in photons/cm?/sec. It is found experimentally that 7 is a monotonically decreasing function of the integrated
incident particle flux I', where

r= I ydt. )

The reduction in # with incident integrated flux is referred to as “clean-up” of the surface.

In the diffusion model, the overall process of photodesorption is described in terms of the liberation of
molecules directly from the surface into the vacuum due to the incident photon flux, together with transport
of additional molecules from the volume of the material to the depleted surface by a process of diffusion.

The direct photo-stimulated liberation of molecules from the material can be related to the microscopic

process of ejection of a gas molecule from the material by the electromagnetic interaction of the molecule
with the photon. The flux of photons within the material is assumed to vary like

() =y Exp (-}T—") 3)



where x is the depth in the material, and the characteristic length is given by

% = gor(E). @)
T

Here or(E) is the total absorption cross section for the photons (of energy E) in the material, and o is the
density (in atoms/cm3) of interacting atoms responsible for the total absorption process.

Let us designate the cross section (in cm%molecule) for the photodesorption process as op(E,M). Further,
let c(x,t) be the volume concentration (in molecules/cm3) of gas in the bulk material. Then we have the
following equation for the flux @ of photodesorbed molecules produced at distance x in the material:

dd(x,t) = y(x)c(x, Dop(E,M) dx

®)
=y Exp(;;—:)c(x, 0 (E, M) dx.

If we designate P(x) as the probability that a molecule desorbed at x escapes from the material, then taking

P(x) = EXP(f—x) ©)
M
the total flux of desorbed molecules is
&) = ap(E, M) J y Exp(:f)c(x, 5 dx ™
0
with
1_1_.1
PR T ®

If we assume that the characteristic length 4 is small compared to the distance over which c(x,¢) varies, then
we have

() = yAc(0, Do (E, M). )



In terms of a phenomenological constant (units cm3), x,where

x = Aop(E, M), (10)

we have

&) = % (0,0 7. (1

This equation for the molecular flux @(z)leaving the surface provides a boundary condition at x = 0 which
the solution to the diffusion equation within the metal must satisfy. The diffusion equation is

32¢(x, 1) _ 9en 1)

D —= o (12)

and the boundary condition is

9c(0,8) _
ox

&) =D % 0,0 7. (13)

As an initial condition, the concentration as a function of x must be specified at ¢ = 0. The case of a localized
concentration near the surface may be modeled as an exponentially varying function:

c(x,0) = ¢y Exp(— xA4). (14)

In this equation, 141 represents the distance over which the gas is “localized” adjacent to the metal surface. In
this case, there is a finite gas load in the metal. The total gas load per unit area is

0= I ox, 0)dx = 2. as)
0

The solution to the differential Eq. (12), subject to the boundary condition Eq. (13), and initial condition,
Eq. (14), may be obtained by the method of Laplace transforms.3 The Laplace transform is defined as



cx,p) = J Exp(— pHc(x, 1) at.
0

This transformation is applied to the differential equation (12):

a2c(x,t) , _ . 8%(x,p) _ dc(x, 1)
j Exp(— pt) D 32 dt = D—ax-i__ = | Exp(— pr) ET dt
0 0

= pc(x,p) — c(x,0).

Here ¢(x,0) is the initial condition. The transformed boundary condition is

0c0,p) _ . .
DT =X c(O,p) Y.

Subject to this boundary condition, then, the transformed ordinary differential equation,

2-
D 9°¢c(x, p)

"5E = pitap) — ox,0)

is solved for the quantity ¢(x,p). Then, the result is inverse Laplace transformed to obtain c¢(x,?).
To simplify the result, we introduce the following quantities with the units of time:

D
T = —,
(ey)?
1
™ = 12p

(16)

a7

(18)

19)

(20)

€3



and a quantity with the units of distance,

h=/Dr =

Jlo

(22)

The solution to Eq. (12) for the concentration density is,

Exp(t/‘rp)(‘/; Erfc[ \/_ ]
— 2Exp(t + £ + xA)/T_pErfC[\/; + ﬁ‘/;]
+ Exp(£ + 2 )(/7 + /r_p)ErfC[JrI,, + ﬁﬁ] 23)
cxt) _ -

o 2Exp()(J7 — V1))

The concentration at the surface is given by

0,1) _ Exp(t/r,,)/?Erfc[ /%] ~ ExplY /r_,,Erfc[ /%]
Co - ( ‘/; — /I'_p) . .

In the case of an initial concentration density which is uniform in the volume of the metal (i.e., ¢(0, £) = ¢g),
the above solutions apply in the limits 4 — 0 (7, — ). The concentration density is

c(x, 1) _ T t ! z
= Erf[zih \/;] + Exp(-i + %)Erfc[‘/; + 2x—h 7] (25)

and the concentration at the surface is

c(g,)t) = Exp( )Erfc[\/— ] . (26)



The total gas/area evolved from the surface at time ¢, m(z), is given by

! !
m@) = f¢(l')dt' = KYIC(O, t')dr'. X))
0 0

For the case of the concentration at the surface given by Eq. (24), we have

o _ s Expll) /7 Erfc[J%] Exp(# fepte] [£]
Co XV e %)
while for the concentration at the surface given by Eq. (26), we have
29)

m(t) xy/_(2\/: -+ Exp( )\/;Erfc[\/%])

The limit of Eq. (28) as  — o is the total gas load Q as given by Eq. (15). The limit of Eq. (29) as t —  is, of

course, infinite.
Given these expressions, the photodesorption coefficient of Eq. (1) can be written as

