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Lawrence Radiation Laboratory
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Abstract

Design parameters for accelerator vacuum
systems are studied with reference to the require-
ments which appear in modern strong-focusing .
machines. The two major problems considered
are restrictions in both pumpdown time and sys-
tem base pressure created by trends toward very
small apertures.

Basic kinetic equations are used in a method
of estimating performance. Assuming a time-de-
pendent outgassing rate from vacuum chamber
walls, equations are offered for predicting pro-
gression of evacuation and base pressure distribu-
tion throughout the system.

Results from small-scale experimental sys-
tems are reported and compared with predicted
performance. Influence of various pumping sys-
tems on prediction is discussed, and design rec-
ommendations are offered. ' '

Introduction

Where the alternating gradient principle is
used (presently in synchrotrons and storage rings),
econiomy generally dictates that apertures be as
small as possible. This consideration of economy
becomes even more important with increasing ma-
chine size, and to show order of magnitude, we -
have made informal cost estimates for special
cases which indicate that the incremental cost of
1 inch of vertical aperture per mile of diameter is
about $20 million. Therefore the trend in accel-
erator vacuum chamber design is towards increas-
ing ratio of length in beam direction to character-
istic cross-sectional dimension. As a result the
vacuum chamber is becoming extremely conduct-
ance limited and therefore new techniques may
have to be applied in estimating a proper pumping
system.

Previously vacuum chambers were of such a
shape that the free molecular conductance betw.een
any two points within the chamber for all vpractlcal
purposes was considered infinite, and pressure
gradients were ignored. Consequently the required
pumping speed was estimated as the ratio between
total system outgassing rate and the desired oper-
ating pressure.

Ina conductance -limited vacuum chamber,
on the other hand, considerable pressure gradi-
ents may exist, which may delay the turn-on time

of the high-vacuum pumps and significantly degrade
—t

“Work done under the auspices of the U. S. Atomic
Energy Commission,

the particle beam. Consequently, for design pur-
poses it becomes necessary to find the effect of
chamber dimensions as well as pumping speed on
pressure distribution throughout the system.

Pressure gradients for special applications
have been calculated. *» ¢ It is the purpose in this
paper to present a more general method for esti-
mating pressures in conductance limited vacuum
chambers and to ‘ferify their accuracy experimen-
tally.

System Characteristics

The vacuum chamber in a synchrotron is
mostly a ring-shaped tube of constant cross sec-
tion. The pumping system consists of several
vacuum pumps each connected to the ring through
a long manifold. Most economically these pump-
manifold combinations are made identical and dis-
tributed at equal intervals. The number of pumps
is generally a plain fraction of the number of mag-
nets.

For this investigation the vacuum system is
divided into a number of identical units, each con-
sisting of a pump-manifold combination and an e-
qual length of vacuum chamber on either side ex-
tending half way to the neighboring pumps. We
assume outgassing from the vacuum chamber wall
to be the only significant gas load, with no net gas
flow midway between pumps; each unit may then be
treated as an independent vacuum system. In the
following only one half of a unit is considered.

Theoretical Derivation of Pressure
During Molecular Flow

Figure 1 is a sketch of such simplified vac-
uum system. A tube of length L, cross-sectional
periphery H, and cross-sectional area A is at one
end connected to a vacuum pump through a mani-
fold. At the connection to the vacuum chamber,

pumping speed is S and the aperture is A.

At the ultimate pressure a uniform outgass-
ing, of q per unit area and unit time is assumed to
exist. Pressures are P(0) at the entrance to the
manifold, P(L) at the other end of the tube, and
P(x) at distance x from manifold.

Using the basic equation P=Q/S where Q is
the total outgassing rate, S(x) is pumping speed at
x, and u is an integration variable, we can write

_ rx qHdu qH(L-x)
( Px) = Iy “5rt sy o

An expression for finding the system pumping




speed S(u) is
S(u) = %VA- W(u) = Sppay - W), (2)

where v is the mean average molecular velocity
and W(u) is the combined probability that a parti-
cle which passes point U towards the pump will
proceed through the tube section of length u, and
be captured by the pump, without being thrown
back past point U. S,,53x is the maximum attain-
able pumping speed through an aperture A.

