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Summary 

The ultrahigh vacuum system of the intersecting 
storage accelerator, ISABELLE, will consist of two in- 
terlaced rings of stainless steel beam tubes with a 
circumference 24 miles each. To obtain a good heat con- 
duction during bakeout and to reduce the resistive wall 
instabilitv during beam operation, a lmm thick cnPpcr 
coating will be electroplated to the outer surface of 
this 1.5mm thick beam tube. To minimize the beam loss 
due to beam-gas collision, the_lyressure inside the beam 
tube is required to be 1 x 10 
or less. 

Torr (N2 equivalent) 
To achieve this ultrahigh vacuum, the outgas- 

sing rate of the 30 LN stainle s steel tubes has been 
reduced to 21 x 10 -$3 T TorreLfcm * 
at 95O'C for one hour. 

set by vacuum firing 
However, during acid-bath 

electroplating of copper, significant amount of hydro- 
gen will be reintroduced and trapped in stainless steel 
which will sTi'>stantiallv increase t!,e outyss-ing rate 
(to ~2 x 10-12‘Torp J/cm'.sec). The outgassing char- 
acteristics of these copper-plated beam tubes are stud- 
ied and discussed within the scope of diffusion and en- 
ergy of activation. 
rate to an acceptable 

Methods to redu~~3~~~ror:~~~2'.~~~) 
level (%l x 10 

are also given. 

I. Introduction 
The Intersecting Storage Accelerator, ISABELLE, 

currently under construction at Brookhaven National 
Laboratory, consists of two rings having a circumfer- 
ence of 3.8 Km each. To provide a very clean environ- 
ment for the circulating proton beam, the ultrahigh 
vacuum (UHV) system of ISABELLE iTldesigned to operate 
at an average pressure of 1 x 10 Torr (N2 equivalent) 
This UHV system consists of %1400 8.8 cm diameter, 5.5m 
long stainless steel beam tubes pumped by a combination 
of titanium sublimation pumps (",lOOO e!sec each) and 
sputter iI>:> pumps (~20 L/set each).The choice of 304 LN 
stainless steel as beam tube material as well as the 
need of copper sleeve on the outer syrface of beam 
tubes has been described previously. 

The ultimate pressure achievable inside such long 
tubes will depend on the pumping speeds of the ion pump 
and Ti sublimator, the conductance of the tubes and the 
outgassing rate of the beam tube material. The first 
two parameters are governed by the design of the other 
systems (superconducting magnets, cryogenics, etc.). 
The outgassing rate of the beam tubes should, therefore 
be lowered as much as possible. The outgassitg rate of 
vacuum-fired (at 95Q'C with pressure ~1 x 10 
1 hour) 3Qfj2LN stainless 

Torr-fjr 
steel beam tube is %l x 10 

Torr.1 *cm msec (Re$ 3) which is acceptable. 
The enormous force-generated on the copper sleeve 

during the quench of superconducting magners limits the 
method of copper coating to electroplating. Signifi- 
cant amount of hydrogen will be reintroduced into stain- 
less steel during electroplating. This trapped hydro- 
gen will later diffuse through stainless steel into 
UHV system and substantially increase the outgassing 
rate. 

This paper describes the measurements of the out- 
gassing rate of several stainless steel tubes with and 
without electroplated copper on the outer surface. The 
effects of heat treatment are also discussed within the 
scope of diffusion, and energy of activation. 

Work performed under the auspices of the U.S. Dept. of 
Energy. 

IT . Measurements 
The setup used in our study of the outgassing rate 

of the sample tubes is shown schematically in Fig. 1. 
Sample tube with nne end sealed was attached through 
the bakeable valve to the monitoring chamber which was 
separated from the pumping station (with a pumping 
speed ~1000 1/set for hydrogen) by a copper gasket hav- 
ing an 8mm diameter orifice. A Bayard-Alpert tvp_flion- 
ization guage (with x-ray limit lnss than 1 x 10 
Torr) was used to measure the oressure inside the mon- 
itoring chamber. 
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Figure 1: Experimental setup for outgassing neasure- 
ments. A. - sample tube; V. - bakeable valve: BA. 
Bayard Alpert type ionization gauge; C. - orifice; 
T. - Titanium subli~mator: S. - sputter ion Dumn: 
P. - Turbomolecu!or pump. 

