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Summary

ESCAR is an experimental superconducting accelera-
ting and storage ring for protous.

Scattering collisions with residual gas degrades
the quality of proton beams that are stored for long
time periods. The loss of quality will be small if the
average gas density in the path _of the beam is kept less
than about 10° molecules per cm”, depending upon the gas
species. This density corresponds to a room temperature
pressure for nitrogen-like gases of 3x10"11 Torr. we
plan to achieve this vacuum goal in the ESCAR ring by
distributed cryopumping at 4.59K, the operating temper-
ature of the superconducting magnets. In the magnet
sections the cold bore of the magnet will provide the
condensing surface. 1In the straight sections, 4.5°K
beam tube or distributed cryopumps will be provided con-
sistent with the function of the particular section.

The large cryosurface area provides effective pumping
capacity for Hy Dby utilizing sub-monolayer adsorption.
The surfaces can be degassed of Hy by a temperature rise
to 159K, The cycle can be accomplished during routine
maintenance periods. We expect the interval between the
degassing of the magnet quadrants to be of the order of
months. Because of the experimental nature of ESCAR,
sector valves will be provided to permit the isolation
of each straight section from the ring to allow ready
accessibility for equipment testing and modification.
Each section will have a roughing and conditioning pump-
ing station. We plan to use valved, bare surface cryo-
pumps, augmented by cryosorption on €0y, to finish
roughing and for pumping during the Hy degas cycles.

Introduction

The ESCAR ring consists of four magnet quadrants
containing the superconducting bend magnets and quadru-
poles separated by straight sections. The ring circum-
ference is 96 m and each straight section is 6 m long.
The clear diameter of the bend magnet bore is lé4cm.
Seventy-five percent (75%) of the ring will be enclosed
in the magnet cryostats, and most of this length will
operate at 4,5°K with short lengths at 80°K. These low
temperatures create a friendly vacuum environment in
which the vapor pressures of all gases except Hy and He
are less than 10~ Torr and outgassing and permeation
rates fall to negligible values.

Beam-Gas-Wall Desorption

The proton beam may disturb this environment. Beam
protons collide with residual gas molecules, some of the
molecules become ionized and are driven toward the wall
by the electrostatic field of the beam. When the ion
strikes the wall it can desorb as many as 50,000! mole-
cules depending on the energy of the ion and the amount
and kind of gases adhering to the wall. 1If the number
of molecules desorbed exceeds the number of ions trapped
there will be a rise in pressure. The increased pres-
sure will be a stable value if the pumping speed is
greater than the desorption rate. If the pumping speed
is less than the desorption rate there will be an un-
stable pressure rise. This pressure runaway has been
experienced on the ISR at CERN and has been thoroughly
investigated. During the last 'year or so the analysis
has been applied to prospective cold bore accelerators,

»2+% and is summarized below.

The removal rate of the gas molecules by distrib-

uted cryopumping is given by:
n -a A Sm 1 - /Tg/TS Peq/Po)
where n = molecular density of gas in the tube, and the

remaining terms express the pumping speed of a condensin
surface, where

0 = condensation coefficient
A = total cryopump area
Sm = theoretical maximum pumping speed of a unit

area (= mean molecular velocity/4)
P = vapor pressure of the gas in equilibrium with a

e
d surface at temperature Iq
P = pressure of the gas at temperature Tg.
The rate of desorption is given by: N v 0 d, where
N = number of beam particles
v = velocity of beam particles
0 = cross section for beam-gas ion production
d = number of ions desorbed per impinging ion.
+ - -+ N
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Fig. 1. Quadrant of vacuum system: 1. bend magnet bore,

2. quad bore, 3. straight section, 4. cryogenic cond.
pump, 5. injection line transition pump.

There can be an equilibrium if the removal rate is equal
to the production rate:

naAS (L-/T/T P /P=XKvaond 1)
m g S eq o
Assuming T

= TS and transposing, gives the equation
shown in

Fig. 2.