The probability W4(u) of transfer through a
tube of length u has been calculated for a circular
tube by Clausing, 3 and calculation has been expe-
rimentally verified by Milleron and Levenson. 4
An approximate expression for tube of arbitrary
but constant cross section developed by Dushma
is

1
w3 E, ¢ @
16 A :
The probability W, of capture by the pump is

Wylu) =

_s .
W2t Smaxc € B (4)

where € is the efficiency of pumping through ap-
erture A." If pump aperture is Ag, smaller than
tube aperture A, then the probab111ty W2 is re-
duced by the ratio AO/A

Oa.‘cley6 has found that for equipment con-
‘nected in series their combined probability for
pumping may be found with good approximation by
use of

W) - w
W(u) = (5)
Wy(u)+ Wa - Wqlu) - Wy

Substituting Eqs. (3) and (4) in (5), and inserting

the resulting expression for W(u) in Eq (2), we
find .
_1 = 1,3 H -1
and similarly, for S(x)
41—, ,1,3 H _,-1
S(x)——-vA(—+T6 Ex) (7)

The above method for calculating system pﬁmping
speed is often much more accurate than the more
commonly used electrical analogy.

Substitution of Eqs. (6) and {7) in Eq.
integration result in the explicit expression

(1) and

3 H_2

3 H L
=z Lx+ =) . (8)
32AX+ X ) (

P(x) = ] 16 A €

Z— V
Equation (8) shows that pressure in the vacuum
chamber increases with x according to a parabola
with its apex at x=L. Pressures P(L) and P(0)

and pressdre difference AP are

Py = (2 B2 Ly, (9
7V
p(o)y = 2H_. %: qI;L , (10)

1_
ZV
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HL

2
=) (11

’

AP=P(L)-P(0)= 3 &
v
At the ultimate pressure where q is constant,
Eq. (11) shows that AP is independent of pumplng
speed.

. The average pressure P for the whole tube
is found by integrating P(x) and dividing by L,

13:11 P(x) = (—6 L2+—) (12)

ol

Z,

Graphic Estimate of Pressures

Total outgassing of the vacuum chamber is

Q=gHL. The smallest pressure P_ ; attainable

with outgassing Q and pumping aperture A would

be Prjn=0Q/S max’ We can now, from Eq. (12),
derive ratio a = P/Pmm
, 1 HL 1
g ®=J5a e (43

For a cylindrical tube with inside radius a, Eq.
(13) will be

a_ = +
[¢]

L
= (14)

oo =
ml=

In a similar way, for an elliptical tube with ratio
of semiaxes §=b/a and c1rcumference
H= 2m [(af+b%)/2] /2, . (13) becomes

1L J‘ !
. 5 % (1+(%))+—.
F1gure 2 shows a_ and ag as a function of L/a for
various values of 6 and €. :

(15)

Graphical calculatmns may also be done by
use of Fig. 3, which is.-based on Eqs. (10) and (11).
The technique of estimating P(L) and P is in this
way simplified to

(a) calculation of P(O) according to the usual
equation P = Q/S after selection of vacuum chamber
dimensions and pumping speed of vacuum pump,

(b} finding of AP from Figure 3 after esti-
mating outgassing q and ratio €,

(c), adding of results from (a) and (b) ac-
cording to

P(L) = P(0) + AP, (16)
TD:P(O)+§AP.- (17)

It has been shown that outgassing q decreas-~
es with time. This means that pressure is a func-
tion of both distance x and time t. However, as
long as q is reasonably uniform throughout the
vacuum chamber the above equations can be cor-
rected to include this by substituting q with its
time -dependent function.

Evacuation in the Viscous Pressure Range

Like the high-vacuum pumps, roughing
pumps will presumably be distributed along the
vacuum chamber at equal but perhaps larger in-
tervals. Therefore the physical layout for esti-
matmg pressures in the viscous range is the same



as that used for molecular flow (see Fig. 1). How-
ever, as the kinetic laws for viscous flow are not
the same as for molecular flow, it will be neces-
sary to change the derivation. :

The pressure drop in a tube is commonly
expressed as AP=Q/C, where Q is gas flow rate
and C is conductance of the tube: This equation
may be used on a small element dx of the tube,

dP(x) = ng)/cdX (18)

It is assumed that the gas flow rate Q(x) varies
linearly with distance x, indicated by

Q(x) = Sy Py(1-3) (19)

where Sg is speed, P pressure at roughing pump
and L is the length of the tube. This is true for
steady state, and a good approximation after the
first few minutes of roughing. '

Dushman’ has given an equation for estima-
ting the conductance (in l1ters/sec) of an elliptical
tube with semiaxes a, b, and L in cm. If P is av-
erage pressure in torr, we have, for an element
of length dx,

3 P a.3b3

Cyy = 5687107 — (52— X bz)

dx (20)

Substitution of Eqs. (19) and (20) in (18), where
= P(x) in the element dx, gives