The calibrated conductance method 3,4 wh-ich mea- 
sures the gas flow across the orifice was used in our 
study to obtain the outgassing rate Q of the sample 
tube. Q can be eifgressgf as 

Q(Torr -9. .crn. set ) = C x AP/A 
where A is the total inner surface area of the znmple 
tube, AP is the change of the pressure inside the mon- 
itoring chamber between open and close of the Lakea'lle 
valve, and C is the conductance of the orifice. A 
value of 20 P/set for C was used in our calculation 
since >9 ? of 

3:6 
the outgassed species was found to be 

hydrogen2 .The surface area A of each sample tube was 
-7600 cm (8.8 cm O.D., 1.5 mm wall and 2.75 mlong). 
The background pressure of the mu-qforing chamber with 
bakeable valve close was ~3 x 10 
sur d -5 

Torro-yp~r;"-p. 
thatloutgassing rates down to 1 x 

Clll . set were detectable. 
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Table I Outgassing rates Q of the sample tubes* after sequential bakeouts 

Sequential Bakeout 
Coniitions 

Outgassing Rate (Torr' !Z ' cm -2 -1 
'set ) 

Temp. (IC) Duration (hr.) 

lxl*13 zx1:-12 

Cl c3 

300 24 3x10 
-12 

2xlD12 

300 70 2x1o-l3 1x1o-12 6x10-I3 7x10-13 MO-I2 lxl~-l~ 

500 24 MO-L3 MO-l3 2x10-13 3x10-l4 3x10-13 
*3D4 LN stainless steel tubes 3.5" O.D., 

vacuum fired at 95O'C 
0.060" wall, 9' long with the following 

Sample A: for one hour at a pressure less than 1 x 10 
t_r(eatments: 

Tom. 
Sample B: unfired 
Samples Cl-C4: vacuum fired at 95O'C for one hour; electroplated with 1 mm thick copper on the outer surface 
Sample II: unfired; electroplated as Samples Cl-C4. 

After chemically cle@.ng, some samplg tubes were 
vacuum fired (at ~1 x 10 torr and at 950 C for 1 hr), 
sealed then electroplated with *lmm thick copper, while 
others were either electroplated or vacuum fired. 
These sample tubes were then mounted on the test setun 
for outgassing measurements. 

After the sample tubes had been baked out at either 
300°C or 5OO'C for desired periods of time, the outgass- 
ing rates were determined usine the calibrated conduct- 
ance method described above. The bakeout conditions as 
well as the obtained outgassing rate for these sample 
tubes are listed in Table I. To understand the origin 
and the mechanism of the outgassing, measurements were 
also made at elevated temperatures. The results were 
plotted out in Fi_F~ure 2 as a function of temperature. 

I .5 2.0 2.5 3.0 3.5 4.0 
I/T (103K-') 

Figure 2: Outgassing rate of the stainless steel tubes 
as a function of the temperature. 

III. Results aud Discussion 
After the initial 24 hr. bakeout at 3DO°C, the 

:"t~a;;~~~.,orK. a. ?$F 
rate of t4e vaf;yum Fired tube (sample A) was 

set which is consistent with 
previous studies . No significant decrease in out- 
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gassing rate was observed after further bakeouts. The 
vacuum-fired electronlated tubes (sam_ptgs Cl-~4) 

outgassing rates around 2 x 10 
-2 

show?d -Torr. Il.cm . 
set after the initial bakeout. These were significant- 
ly higher than those of the unplated tubes (i.e. sample 
A). The outgassing rates of the plated tubes were re- 
duced about one half after consecutive bakeoutT3at 'WO°C. 
A redu$tion ef the outgassing rate to 2-1~. 10 Torr. 
L. cm . set (the acceptable outgassing rate for 
ISABELLE beam tube) was achieved only after a 24 hr. 
bakeout at 5OO'C. 

The outgassing rates of two unfired tubes were 
also studied. The electroplated tube (sample D) had 
outgassing rates similar to those of the vacuum fired 
then electroplated tubes. After the initial bakeout, 
the outgassing rate of the unfired tube (sayplc B) 
was consistent with that reported_ljy Halama 'gowev, 
it dropped off rapidlv to 2 x 10 Torr..t.cm . set 
after the second 3OO'C 70 hour bakeout. More measure- 
ments on other unfired and unolated tubes are in pro- 
gress to verify these results. 