@ = @0 /y
(30)

= x ¢(0,7)

which becomes, upon substitution from Eq. (24)
ny _ Expe/ry eErte] JE] — Explf) ey Erte] ]
(e = Vo)
Exp({) ErfC[f ] Exp(££) J:Erfc[ /g;]
) | @1
(¥

XCy -




or, in the case of a uniform initial concentration, using Eq. (26),

(t) = Exp(f )Exfc[[ ] 32)

The photodesorption coefficient is typically expressed as a function of the integrated flux I', given by
Eq. (2). In the case of y which is constant in time, then

I =yt (33)

Let us define the parameters p;, p2, and p3 as follows:

py = Logiolxco), Py = v P3= g (34)

Note that all these parameters are dimensionless. Then we have the following for Eqgs. (29) and (31),
respectively, in terms of these parameters:

ne) _ Exp@20Erclps Jz] — Exp(p,%ps2)psErfc|pop /o]
o, = =7 | >

"(x) = Exp(p, % )Erfc|p, V%] - (36)

In these equations, x = I/Tg Ipis simply a scaling factor used to define the scaled integrated flux, .
Substituting for 7 and 7, from Eqs. (20) and (21) into Eq. (34), we can solve Eqgs. (34) for the fundamental
quantities %, coand A in terms of the dimensionless parameters, with the following results:

% = p; 7%-,, €]

Iy
co = 101’: [Tor. 8
14
A = —
pps [ DT, 39)



3.0 RESULTS OF FITS

Photodesorption data for seven measurement sets have been fit to Eq. (36). A fit to Eq. (35) was also
attempted, and is reported below unless the fit indicated a (nonphysical) negative value for ps. The fit to
Eq. (35) indicated positive values for p3 for data sets 1,5,6 and 7. In Table 1, the data sets are defined.

TABLE 1. DATA SET DEFINITIONS.

DATA SET INDEX MATERIAL TREATMENT TEST LOCALE REFERENCE
1 OHFC Cu CERN cleaning; DCI 4
in-situ bake
2 Electrodeposited Cu Unknown BNL 5

on S8
3 Electrodeposited Cu BNL cleaning BNL 6
on SS
OFHC Cu CERN cleaning DCI
5 Electrodeposited Cu BNL cleaning BINP
on S8
6 Electrodeposited Cu BNL cleaning BINP 9
on S8
7 Electrodeposited Cu BNL cleaning BNL 10
on S8S

The photodesorption data analyzed here were all data taken in long tubes. For such data, the results are
generally given by presenting the photodesorption coefficient 7 as a function of the linear incident photon
density in the tube (g, in photons/length). The model discussed above treats the photodesorption coefficient
as a function of the integrated photon flux I" (in photons/area). To relate these two quantities, we write

r=_¢/w, (40)

where w is the effective circumferential distance in the tube over which the photodesorption process occurs.
In this analysis, we have taken w = zd, where d is the tube diameter. This is done under the assumption that,
either as a result of photon scattering in the tube, or through the process of photoelectron production followed
by subsequent electrodesorption, the entire tube circumference is involved uniformly in the desorption
process. With this assumption, the scaling parameter is y = I/To = /o, with £y 1016 photons/cm. Thus a
linear photon flux of 10!8 photons/meter corresponds to ¥ =1.

The fits to the seven data sets are illustrated in Figures 1-7. These are log-log plots in which the abscissa is
logjo 7, and the ordinate is logjg x. The points represent the data; the errors on all data points have been
(arbitrarily) taken to be 0.1 in logo#. This error has also been used to calculate the errors in the fitted and
derived parameters, using standard error propagation formulae. In Figures 1-7, the dotted line represents the
fitted 2-parameter function, Eq. (36), and the solid line represents the 3-parameter function, Eq. (35). In
Tables 2 and 3, the values of the fit parameters are given.
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TABLE 2. RESULTS OF 2 PARAMETER FITS.

DATA SET INDEX P opy D2 op
1 -2.705 0.111 0.07144 0.0233
2 ~1.526 0.103 0.1365 0.0517
3 -1.449 0.2628 0.2609 0.1748
4 -2.503 0.0649 0.0746 0.0194
5 -0.669 0.2434 0.8166 0.5203
6 -0.4502 0.2907 1.0136 0.7363
7 -0.4826 0.1397 1.51 0.5347

TABLE 3. RESULTS OF 3 PARAMETER FITS.

DATA SET INDEX Py 8py P2 op, P ép3
1 -2.811 0.100 0.03078 0.0161 0.07696 0.0813
5 -0.802 0.196 0.456 0.315 0.0210 0.0331
6 -0.461 0.330 0.859 0.774 0.00270 0.0044
7 -0.3925 0.335 1.466 1.3725 0.00151 0.00186

In order to calculate the derived parameters defined in Egs. (37) to (39), the photon flux must be known.
For each data set, the photon flux , in photons/cm?/sec, has been estimated using the following equation:

y = 1.28 x 10M IIETG (41)
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where [ is the storage ring beam current in mA, E is the beam energy in GeV, 6 is the horizontal acceptance
angle in mrad, / is the length of the tube in cm, and w = 7d (d = tube diameter). The results are shown in
Table 4.

TABLE 4. PHOTON FLUX ESTIMATES.