S0P _)a +b

P(x)d P(x) = (21)
5,68+ 10 L

3

Integration between the limits 0 and L for
both sides of Eq. (21) gives the expl1c1t expres-
sion for PL,
SO Py a2+b2
15.68- 10 a’b°
The pressure estimate may now be performed by
first calculating Py from the usual equation

t=K — fn
So

5 1/2
0

o) |

[ L+P

(22)

3

Pa.trn

Py

(23)

where P, is atmospheric pre'ssure, V is total
volume of vacuum chamber, and K is an empiri-
cal constant. . (22) will then give P1, for any
Pg- :

Experimental Setup

Two experimental vacuum systems were
built in order to evaluate the equations developed
in the previous sections; one for testing in the
molecular range, and one for the viscous range.

‘A sketch of the former system is shown in
Figure 4. The vacuum chamber was a stainless
steel tube of 7.3 ¢cm i.d. and 900 cm long. At one
end of the chamber was a small pump manifold
with two high-vacuum pumps, at the other end a
flange with a leak valve for gauge calibration and
pumping -speed measurement. Four ionization

-3-
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gauges of nude Bayard-Alpert Type (RCA-DEV.
NO. J1981) were mounted along the tube.

Gauge No. 1 was placed about 10 cm from
the pumping manifold. Gauges Nos. 2, 3, and 4
were placed along the tube respectively 219, 438,
and 876 cm from gauge No. 1. One of the two high-
vacuum pumps was a 4-in, diffusion pump (NRC
Model HS4-750) provided with cold cap, water baf-
fle, liquid nitrogen trap, and pneumatically con-
trolled gate valve. The other pump was a Varian
15-liter/sec Standard Vaclon*Pump.

The Varian pump was provided with a Con-
Flat™lange, and all other tube flanges had alumi-
num foil seals. 8 The high-vacuum side above the
trap was exposed only to three elastomer seals
(viton), all in the gate vdlve. Fore vacuum and
roughing pump was a liquid nitrogen trapped me-
chanical pump (Kinney Model KC-5), No compo-
nents (except Vaclon Pump) were baked. The vac-
uum chamber was chemically cleaned by circula-
tion of hot trichloroethylene, subsequent rinsing
with acetone, and final drying with cylinder nitro-
gen blast.

The second vacuum system for measurement
in the viscous pressure range was a stainless
steel tube of 0.40 in, i.d. and 10 ft long, provided
with a thermocouple gauge at either end, and a
small mechanical pump (Welch Duoseal 1400B) at
one end.

Test Procedure and Results

The high-vacuum system was operated about
1 month prior to actual testing. During this peri-
od of "conditioning', pressures kept decreasing
slowly. Finally outgassing settled down at 1 to
2X10-10 torr l1ter/sec em?2, and the pressure at
the pump reached 5X10-8 torr. At this level the
system was very temperature-dependent, and 5°C
increase in room temperature would increase pres-
sure reading on gauge No. 4 as much as 50%.

Rate-of-rise tests were first performed by
turning off pumps. Natural outgassing and a slight
leak of dry nitrogen were used as calibration gas.
After a few seconds (necessary to establish a uni-
form pressure in the tube), pressure readings a-
greed within £10%. Correction charts were plot-
ted to make as close a correlation betweengauges
as possible.

Pumping speed at gauge No. 1 was then cal-
culated for each individual pump with the equation
S = C[(P4/P4) -1], where C is the conductance of
the vacuum chamber between gauges No. 4 and No.
1 (4.7 liter/sec), and P4 and P4 respective gauge
readings. Calculations indicated the constant Np
speeds of 65 liter/sec for diffusion pump and 12
llters/sec for sputter-ion pump systems. This
was well within £10% of values arrived at from
manufacturers' rating and calculated conductances.

Trade names registered by Varian Associates,
Palo Alto, Calif.
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The system was now left to be pumped in
turn by either of the two pumps for extended peri-
ods. Meanwhile the pressures were observed.
Observations agreed with Eqs. (8), (9), (10), and
(11) to within 5 to 10%. Both parabolic distribu-
tion and independence between ultimate pressure
drop and pumping speed were found.

The system was repreatedly let up to dry
nitrogen and subsequently evacuated to the base.
pressure by either of the two pumps in turn. Pres-
ures P4 and P4 were recorded. In Fig. 5 outgas-
sing q calculated from Eq. (10) is shown for typ-
ical evacuations. In Figs. 6 and 7 respectively
recorded pressures are shown for evacuationwith
sputter-ion and diffusion pump. Broken lines
show pressures P(L) calculated according to Egs.
(11) and (16), with q calculated from Eq. (10).

