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r~ ABSTRACT

Discussion is dirscttd toward eventual optimisation of the largeet diffu

sion-pump systems. Less than 100 diffusion pump fluid molecules per cm^/isc 

are possible to detect using an accumulation method. Optimisation discussed 

demands highest possible system speed compatible with the above contamination 

rate. Bakeable oil diffusion pump systems, with equal orifice valve-trap units* 

without conventional baffling, permit theoretical through-put speeds up to 0. 3 of 

the system orifice. The average backstreamlng rate of oil in two unconvention* 

ally baffled commercial pumps of 6-ln. and 10-in. site is reduced to < 3 A 10** 

g/cm^/24 hr, including heating and cooling the pump boiler. A Ho factor of 

>0. 4 is maintained. Results on trapping with activated alumina, retained by 

a wire mesh, at both liquid-nitrogen and room temperature are Included. A 

variety of pumping speed measurements and bakeable combination valve-trap 

units are discussed.

INTRODUCTION

Unless optimisation is applied to a restricted class of parameters the 

term "optimum" can have little or no meaning. In this paper we wish to op* 

timise system pumping speed, negligii le contamination rate by the pumping

T Work done under the auspices of the U.S. Atomic Energy Commission.
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means. ind th» tit* or extent of the vacuum pumping lyittm. Our principal 

aim If to pump hydrogen. ita iiotopaa, and helium to largo amounts under 

transient and steady-state condition* at p rocures loaf than 1 * !• :; torr.

Our gonoral vacuum objective*"* stems from the controlled thermonuclear 

roasarch program at Livermore. Before proceeding *o experimental result*, 

concider an illustration, tom* definition*, and brief comments on other means 

of pumping.

Consider a vacuum chamber. Molecules, under molecular flow conditions, 

impinge on the wall surfaces of the chamber. Perfect vacuum pumping would 

occur if each molecule in the vacuum chamber could be made to instantane

ously disappear. However, in practice the Impingement frequency of mole

cules on the wall surface# establishes the maximum pumping speed we can 

associate with a given vacuum chamber. A Maxwellian free molecular gas in 

ths vacuum chamber has an average velocity v. The projected area of the 

wall* of the chamber is A. Then the maximum pumping speed S associated 

with any chamber of projected area A is given by S « Av/4. Since this maxi

mum speed S is independent of pressure under molecular flow conditions we 

can use this as our standard of reference. For any chamber, the system 

pumping speed divided by the maximum theoretical* pumping speed gives a 

figure of merit for the pumping system. Consider the case of a diffusion pump 

hooked up to the chamber.

We wish to hook up the fastest possible diffusion pump system to our 

vacuum chamber. At best a diffusion pump system can utilise only all of one 

end. side or bottom of a vacuum chamber. Accordingly, the system speed can 

be compared with the speed of the opening of the pumping system. If we define 

the speed efficiency of the vacuum pumping system, beware. Generally for 

thermalised gas we are not interested in little holes leading to large pumps.

1
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Rather, l y i t i m i  with entrance opening and pump m outh d iam eter nearly  equal 

a re  wanted. Now consider tom e definition®.

F irs t , le t ue define the wall condition of our vacuum  cham ber. C lean li

ness is a loaded word. We a re  not so much in te rested  in atom ically clean s u r 

faces as we a re  in therm ally  stab le  su rfaces . We do not want loosely bound 

surface m olecules. Immediately a f te r  hake-out all su rfa ce s  can physisorb at. 

room tem p era tu re . Accordingly, we a re  very sensitive  to the ra te  of contam i

nation delivered  by the pumping m eans, As is well known, steady-sta te  p r e s 

sure  m easu rem en ts a re  an unreliab le  m easu re  of contam ination. To define 

wall conditions we m ust know the ra te  of contamination by the pumping m eans, 

the kind of contam ination, and the av erag e  bond streng th  of the contam ination 

on the wall su rface .

Here a r e  som e s ta te -o f- th e -a r t rem ark s  about pumping methods. R e

m em ber, we req u ire  rapid continuous and transien t pumping of hydrogen and
- f t

Helium at p re s su re s  le ss  than 1 x 10“ to r r .