DATA SET INDEX E i 6 ! wo Y
UNITS GeV mA mrad cm cm 1013/cm2/sec
1 1.72 150 5.0 300 41.0 1.33
2 0.75 150 34 300 104 1.57
3 0.75 150 34 300 9.4 1.73
4 1.72 150 5.0 300 41.0 1.33
5 0.54 200 0.55 100 10.4 0.733
6 0.54 200 4.2 100 10.4 56
7 0.75 800 2.1 100 10.4 15.5

Given the value of ¥, and given the scale factor I'o= o/w from Eq. (40), Eqgs. (37)~(39) relate the four
derived parameters %, ¢y, D, andA to the three fitted parameters pq, p;, and p3. We must thus determine one of
the derived parameters from some other source. We choose to fix the value of the diffusion constant, D.
Previous similar studies of diffusion-modeled photo- and electrodesorption!-211:12 have obtained
values for D which range from 10719 to 7 X 10-18 cm?/sec. We will fix D at a representative number,
D =5 x 10-18 cm?/sec, for all the data sets. Then, using Egs. (37)-(39), we convert the fit parameters p;, p2,
and pj3 into the derived quantities x, co and /. The parameters 7, 7}, and  have also been calculated. The
results are shown in Tables 5, 6a and 6b.

Also included in Table 6b are the parameters  and m;. The parameter r is the ratio

r =1/t (42)

This will be discussed further in the next section. The quantity m; is the total number of monolayers of gas in
the bulk; it is calculated as

2 _ %

m; = —
17 my— Am,

43)

in which my is the monolayer surface concentration, which is taken as mg =6 X 10!5/cm?.

12



TABLE 5. DERIVED PARAMETERS, 2 PARAMETER FITS.

DATA SET INDEX x Ox Log ¢cg oLog cy Co T h
UNITS 1024cm3 | 102¢cmd cm3 em3 102! cm-3 sec A
1 2.80 0.91 20.84 0.06 0.703 3559 134
2 247 0.94 22.08 0.09 12.02 3288 12.8
3 4.30 2.88 21.9172 0.055 8.26 900 6.72
4 293 0.76 21.03 0.074 1.074 3263 12.8
5 21.7 13.8 21.99 0.063 9.87 197 3.14
6 9.75 7.08 22.56 0.053 36.4 16.7 0.91
7 8.72 3.08 22.57 0.042 37.7 2.7 0.37
TABLE 6A. DERIVED PARAMETERS, 3 PARAMETER FITS.
DATA SET INDEX x % Logco | oLog co o VRERE B h
UNITS 102%cm3 [ 10724cm3 | om™3 cm3  [102lem=3 | A A sec A
1 1.207 0.631 21.107 0.156 1.28 402 233 19179 | 30.96
5 12.1 8.4 22.11 0.135 13.01 267 265 632 5.62
6 8.27 7.45 22.62 0.087 41.78 399 372 23 1.07
7 8.46 7.92 22.68 0.087 47.86 250 97 2.9 0.38
TABLE 6B. DERIVED PARAMETERS, 3 PARAMETER FITS.
DATA SET INDEX T 7 r my
UNITS sec 106 sec 104
1 19179 3.24 59.2 0.86
5 632 143 4.41 58
6 23 3.19 0.072 27.8
7 29 1.26 0.023 20.0

4.0

INTERPRETATION OF THE MODEL EQUATIONS AND PARAMETERS

The model equations given above may be conveniently rewritten in terms of scaled time and distance
variables. The scaled time variables to be used will be ¥ = #/r; and ry = t/t,, where

xy

2
= [AQ] = [Ah]%

“44)

The scaled distance variables will be § = x/h,and ‘/;E = x/. In terms of these variables, we have, for

the case of an initially uniform concentration density, the following equations derived respectively from
Eqgs. (25), (32) and (29):

13



C(E’ W) - E
T = Erf(Z—-\/i) + EXP@" + y))ErfC(ij + %) 45)

ﬂ(w) = Exp(y)Erfc(,») (46)

'["(”’]) = 2,/% — 1 + ExpEcte( /7). an
xy

Similarly, for Egs. (23), (31) and (28), we have in the scaled variables,

Exp(ire + ry et 70 + ) 7 + 1
+ Exp(rw)Erfc(/;Tp - 7)(/? -1)
— 2Exp(y + (1 + JrE) Erfc(/— + )

e -, 48)
? 2Exp(/ré)(/7 - 1)
nw) _ Exp@)Erfe(,$) — /rExp(ry)Erte(/rp)
xCg T J; ’ -
my) _ | _ EXPOEre(/p) - E‘N_"Q/E_i(_@
[c_oe] o Jr=1 - 0
xy
<&, w)

The scaled concentration density, , from Eq. (45), is plotted as a function of & for several values of

Logio¥, in Figure 8.

14
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Figure 8. o(§ 'P) —=-Tlvs. £, from Eq. (45). The Curves are Labeled by Logqy.

The scaled concentration density shows the characteristic behavior of the solution to a diffusion equation.
The general relation between distance and time x2 = 4Dt, becomes, in the scaled variables, £2 = 4y. As
Figure 8 shows, the distance over which the scaled density varies, in &, is roughly given by 2/1. The distance
scale parameter, h, as given by Eq. (22), is inversely related to the product »y. Thus, as either the photon flux
increases, or the effective photodesorption cross section increases, the scale parameter shrinks: the region
over which the concentration density is depleted, and over which the density gradient is large, tends to be
confined closer to the surface.

The scaled concentration density, (E '/)) , from Eq. (48), for the specific case of Logjo r=—4, is plotted as

a function of £ for several values of Loglotp, in Figure 9.