The critical condition for pressure runaway occurs when
the denominator becomes zero or:

©AS =Nvod (2)

m

This exgression is equivalent to that given by Eq. (1)
(Halama’) if his second term, representing auxiliary
pumping at intervals is omitted. (We see the critical
condition is independent of the initial pressure.)
The equation in Fig. 2 is plotted with d as the
abscissa, using values appropriate to ESCAR, and assum-
ing that the predominant gas is hydrogen:
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a=1 N =5 x 1012 protons

A= 4.2 x 10° co? v=oc=3x1010 cn/s

S, = 5400 cm3/cm? s 6 =15x 10719 cm2 for Hy
¢ is a function of proton beam energy and should be more

definitely determined in the ESCAR energy range from 50
MeV to 4 GeV. d is a function of the energy of the im-
pinging ion which depends on the beam current and 1its
bunching characteristics, and of the amount of H,
adsorbed on the surface. Our best estimate of d is
about 5000, which would give a pressure rise of 5%Z. If
Hy coverage is kept lower than one monolayer, d cannot
exceed 10,000, which would give a pressure rise of 40%.
These values are sufficiently below the critical value
of 34,000 for us to try the simple cold bore design for
ESCAR.
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Fig. 2. Graph of P/P__, ratio of pressure in the pres-
ence of beam to the equilibrium pressure without
beam, vs d, the number of gas molecules desorbed per
incident ion; for a-cryopumping bore tube.

For higher current accelerators it may be necessary
to protect the cryopumping surface from impinging ions.
This can be accomplished by a baffle such as the chevren
shown in Fig. 3. 1In the presence of the high pumping
speed the baffle will be quickly cleared of adsorbed gas
and will provide low desorption rates. Such a baffle
could be added to ESCAR if it proves necessary.

Fig. 3. Alterna-
tive magnet bore
cross sections, 1.
stainless steel
bore tube, 2. plat-
ing to provide
desired beam impe-
dance, 3. chevron
baffle, 4. wire
grid alternative,
5. epoxy-fiberglas,
6. prospective
liquid He cooling
channels.

Monte~
for the
tube wall
away, in
tube; or

A calculation was made with John Chubb's
Carlo computer program”® (named CHUBBY at LBL)
situation where a molecule is desorbed from a
and bounces back and forth until it is pumped
case 1) by condensing on the cryopumping bore
case 2) by being captured in one of the pumps located
at intervals L along the beam tube of diameter D. The
pump in case 2) was represented by a length of tube wall
of area equal to the tube cross section with a capture

coefficient of 0.3. CHUBBY calculated the total path
length of each randomly desorbed molecule through a

beam space which occupies 807 of the tube diameter. The
program was run for L/D = 10 and three values of conden-
sation coefficient. The ratio of the total path lengths
(for the same number of desorbed molecules in each case)
are:

Condensation Total path length ratio
coefficient warm bore/cold bore
.05 7.55
.2 30.8
.8 120.8

The results were then corrected for the effect of gas
temperature and analytically extended to L/D = 40.
Molecular velocity varies as

Assumed Total residence time ratio:
gas warm bore/cold bore
Cond. temp.
coef. (°K) L/D = 10 L/D = 40
.05 80 4.23 26.
.2 80 17.5 109.
.8 160 24.7 154.
.8 4.5 15.8 98.

Since the residence time is inversely proportional to
the rate of removal of the desorbed molecules, the num-
bers of the last two columns express the improvement in
pumping speed and critical beam current that can be
expected from distributed pumping, assuming other fac-
tors are kept equal.

The condensation coefficients in the calculation
can be related to practical designs. An effective co-
efficient of .05 can represent a baffled cold bore with
15% of the circumference chevron baffles (or the equiv-
alent) with a capture coefficient of 1/3 and the rest
of the circumference a solid shield; a coefficient of
0.2 a baffle 60% chevron; and the coefficient of 0.8 the
unbaffled cold bore. It is worth noting that the
baffled cold bore can be better than unbaffled bore on
the basis of Eumping speed alone, a result also noted
by Benvenuti.