1. Cryopum ping. The vapor p re s su re  of solid hydrogen* and helium

offers the m ain difficulty h e re . M ultilayers of these  gases haven't been
-8pumped a t high speeds at 1 x 10 to r r .

2. M echanical pumping. M olecular pumping based upon momentum

tran sfe r from  a rotating o r o sc illa ting  solid su rface  to gas m olecules

m ust cope with the room tem p era tu re  velocity of hydrogen and helium .

The m echanical strength of m a te ria ls  lim its su rface  opeeds of ro to rs

to less than about b x 10* cm /second . Contam ination by surface m echa

nism is a  second objection.

3. Ion pum ping. Continuous ion pumping at p re s s u re s  less  than 1 x 10’ ®

to rr  fo r U rg e  amounts of hydrogen has not been dem onstrated .
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4. G ette r-ion  pumping. The t im e  rem ark  for ion pumping applies here 

to helium at p re s s u re !  less than 1 M 10’ ® to rr .

5. Diffusion pum ps. P resen tly  th ese  pumps offer the longest life at the 

highest speeds a t the lowest p re s s u re s . If a  h igh-speed elem ental-fluid 

diffusion pump system  is perfected , such as a  m ercury  system,r,- there 

will be no need to  use oil. At p resen t oil pumps still o ffer a higher sy s

tem speed without contamination than  do m ercury pum ps.

L e t's  look at a diffusion pump system :

At the system  entrance we need a bakeable, high conductance valve.

Next we requ ire  an iso lation  trap  to keep contamination from  entering the 

vacuum  cham ber in detectable amounts. Then a baffle stage is needed to 

lim it the ra te  at which pump fluid m olecules reach  the trapping surface of 

the  isolation trap . Below the baffle stage a re  the jets of the diffusion pump.

The diffusion pump exhausts to a fo reline  pump. Our m ain concern  begins 

at the entrance to the diffusion pumping system  and ends at the  foreline. We 

m ust maximize the probability  that p a rtic le s  in the vacuum cham ber will reach 

the atm osphere through the pumping system . We must m inim ize the probability 

of contamination m olecu les reaching the vacuum cham ber from  the pumping 

m eans; and we m ust not make the system  size  too large4 in re la tion  to the 

opening to the system . To do this, we m ust know how the sy stem  scaling laws 

a rc  rela ted  to pumping speed and contam ination rate.

Scaling law s4 trea ting  optim ized conductances a re  given in*this volume.

This rela ted  paper shows that in o rd e r to optim ize the conductance of a  com 

plete  diffusion pump system , the conductance of the assem bled  parts  must be 

studied. A ccurate calcu lation  of the optim ized system  conductance cannot be 

m ade from the conductance of its separa te  p a rts  within a fac to r of two or th ree .

Our efforts to optim ize system  speed depend on a study of conductance scaling 

laws for the com plete diffusion pump system .
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EXPERIMENTAL RESULTS

No completely optim ised system  is yet fin ished . P re lim inary  co n sid era 

tion of re su lts  is given separa te ly  for pumps, tra p s  and valves. Four possible 

schem es fo r complete diffusion pump system s a re  then  discussed.

P re se n tly , diffusion pum ps need to be im proved to be used in an op ti

m ised  sy s tem . A diffusion pump m ust be considered  from  a com plete th e rm o 

dynamic view. In addition to m ass tran sfe r of the  working fluid of the pump, 

chem ical and physical reac tions between working fluid and gases being pumped 

as well as therm al decom position of the working fluid m ust be considered .

The following points a re  im portan t in pump design:

1. M ass flow of high velocity vapor through the top je t of the pum p m ust 

be adequate; top je t  design  is especially im portan t for pumping lig h t gases.

2. P ro p e r boiler design  is  necessary  to e lim inate  eruptive boiling and 

th erm al cracking of o il. T ran sfe r of fo re line  gases into the vapor je t 

stack  m ust also be considered .

3. Backstream ing of oil from  the pump to  the  surfaces of the iso lation  

t r a p  .m ust be reduced to le s s  than 1 x 10~^ g /cm ^ /h r.

4. The distance betw een the bottom of the iso lation  trap  and the low er 

edge of the top je t m ust be made as sm all a s  possible. Perhaps th e re  

is  even a possibility of ra is in g  the top je t  in to  the isolation trap .