0 20 40 60 80 100
C(E ) g TIP-03595
Figure 9. C asy) —==vs. §, from Eq. (48), for r= 10~4. The Curves are Labeled by Logyqy.
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We see the same general behavior here, except that the initial distribution is exponential. The parameter 1/41 is
a measure of the distance over which the initial density varies. The physical interpretation of the time z, is
related to this distance 1/4. Since 1//12=Drp * We may interpret 7, as the characteristic time scale at which
the exponential nature of the initial distribution will be important in the problem. It is only at times ¢ = 1,
that the effect of the exponential falloff in the initial concentration density will be evident at the surface of the
metal.

This can be seen in the form of the scaled photodesorption function, Eq. (49). This function, -,;(cﬂo)-, is

plotted vs. y for several values of Log;or, in Figure 10.

0 LI 2L I LEBLIELI I_' LI B | fl L L ' L L L L l LI I T
3 -4 o -
£ [ r=0
s -6 -
£ Logr=-6
(=
-8 —
3 B Logr=-4
-10 -
Logr=-2
- 12 it 1 I . I | I Ll L 1 I L1 1 L Ll Ll ) I L.l IJJ Ll I_I 1
-4 -2 0 2 4 6 8 10
Log (¥) TIP-03596
Figure 10. ’-7,7(:/)—0) from Eq. (49), vs. y, for Several Values of r.

Figure 10 shows that for large values of , the photodesorption coefficient falls off more rapidly for ﬁnite
rthan for r=0. Consequently, the slope on the log-log plot is also greater, typically for those values of y for
which ry > 1. This behavior can be understood simply from the asymptotic limit of the expressions given

above for "'Ix(_::p;)' The asymptotic limit is found using the following general relation, valid for z > 1,
2 -1 -L 4+ 3
/7 Expl?JBrfe@ = 1 — 55+ 23+ 1)

Using this relation, in the limity » 1, Eq. (46) has the asymptotic form,

WA 44 . 52
%o " Jmp 2wy (52)



This implies a 7(1/2) dependence at large times, which gives a slope of —0.5 on a log-log plot. In the limit
v » land np » 1, but r < 1, Eq. (49) has the asymptotic form

[ ](%;1_)+3(1-%a)

#co 1= Jr|l2/my?  afmys | (53)

This will give a r3/2) dependence at large times, and a slope of —1.5 on a log-log plot, as illustrated in
Figure 10.

m(y)
The scaled total gas/area evolved during the photodesorption process, [ﬁ] given in Eq. (50), is plotted
xy
in Figure 11 for several values of Logjg r- »
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0

_1 N N T T | I 3 ] 1l I J i il l o [ IAJ ] | ] | I A
0] 2 4 6 8 10
Lo
g (W) TIP-03597
my)
Figure 11. [COD]' from Eq. (49), vs. y, for Several Values of r.
2

For r = 0, m(y) increases without limit, since there is an infinite gas load in the bulk of the material. For
finite r, m(y) increases to a limit. This limit is the total gas load per unit area in the bulk: the quantity Q given
by Eq. (13). This general behavior, exhibited in Figure 11, can also be obtained from the asymptotic forms
of Egs. (47) and (50). Using the limiting expression given in Eq. (51), we obtain fory > 1 the following limit
for Eq. (47):

'[r_z_%%_’z‘/g"'flﬁ . (54)
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This would indicate that the gas evolved/area grows like #1/2) in the asymptotic limit. We can also obtain, in
the limity > 1and iy > 1, but r < 1, the following result from Eq. (50):

my) 1 (1L+7)

—

EIG T 3

xy

This indicates that m(i) approaches the product

Bl

in the above limit, as expected.

Finally, we may plot %ol vs. —'%for various values of r. The result is shown in Figure 12. For r = 0, in
[
]

the limit y > 1, » varies like v~ (12 and m varies like ¥12), so 5 should vary inversely with m. A
steeper-than-linear slope on a log-log plot of 7 vs. m would indicate that the total gas load is finite. The value
of m for which # drops precipitously indicates the magnitude of the finite gas load.

0 T LI T T | T T T 1 I T T T T [ T T 1 1 T
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Figure 12. Fcy VS [TODT] for Several Values of r.
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5.0 APPLICATION TO THE SSC VACUUM PROBLEM: ESTIMATE OF THE
MONOLAYER FORMATION TIME

In the cold (4.2 K) bore tube of the SSC, the photodesorption process evolves gas which is rapidly frozen
onto the surface of the tube. This gas accumulates as a weakly bound layer on the surface. Thermal desorption
at 4 K releases gas from this layer into the cold bore vacuum; the vapor pressure of this gas in equilibriumis a
function of the surface concentration of frozen gas. When the surface concentration of hydrogen gas reaches
the density of a monolayer (mg=6 X 1015/cm?), the vapor pressure rises rapidly to alevel roughly two orders
of magnitude higher than that tolerable for SSC operation. When this occurs, the accelerator must be shut
down and the cold bore tube warmed up to about 20 K, in order for the frozen hydrogen to evaporate and be
pumped out. Since this operation represents adowntime for the accelerator, there is a lower limit requirement
on the time to desorb a monolayer of hydrogen gas,which is related to the availability goals of the accelerator.
The current availability budget allocates 5 hydrogen-gas warmup/pumpout cycles per year. Since the
vacuum requirement which dictates this warmup is a local one, each time a piece of the accelerator’s beam
pipe is replaced, that piece will have to start the desorption cleanup process anew. It is currently estimated that
six SSC dipoles will need to be replaced each year; each of these will require a restart of the cleanup process.
The requirement of no more than five warmups/year thus sets the lower limit for the time between warmups
(which equals the time to desorb a monolayer) at roughly one year. Since only time when the beam is present
at full energy contributes, this lower limit is the total amount of “live time” at full energy per year, estimated
to be 4000 hrs, or about 1.4 x 107 sec.