Image and Eddy Currents

Another possible disturbance to the vacuum environ-
ment by the beam is the image current accompanying a
bunched beam. This is a surface current of high fre-
quency which flows in the longitudinal direction. The
wall must provide a minimum impedance to provide longi-
tudinal stability and to prevent excessive RF heating of
the walls. The currents fall in the range of tempera-
ture and frequency of the anomalous skin depth. Eddy
currents from the rising magnetic field also flow in the
longitudinal direction and require a wall of low conduc-
tivity to limit magnetic field distortion and excessive
eddy current heating. Considerations by the RF Group
indicate that a thin coating of one of the good conduc-
tors such as Al, Au, or Cu, for which the electron mean
free path at low temperature is much greater than the
coating thickness, should satisfy both the pulsed field
and image current heating requirements. Therefore we
plan to investigate experimentally the properties of the
ESCAR magnet bore tube of 0.5 mm (.020 in.) stainless
steel coated internally with thicknesses in the range of
1000 A of these metals to find a good procedure and
material combination. The resulting image current heat-
ing from the completely bunched (1 m long) beam of
5 x 1012 particles is expected to be 2-3 W/m due to the
anomalous skin effect. The eddy current heating in the
stainless will be 1.3 W/m; and in the coating the eddy
current heating will be much less than the “classical"
value of 1 to 1.5 W/m as would be obtained by assigning
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the bulk conductivity to ghe thin film, because the
conductivity of the 1000 A layer at dc is expected to be
a few percent of the bulk value. Timewise the eddy cur-
rent heating occurs during acceleration and the image
current heating occurs during storage and strong bunch-
ing. Careful heat transfer design will be required so
that the transient temperature rises will be small
enough not to disturb the cryopumping. Liquid helium
cooling channels may be provided on the outside of the

loneitu id of wives

bore tube, longitudinal grid of wires

may be 1nserted in the bore to carry the image currents
(Fig. 3). They could be capacitively connected at one
end of the ring quadrant to interrupt the eddy current

circuit and could be allowed to float in temperature.

or alternatively a

The Straight Sections

Distributed 4.5°K cryopumping will be designed for
each straight section with adequate capacity to handle
the section's gas load and prevent excessive gas flow

adr
inte the adjoining magnet quadrants.

The cryopanels
will be supplied by a separate series circuit of liquid
helium from the main refrigerator and can be cooled
before the magnets.® A warm helium gas circuit will be
provided to speed warm-up. Room temperature outgassing
areas and the number of warm to cold transitions will

be kept to a minimum, consistent with required func-
tions. Each warm to cold transition in the 14 cm diam
beam line could cause a radiant heat load as large as

8 W from room temperature to 4.5°K, with an accompanying
degradation of the cryopumping, and a conductive heat
load through the thermal isolation bellows of 0.3 W from
80°K to 4.5°K.

If certain components, such as the RF gapsor the
inflector, show persistent high rates of Hy outgassing,
cryosorption pumping may be added.

The experimental straight section will provide
access for accelerator development and diagnostic equip-
ment. Ports will be provided at each end of the section
and at the beam focal point at the center. There will
be two, 2m, lengths of 4.5°K beam tube between the
access points. The 809K shield will be extended through
the access ports and the equipment will operate at 800K
wherever practicable.

A design study for this section is shown in Fig. 4.

liquid hel-
liquid nitrogen cooled shield,
bellows for thermal isolation,
5. joints in the removable insulating vacuum jacket, 6.

Fig. 4.
ium cooled bore tube, 2.
3. insulating vacuum, 4.

Experimental straight section: 1.

retractable beam probe, 7. thermal and RF shielding.

The separate insulating vacuum will permit the use
of multilayer thermal insulation. The insulating jacket
is elastomer sealed and may be removed to localize leaks.

The injection straight section will contain a sep-
tum magnet, electrostatic inflector, two access ports
for beam probes, and three pulsed bump magnets to steer
orbiting beam around the inflector. The bump magnets
will be warm bore magnets. A preliminary layout of
this section is described by Tanabe.

The RF section will include a pair of cavities
borrowed from Brookhaven for first harmonic accelera-
tion and 2 new cavity for continuing the acceleration
on the 11th harmonic. We plan to rebuild the BNL cavi-
ties to handle higher voltages and to enlarge the bore
to accept tubular cryopanels. All the vacuum wall
except for a short length near the RF gap will be at
cryogenic temperatures. This approach seems desirable
because there is no free length available for external
pumping. Any shortening of the cavities causes a sharp
increase in RF power requirements. The new cavity will
have integral cryopanels and a port for the condition-
ing pump.

The fourth straight section will be used for beam
extraction and the strong-bunching cavities. Specific
design studies have not yet been made.