For both evacuations, t = 0 was defined as the mo-
ment when the pneumatically controlled valve to
the diffusion pump was opened. In evacuationwith
the sputter-ion pump, the valve was closed again
after reaching 10-5torr, where the sputter-ion
pump could easily handle the gas load.

The vacuum system for evacuation in the
viscous range was also allowed to reach its base
pressure. However, this took only a few days.
Then the two thermocouple gauges were compared
by rate-of-rise method, and readings were found
to correspond within = 10% between 10 and 200
mtorr. Pumping speed tests were now run with a
leak valve and a displacement flow meter. Pump-
ing speed varied from 0.1 to 0.15 liter/sec in the
range from 10 to 200 mtorr. The vacuum system
was brought up to dry nitrogen pressure and the
relationship between pressures at the pump Py
and at the far end P, in subsequent evacuations
were recorded. Figure 8 shows plots of a typical
run.

Discussion and Conclusions

Figure 6 indicates a very close agreement
between calculated and experimental values of
pressure; in Fig. 7 they do not agree so well until
the base pressure is reached.

In the authors! opinion the disagreement is
in part due to the difference in pumping speed. At
higher pumping speeds the sitting time of nitrogen
particles on the vacuum chamber walls become
significant and outgassing decreases toward the
pump aperture. At sufficiently lower speeds this
sitting time can be neglected and net outgassing is
more nearly uniform throughout the full length of
the vacuum chamber.

Figure 5 also shows that outgassing based
on pressure at P(0) is quite different for the two
pumping speeds. However, with P(L) used as a
basis for the calculations, outgassing curves be-
come almost identical. Therefore, the latter
value should be used for estimating pressures.
An approximate value for outgassing of nitrogen
as a function of time according to Fig. 5 seems to
be ’

q = 10-9/t torr liter/sec: cm®.

UCRL-11808

Towards the end of evacuation this function
changes because other gases become predominant.

‘Each time the system was let up to dry nitrogen

no air was allowed to enter. In case of repair and
maintenance it is impossible to prevent some air
from entering. This will affect outgassing and
tests should be run on other gases (such as oxygen
and water vapor) to investigate their relative in-
fluence. .

It is worth noting that, although pumping
speed does not have a pronounced effect on base
pressure (because of the conductance limitation),
it can have an appreciable effect on the time rate
of change of pressures during the beginning of
evacuation. Especially where sputter-ion pumps
are chosen, it is recommended to select a size
with some speed to spare. Otherwise as the pump
gets older evacuation time may become excessive.

Figure 8 indicates quite close agreement be-
tween experiments and the viscous flow Eq. (22),
in spite of the varying sensitivity and slow time
response of the thermocouple gauges. Egquation
(22) could be extended to show intermediate pres-
sure as a function of distance, but this was beyond
the scope of this paper.
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Figure Captions

Fig. 1.—Schematic "half unit" vacuum system.

Fig. 2.—a=P/P, ;. as a function of ratio L/a for various values of
pumping efficiency € and elliptical flatness &§=b/a. Solid lines
show a for cylindrical tube. Broken lines 6=0.75 and 0.5 are
shown for € =0.025 only. Various 6 lines for constant € intersect
at L/a=0, and & lines for various € but equal § are parallel.

Fig. 3. Pressure gradient AP over tube length L as a function of
ratio L/a. Constant outgassing lines are shown for cylindrical
tube (6 =1) and elliptical tubes (6=0.75 and 0.5), Unit of q
is torr liters/sec cm2. AP for experimental system
(6=1, L/a=240) is shown. '

Fig. 4. —Experimental vacuum system.

Fig. 5.——Outgassing (torr liters/sec. cm?) of vacuum chamber walls
as a function of time t during evacuation; calculated from Eq. (10)
A Evacuation with sputter-ion pump (12 liter/sec)
® Evacuation with diffusion pump (65 liter/sec).

Fig. 6. ——Pressure P(0) and P(L) at extreme ends of tube as a function
of time t during evacuation with sputter-ion pump (12 liters/sec)-
Theoretical values calculated from Eqs. (9) and (10). :

Fig. 7. Pressure P(0) and P(L) at extreme ends of tube as a function
of time t during evacuation with diffusion pump (65 liters/sec).
Theoretical values calculated from Eqgs. (9) and (10). ,

Fig. 8. Pressure Py asa function of P for tube of length L.
Theoretical values calculated from Eq. (27).
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