The equations developed in the preceding sections of this paper may be used to relate the time to form a
monolayer (fmono) to the parameters of this model. If we define Ymono = fmono/T, then the inequality

(rYmono)Erfcl Vv mono)
coD Exp(wmono)Erfc(JWmono) . ExpY o P /7
MPmane) = —= | = — L <my (57
mono x)" /; /; -1 = "0 7N

defines the range of the model parameters which is acceptable.

5.1 r=0

5.1.1 Estimate of Required cg
For the case of r = 0, the expression is

coD N’mono
77-[2 - I+ EXP(wmono)EIifc(\/wmono)] sSmgy . (58)

This expression is considerably simpler in the asymptotic limit ¥mono 2 1. This limit implies

s . (59)
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or

D

4 monoy

7 - (60)

For the SSC parameters y =1013/cm?/sec, tpono = 1.4 X 107 sec, and D =5 X 10-18 cmZ/sec, we have
% min=6 X 10-26cm3. Typical values of x found in the data fits above (see Tables 5 and 6) are in the range of
1024 cm?3 or greater, so this inequality is satisfied. It is thus appropriate to use the limiting form of m(y),
Eq. (54). We have that Eq. (58) becomes, to leading order in ¥/mono»

CLQZ YM < my . (61)

MWYmono) = %y T

Substituting Y¥mono = mono/T, and using Eq. (20) for 7, we obtain:

my T

%= 2\ taeD ©)

Using the numerical values for mg, tmone, and D given above, this gives

co = 0.6 x 102! /cm® . (63)

Comparing this result with the values obtained from the data, shown in Table 5, we see that the data exceeds
this limit by factors ranging from 1.15 to 63. This would imply monolayer formation times smaller than tpyono
by the square of these factors, according to Eq. (62). In the worst case, this implies a monolayer formation
time of 1.4 x 107 sec/(63)? = 3500 sec (about 1 hour).

This estimate is somewhat pessimistic, since for these short times, the condition (59) is not satisfied, so
that the full expression for m(y), Eq. (57), should be used. In Figure 13, we show the (cq, #) parameter space:
the curves shown correspond to the values of (cg, #) which satisfy the equality in Eq. (58), for a series of
values for tyon0 ranging from 4000 down to 2 hours. Also shown are the values of the (cg, #) parameters
obtained from the fits to the photodesorption data (from Table 5). '

Only data sets 1 and 5 (corresponding to OFHC copper) are close to satisfying the requirements for
Imono = 4000 hrs; the others would correspond to #yono between 2 and 48 hrs. For the electrodeposited
Cu data, areduction in cg of from 1.2 to 1.8 orders of magnitude would be required to reach #op0 = 4000 hrs.
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Figure 13.  (c,,») Parameter Space, Showing Curves of Constant fnono (as Labeled) from Eq. (58), and the
Data from Table 5. For y = 10'3/cm?/ sec.

5.1.2  Effect of Varying the Photon Flux

The flat regions for the curves in Figure 13 correspond to the region in which the asymptotic limit
(Eq. (62)) is applicable: in this region, cp is independent of x. It is also true, in this region, that cg is
independent of y. That is: the monolayer formation time does not depend on the photon flux.

The origin of this result can be seen simply as follows. The total gas evolved per unit area is given by

14 t

m(t) = j d(t"dt' = yjﬂ(t’)dt' . (64)

Starting from Eq. (13), we have the following development:

o = D200 _ oy

b4

[
() = DA—‘; .- (65)

in which 4x is the region near the surface over which the concentration density varies from cg to a number
close to zero,in the asymptotic limit (see Figure 8). This is the region over which the diffusion is primarily
occurring, and the general relation between time and distance implicit in all solutions to the diffusion
equation requires that
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Ax = fDT (66)
where ¢ is the time taken for the gradient cy/4x to develop. Hence, substituting into Eq. (60), we obtain

o) = 2 67

/Dt

which shows that @(t), and hence m(t) , is independent of y. Physically, this arises because, as Eq. (65) shows,
the gas flux leaving the surface in this model is determined entirely by that diffusing from the bulk, which
depends only on the diffusion constant D, the concentration density ¢, and the time. This independence of ¢
from y also implies, from Eq. (65), that # varies inversely with y. This inverse dependence of # on y is a
fundamental prediction of the diffusion model and has been observed.!!

The independence of m(t) from y breaks down when the asymptotic limit fails (for very small times
or small values of y). However, even for photon fluxes equal to 1/100 that of the baseline SSC rate
(1013/cm?/sec), the approximation of independence is reasonably good. This is shown in Figure 14, which is
calculated from Eq. (58) and shows the (cq, %) parameter space, with curves of constant f;,0no = 4000 hrs, for
various values of y.
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Figure 14. (c,,») Parameter Space, Showing Curves of Constant tmone = 4000 hrs, for Various Values of y
(As Labeled) from Eq. (58), Together with the Data from Table 5.