The rate controlling step and mechanism of the out- 
gassing from stainless steel tubes (either vacuum fired 
or not, and either electroplated or not) can be under- 
stood qualitatively from the heat of diffusion (AE) of 
hydrogen which is the only diffusable gas inside the 
bulk of the stainless steel. By plotting the outgass- 
ing rate as a function of temperature, as shoTu‘n in 
figure 2, the heats of diffusion AE can be calculated 
from the slopes ofQtheQ;zrxf$Rqccording to 

where R is the gas constant (1.99 ca1.K -l). The measured 
AE values for both the electroplated tube (sample Cl.! 
and the bare stainless steel tube (sample A) are 1M 
1 Kcal/mole. This similarity in heat of diffusion sug- 
gests that the rate determining step in both tubes is 
the diffusion of hydrogen through stainless steel and 
the presence of the electroplated copper has little in- 
fluence. 

The measured AE values for the two unfired tubes 
(samples B and II) are several Kcal/mole lower than 
those of the vacuum fired tubes: at lower temperature 
(T<160°C) the measured AE values for these two tubes 
also decrease somewhat. These variations in heat of 
diffusion with temperature and between vaccum fired 
tubes and unfired tubes can be explained qualitatively 
on the basis of lattice diffusion and grain boundary 
diffusion 

Baver 
sphase boundary diffusion). 

classified the diffusion of gases (especial- 
ly hydrogen) in metal into two major categories: the 
lattice diffusion and the grain boundary diffusion. 
The activation energy required for grain boundary dif- 
fusion is less than that of lattice diffusion, there- 
fore, at lower temperature the grain boundary diffusion 
process occurs much more rapidly than lattice diffusion. 
The vacuum firing process and high temperature bakeout 
anneal the stainless steel, and enhance the growth o' 
the crystallites in the stainless steel wb'c!: 



lowers the amount of grain boundary diffusion. The 
slopes of curves in Figure 2 suggest that the lattice 
diffusion process dominates the vacuum fired tubes 
while the unfired tubes contain a mixture of lattice 
diffusion and grain boundary diffusion with grain bound- 
ary diffusion dominating at lower temperatures. 

IV. Conclusion 
The vacuum fired stain15 

outsassing rate of %l x 10 
can-meet the pressure requirement of the ISABELLE LJHV 
system, therefore, can be used as the ISABELLE beam 
tubes. The additional hydrogen entrapped into stain- 
less steel during the electroplating of copper raises 

ssing rate f the stainles steel tube to 
:;ex!?:'" Torr*!Z.cm-*.sec-'. Bv baking-out at higher 
temperature (i.e. 5OO'C for 24 hours), the outgassfqg 
rate couli2be lcyered to acceptable level (1 x 10 
Torr'!,.cm -set2 ). 

The origin and mechanism of outgassing can be 
classified as either lattice diffusion or grain bound- 

ary diffusion or a mixture of both. The lattice dif- 
fusion process is the dominant process in vacuum fired 
tubes, while the diffusion process of the unfired 
tubes contains the mixture of the lattice and the 
grain boundary. 

With-gn exp_fcted outgassing rate of -1 x 10 -13 

Torr'9.*cm 'set for the ISABELLE beam tubes (after 
electroplating and high temperature bakeout), the 
achiev ble 

8 
pressure inside the beam tubes can be est- 

imated according to 
P(x) = PO + gr; + $(L - $)I 

Where PO = the pressure at pumping station (-5 x 10 -12 

Torr) 
r) = outgassing rate (1 x lo-l3 Torr*l.cm-2*sec -1) 

L = onelhalf The distance between pumping sta- 
tion (275 cm) 

S = pumgins speed at pumping station (lOOO~$ec 
=lO cm /set) 

x = distance from pumping station (x=L at center 
of beam tube) 

C = ;i;n~;t.aa~~m?;s~;m tube per unit length 

The pressure halfway between pumping 
(higher pressure bump) will be PO+ 4 x 10 

sfqtions 
Torr. 

and the averagef2pressure inside the beam tubes will 
be PO + 3 x 10 Torr. 
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