Injection Line Transition Pump

Normal economical operation of the present injec-
tion line results in pressures around 10~% Torr. At the
point where the line approaches the ESCAR ring the pres-
sure must be attenuated by a factor of 1073. To do this
in any reasonable length requires that the line-~ -of-sight
molecular flow be intercepted. We are designing to do
this by running a 4.5°K bore tube through the last
injection line bend magnet. This flow situation was
calculated by the CHUBBY program, which handles axi-
symmetric cases. The geometry of the bent tube was
modeled by the reflecting central body which intercepts

the line-of-sight molecules, Fig. 5. The results
—
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Fig. 5. a) Injection line transition cryopump. b) Math-

ematical model (axi-symmetric), of the transition pump,
used in CHUBBY computer program. L/D = 15,

describe a nearly exponential pressure decay of the form
P =P exp (-k x/D) where x is the distance down the
tube, in the straight section of the tube; and then a
leveling of the pressure in the region where the line-of-
sight molecules are scattered. For values of condensa-
tion coefficient of 0.2 and 0.4, the values of k were
0.74 and 0.9 respectively. From these results we were
able to calculate that an L/D = 22 would give the re-
quired attenuation.

CO; cryosorption will be used to provide convenient
time intervals between degas cycles, Mild routine bake-
out facility will be provided for the transition cryopump.
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Roughing, Finishing, and Conditioning

The system will be pumped from atmosphere to 0.1
Torr by a liquid N; trapped mechanical pump. The pres-
sure will not be allowed to fall below this value during
roughing, by the automatic addition of boil-off N; gas,
to prevent oil backstreaming. The N, gas flow will
flush atmospheric He from the system. Pumping from 0.1
Torr to < 107% Torr will be accomplished by the 4.5°K
cryogenic pump, Fig. 6. At the beginning of this pump-
ing phase the pump will be throttled to keep the pressure
inside the pump less than about 5 x 103 Torr. The nit-
rogen reservoir will be designed to withstand 8 atm so
the shield temperature can be held at 100°K to prevent
€O, from condensing on the shield. This pump will also
be used as the conditioning pump during the Hy degas
cycles, using a CO2 deposit to adsorb the H,.8 We
expect to use the pump only for intermittent operation
so it was not designed with a He gas cooled shield to
reduce heat leak. A well-trapped diffusion pump could
be used for finishing and conditioning. We want to try
the cryopump because of its inherent safety advantage
and the availability of liquid helium.

Bakeout

We do not expect that routine high temperature bak-
ing will be required, and it will not be possible nor
needed in the magnet sections, which operate entirely
at cryogenic temperatures. The straight sections could
be baked to high temperature, if necessary, by heated
helium gas flow in the channels normally used for cool-
ing, and by external mantles applied to the single wall
areas. All the materials in the ring vacuum will be
bakeable to 350°C, and will be cleaned and baked before
installation. Particular attention will be given to
critical components which will be at ambient temperature
during operation. The degree of bakeout required after
initial installation will be investigated in our test
program.

!
o
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Fig. 6. Roughing, finishing, and conditioning pumping
system: 1. liquid helium, 2. liquid nitrogen, 3. CO,;
inlet manifold, 4. liquid nitrogen U trap, 5. mechanical
pump, 6. ESCAR ring vacuum.

Leak Detection and Helium

Four leak detector sensing heads will be perma-
nently mounted around the ring. They will be provided
with improved electronics according to plans developed
by Milleron and Grazier to substantially increase the

sensitivity. The new electronics will permit scanning
over the low molecular mass range. A prototype is
being completed for testing.

No guard vacuum in the magnet bore is planned for
ESCAR. This approach can be successful if leak checking
during fabrication is performed at the operating condi~-
tions of temperature and stress with maximum sensitivity.
Although the specific cryosorption capacity for He is
small, a substantial number of leaks below the detect-
able limit can be pumped effectively, because of the
large surface area. The permanently mounted detectors
will be used to monitor the He level in the ring.

Vacuum Testing Program

A test program has been started to accompany the
design studies. A test chamber 1.3 m long by 0.5 m diam
with a full length of liquid Nz,and liquid He cryopanel

hag kena Tatred
nas peen Compieted.
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