Itis clear from Figure 14 that reduction of y from the baseline rate by a factor of 100 results in only a small
change in the value of ¢q required to achieve #yono = 4000 hrs. In order to reach tmono = 4000 hrs with the
values of ¢ corresponding to the electrodeposited copper data, y must be reduced to the range of
10°-101%cm?/sec, a factor of 103~10* below the baseline SSC value.
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5.1.3  Effect of Varying the Diffusion Constant

Equation (62) indicates that the required value of ¢y varies inversely with the square root of D. The
diffusion constant D has been taken in all the fits and calculations to be D = 5 x 10-18 cm?/sec, which is a
number appropriate to room temperature. This is correct for the data fits, since all the data analyzed has been
taken at room temperature. However, for the situation we are considering for the SSC beam tube, the
diffusion process is occurring in the metal or oxide film at 4 K. In general, the diffusion constant D may be
expected to depend upon the temperature, at least linearly and more probably exponentially. In order to
explore the sensitivity of the predictions of the diffusion model to this effect, the calculations have been
repeated for a smaller value of D, equal to that scaled down from 5 X 10-18 cm?/sec by the temperature ratio:

(4.2/300) X 5 x 1078 cm?/sec = 7 x 1072% cm?/ sec . (68)

The results are shown in Figure 15.
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Figure 15. (c,, ») Parameter Space, Showing Curves of Constant tyqno (As Labeled) from Eq. (58), and the
Data from Table 5. For y = 10'3/em?/ sec, and for D = 7 x 102° cm?/ sec.

Since D is smaller, the requirements on cq are relaxed, as expected from Eq. (62). In this case, the
electrodeposited copper data exceeds the required value of cg for #y0n0 = 4000 hours by only 0.25 to 0.85
orders of magnitude, a considerable improvement over the prediction of Figure 13.

Measurements!3 have been made of the photodesorption coefficient # for hydrogen at 4 K by the
SSC-CDG. These measurements found virtually no difference in the room temperature coefficient and the
4 K coefficient. The diffusion model, with the diffusion constant varying linearly with temperature as
assumed above, would predict roughly an order of magnitude smaller coefficient at 4 K, which was clearly
not seen in the data. However, it is noted in Reference 13 that the cold measurements were done for surfaces
which had become coated with about 0.1 monolayers of H; from extraneous sources. Data from Reference S
indicates that photodesorption from cold surfaces coated with “physisorbed” Hj is enhanced due to the
presence of this hydrogen by factors of about 300 times the fractional monolayer coverage of the physisorbed
hydrogen. In this case, then, one might expect a 30 X enhancement factor due to the 0.1 monolayers of
physisorbed hydrogen, which could explain the observed rough equality between the cold and warm
photodesorption measurements.
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5.2 r>0

5.2.1 Estimate of Required cg

We now discuss the case of finite r. In this case, the equation which defines the acceptable range of
parameter space is Eq. (57). Again, we may consider the applicability of the asymptotic limit, which would
correspond to the limit in Eq. (55). In this case, not only do we have the requirement cited in Eq. (60), but we
also require that nYmono > 1, which implies;

tmono = Tp = A_;D s (69)

Al < Lﬂm = /Dtmono - (70)

Using fmono=1.4 X 107secand D=5 x 10~18 cm¥sec we obtain (1/4)max = 836 A. The values of 1/ found
from the fits to the data, as given in Table 6a, are smaller than (1/4)max, but not by very much. Thus, we may
expect that the asymptotic form will not be very useful. Nevertheless, it is instructive to examine it. The
analog of Eq. (61) is

_epfr ()
mYmono) = o [‘/; rm =my . an

Substituting ¥ mono = fmono/t> and using Eq. (20) for 7 and Eq. (44) for r, we obtain the following relation:

moA
Co <

Ty - D _ 1 ' (72)
["7’] 27" 'mono AAtmonoD

The condition which obtains in the limit fyono —> @ is just cg <mg, that is, that the total gas load is less than
1 monolayer. Corrections to this for finite #yono are represented by the two square-root terms in the
denominator. However, this form is not very useful because the requirements of Egs. (59) and (69), under
which the asymptotic limit is obtained, require that each of these square-root terms be small compared to 1.
Hence this form is only appropriate to evaluate small corrections to the limit cg < mpA.

We must refer to the complete expression, Eq. (57), in general. In Figure 16, we show the (co /1) parameter
space: the curves shown correspond to the values of (co A) which satisfy the equality in Eq. (57), for a series
of values for fmono ranging from 4000 down to 2 hours. The solid curves correspond to » = 10-24 cm3; the
dotted curves correspond to» = 10-23 cm3. Also shown are the values of the (co, /1) parameters obtained from
the fits to the photodesorption data (from Table 6).

Again, only data set 1 (OHFC copper) is close to satisfying the requirements for zpygno = 4000 hrs; the
others would correspond to #mono between 2 and 48 hrs. However, for the electrodeposited Cu data, the
reduction in cg required to reach fyono = 4000 hrs is now seen to be smaller than in the analysis with r = 0: it
ranges from 0.8-1.3 orders of magnitude.
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Figure 16. (c,, 1) Parameter Space, Showing Curves of Constant tmgne, (As Labeled) from Eq. (57), and the
Data from Tables 6a and 6b. The solid curves correspond to x = 10724 cm®; the dotted curves
correspond to » = 10-23 ¢m3, The dot-dash line represents the asymptotic limit ¢p = mg1. The curves

have been calculated for y = 1013/cm?/sec.

5.2.2  Effect of Varying the Photon Flux

Again, we may look at the dependence on ¥ for this case. This is shown in Figure 17. This figure shows the
(co,A) parameter space, with curves of constant #yqno = 4000 hrs, for various values of y.
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Figure 17.  (c,.4) Parameter Space, Showing Curves of Constant 4,0 = 4000 hrs, from Eq. (57), and the
Data from Tables 6a and 6b. The curves are iabeled by the corresponding valued of y. » has been
fixedat5 x 10724 cmS.

In this case, y would need to be reduced to about 101%cm?/sec in order to reach #yono = 4000 hrs for the
worst-case electrodeposited copper beam tube data.
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5.2.3  Effect of Varying the Diffusion Constant

The effect of a reduced D is shown in Figure 18. As was the case for r = 0, there is a substantial
improvement in the value of corequired, although the improvement is not as great as in the case of r = 0. This
is not unreasonable: the smaller D slows down the diffusion process, so that the advantage of a finite gas load
is reduced. The worst-case data fails for #yn0 = 4000 hrs by about 0.8 orders of magnitude.
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Figure 18.  (c,,/1) Parameter Space, Showing Curves of Constant fmono (As Labeled) from Eq. (57), and
the Data from Tables 6a and 6b. The curves correspondtox =6 x 1024 cm®, D=7 x 1020 cm?/sec,
and y = 10-13 em@/sec.

53 Estimates of the Effect of a Magnetic Field

It is generally believed!4 that the liberation of gas in the photodesorption process is mediated by low
energy photoelectrons. The photons produce slow (few tens to a hundreds of eV) electrons through the
photoelectric effect; these photoelectrons, in turn, liberate gas molecules through electrodesorption. This

two-step mechanism is believed to dominate over the direct ejection of gas molecules via photon-molecule
interactions.

In a closed tube, such as a beam tube, the photoelectrons would in general be ejected such that they
electrodesorb the whole inside surface of the tube, relatively independent of the point on the tube at which the
photons are incident. Thus, the assumption of uniform desorption from the entire inside diameter of the tube,
as has been made in the analysis above, is appropriate, even though the photon beams typically are tightly
collimated and illuminate only a narrow strip a few millimeters high along the length of the beam tube.

The situation is altered significantly, however, in the presence of a magnetic field transverse to the axis of
the beam tube. If this field is sufficiently strong that the cyclotron radius of hundred-eV electrons is less than a
few millimeters, then all the photoelectrons produced by a narrowly collimated photon beam will be confined
to the region of the tube’s surface which the photon beam illuminates, and will electrodesorb this area only. In
this case, the effective flux will be quite high over this area,and zero elsewhere. This area will clean up
rapidly. Other areas of the beam tube will only liberate gas due to photons scattered from the directly
illuminated area. These other areas will clean up more slowly. The net resuit will be an “average”

photodesorption coefficient which has a more complicated dependence on time than in the simple diffusion
model.
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This process can be modeled in the following way. Let s designate the circumferential distance inside the
tube which is directly illuminated by the photon beam; then the rest of the tube’s inside surface is #d - s,
where dis the tube inside diameter. Let o designate the fraction of the photons which are reflected upon direct
illumination. We assume that these photons are reflected such that they are uniformly distributed around the
rest of the tube’s inner diameter. With these assumptions, we can write for ¥4, the photon flux associated with
the directly illuminated surface s (surface 1),

Ny
n=>0-05 =01 9)5—01}’ (73)

where Ny is the photon flux per linear centimeter, y = N, /zrd is the “average” value of the photon flux

(defined as in the earlier sections above), 8 = s/d, and g1 = (1-0)/d. Similarly, for y,, the photon flux on the
indirectly illuminated surface (surface 2) due to reflections from the directly illuminated region, we have

=0 Ny — ot r =0y (74)
Y2 nd — s 1—-6 2

with 03 = o (1-6). The photodesorption coefficient for surface i (i = 1,2) is

N = xcey®) »
y(x) = Exp(x)Erfc(\/;) (75)
where
2
ot {xy,)
Vi=5 =D
= oty . (76)

The gas per unit time, per unit length along the tube, evolved from surfaces 1 and 2 is then
g1 = SV s

g = (@d — sy, - a7
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The “average” photodesorption coefficient can then be written as

(g + &)
nw) = 7

= domy + (1 — d)oym,

”x—(lpo—) = (1 - oy(o, %) + o¥(0r %) - (78)

The first term in this expression represents the contribution from the directly illuminated surface, which
cleans up rapidly (since typically d < 1 so g1 > 1). The second term represents the contribution from the
indirectly illuminated surface, which cleans up slowly (if ¢ is small, since o, is proportional to ¢), and which
is suppressed by the factor o. We recover the original expression for 7(3) when g = 1-9.

The expression for is plotted in Figure 19, for various values of g, to illustrate the transition from the fast

cleanup to slow cleanup terms. The value of d has been taken as representative of that in the SSC situation:
s=4mm, d=33 mm, so0d =3.8%.
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Figure 19. *Co" from Eq. (78), vs. ¢, for Several Values of g (As Labeled). Calculated for & = 0.038.

This modification of the effective photodesorption coefficient will clearly have some impact on the
monolayer formation time. A rough feeling for the impact can be obtained by writing down the expression

relating the effective photodesorption coefficient to the total gas evolved, and examining it in the asymptotic
limit. Using Egs. (78) , we have that
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m) = L f (8,0 + gy)] ar'
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¥

m(t) = yxc, f [(1 = o)y@, 2", + oyioy')ry] dy'
0
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The results of doing the integral are given in Eq. (47). In the asymptotic limit, 612 % 1 and 022> (which,
for small ¢ and o, amounts to the requirement that Qzlp > 1), we have, using Eq. (54),

m@y) _ ‘/37_ 1-90, ¢
2] ? ”[ 7 +°z]
xy
_.2\/.2.. (80)

In the asymptotic limit, the total gas evolved from the surface, per unit area, is thus independent of ¢ and 4.
This result is not surprising, given the fact that this quantity, in the asymptotic limit, was shown in the
previous section to be independent of the photon flux.

We may thus expect that the monolayer formation time will not be very dependent upon @ ord, except for
very small g, for which the asymptotic limit Qzl/) > 1 is not reached. In this case, the equation relating the
parameters of the problem to the monolayer formation time is derived by integrating Eq. (79); the result, in a
form analogous to Eq. (58), is

(10—120) [2 /Olz'fzmono -1+ EXP(01zllJmono)El'fc(,/%ZWmono)] +
C’(‘)f e |, [0 Wmono ——— =" @
.0? 2 z—y'rl'n_o— -1+ Exp(azz"pmono)Erfc( azzwmono)

The values of the parameters (co, #) which satisfy the equality are shown in Figure 20, for a fixed
tmono = 4000 hrs, and for various values of o.
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Figure 20. (c,,») Parameter Space, Showing Curves of Constant ¢ (As Labeled), for tono = 4000 hrs.
From Eq. (81); data from Table 5. For ¥ = 10'3/cm2/sec, and = 0.038.

Very little change is seen for ¢ > 0.01, except for small x.Values of the reflectivity g in the range of 0.0001
or lower are required to reach the electrodeposited copper data sets. This would require >99.99% of the
photons to be absorbed in the directly illuminated area. Measurements!> of ¢ from an unpolished electro-
deposited copper surface at incidence angles of 1 ° have obtained values of ¢ of 2 X 10~3 for 120 eV photons.
The incidence angle at the SSC will be about 0.1°. It seems unlikely that values of g in the range of 10~ can
be achieved.

We can also extend this model to the case of finite . The equation analogous to Eq. (81), for finite , is

-__ o Exp("Pmono)E\‘fc(M) h
- 0) 2’_1_ : Exp(alzv)mono)El'fC(‘lolzy;mo“o’ _9 2 .
g2 |/r a_/f —
% aExP(’Wmono)Effc(M) =mg . (82)
0 |0, EXP(Gzzll)mono)El'fc(‘/azZ‘p mono) _ % -
02| /r ‘{_Z —

In Figure 21, the (cg, A) parameter space is shown: the curves correspond to the values of cg and A which
satisfy the equality in Eq. (82), for fixed values of tyono =4000 hrs, and forx =5 X 1024 cm3 and 6 = 0.038.
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Figure 21. (c,./1) Parameter Space, Showing Curves of Constant fmeno = 4000 hrs, from Eq. (82), and the
Data from Table 6. The curves are labeled by the corresponding values of g. » has been fixed
at5 x 10724 em3, 4 = 0.038, and y = 10'3/cm?/sec.

In this case, we see that values of ¢ at the level of a few parts per thousand would be satisfactory for data
set 5, although another order of magnitude would be required if the surface had the parameters of data
sets 6 or 7.

6.0 CONCLUSIONS

A diffusion model has been applied to analyze hydrogen photodesorption data from a number of surfaces
which may be useful as candidates for the inside diameter of the SSC beam tube. The model has been used to
extract semi-phenomenological parameters from the data, which are related to the hydrogen volume
concentration in the metal (or surface oxide), the effective cross section for photodesorption, and the finite
total gas load in the metal.

The model has then been applied to the SSC situation in order to make estimates of the time required to
desorb a monolayer of hydrogen. Sensitivity of the estimates to the details of the model, the photon flux rate,
possible dependences of the diffusion constant on temperature, and the possible effects of a magnetic field,
have been explored.

A summary of the results is given in Tables 7a and 7b. We choose to focus on data set 6 only, as
representative of the baseline SSC electrodeposited copper beam tube surface. In Tables 7a and 7b, we
present the change in the parameters of the surface (c0,4, D or @) or in the photon flux y, which, considered
by itself, is required to reach tyono = 4000 hours. As the detailed discussion above has shown, none of these
changes are related each other or to #pepo in a linear fashion. Any combination of changes must be studied
specifically using the tools developed above.
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TABLE 7A. FOR THE 2-PARAMETER (r = 0) MODEL.

PARAMETER

CHANGE REQUIRED TO REACH fmono = 4000 HRS

Concentration Density at the Surface ¢,

Factor of 63 Reduction

Photon Flux y

Factor of 104 Reduction

Diffusion Constant: D

Factor of 4000 Reduction

Surface Reflectivity ¢

<< 10~

TABLE 7B. FOR THE 3-PARAMETER (r = 0) MODEL.

PARAMETER

CHANGE REQUIRED TO REACH fmono = 4000 HRS

Concentration Density at the Surface ¢,

Factor of 22 Reduction

Concentration Density Mean Depth: (1/4)

Factor of 25 Reduction

Photon Flux y

Factor of 2000 Reduction

Diffusion Constant: D

Factor of 4000 Reduction

Surface Reflectivity ¢

<10~4
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