5. Perhaps some day a noncontaminating stage can be placed above the 

top je t  of a  diffusion pump, thereby elim inating the isolation t r a p  im 

pedance.

P ro g re s s  on the above points is being m ade as  follows.

F ig u re  1 shows how oil backstream ing from  the top jet of a diffusion 

pump is reduced. This je t cap modification p e rm its  the pump b a rre l  above 

the top je t  to be shortened. F o r pumps la rg e r than about six inches in d iam ete r,
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the conventional top je t cap can profitably  be improved by heating it. a fter 

placing over it a  w ater-cooled cover that extends down into the fringe of the 

vapor s tream . Work, a t the Oak Ridge National L aboratory7 led  to our p resen t
g

investigation. W ithout our p rior knowledge, resu lts with a w ater-cooled 

cap alone have been described.

R eferring to F ig . 1, an e lec tric  h e a te r is fixed to the top je t cap. Over 

th is heated top je t  cap and insulated from  it is a  w ater-cooled  cover. By 

bringing the bottom edge of this w ater-coo led  cover down a t  le a s t 0. 6 in. and 

extending the foot of the cover at le a s t 0. 6 in. radially outw ard, below the 

bottom of the heated je t cap, backstream ing oil can a lm ost be elim inated.

D etails of th is ac tion  of the w ater-cooled cover are given in R efs. 8 and 9. 

Supplying heat to the je t cap ra is e s  the pumping speed slightly and biops oil 

backstrearning during starting, running and stopping the pump. Also, the 

w ater-cooled cover aud heated cap com bination allows the b a rre l  of the pump 

to be shortened n early  down to the level of the bottom edge of the w ater-cooled 

cap. Access to the  je ts  by m olecules is  thereby greatly  im proved.

Another m uch sm aller source of oil backstream ing o rig ina tes in the 

bo iler of the pump when bubbling oil can  be seen from  the top of the pump.

We observe sm all d rop lets of oil to be thrown upward by the  violent action of 

bubbling oil in the bo iler. These upward rising drops can be elim inated by 

blocking the line of sight to the bubbling oil in the boiler. With the w ater- 

cooled cover and heated jet cap com bination, 10'C cooling w ater on the upper 

portion of the diffusion pump b a rre l , and with line of sight to the agitated 

boiler oil blocked, the following average  conditions w ere achieved:

a. S tarting the  pump with jet cap preheated yielded 2 x 10"* g/cm* of oil.

b. Running the pump with je t cap hot yielded 5 x 10“ ^ g/cm ^/hour.

c. Stopping the pump, boiler cooled f ir s t , yielded 1 .8  x 10"* g/cm^.



- 9 - UCRL-5597

T hese re su lt!  w ere achieved using Narcol 40 oil and an H -10-P  10-inch dif

fusion pump made by the National R esearch  C orporation. The unmodified 

pump gave a steady-sta te  hackstream ing ra te  1000 tim es la rg e r than the m odi

fied pump.

These total am ounts of oil back stream ing  a re  determ ined by catching 

the oil on a liquid-nitrogen-cooled surface. Upon warming the su rface  the oil 

was washed off with acetone into a weighing boat and the acetone evaporated.

Not m o re  than 3 mg of oil a re  lost during each washing and rapid  evaporation.

By collecting oil sam ples of from 35 to 150 mg reasonable accuracy  is m ain

tained . When the oil collecting surface was m aintained a t 20*C o r higher, 

less  than m illigram  am ounts of oil a re  co llec ted . Our weighing schem e could 

not distinguish between the amount of oil co llected  a t —20*C and the amount 

of o il collected at liqu id -ritrogen  tem pera tu re .

Pumping speed m easurem ents w ere next undertaken. The 10-inch pump 

with the above modified je t  cap combination w as hooked up to a 2400-lite r- 

volume vacuum cham ber. Three aspects a r e  studied: 1) The Ho fac to r, i .e .  * 

the ra tio  of pumping speed to the m easured conductance down to the lower edge 

of the  top je t cap. 2) The Ho factor as a  function of the m olecu lar weight of 

the gas pum ped .^  3) Pumping speed as a  function of jet cap and boiler tem 

p e ra tu re .

Pumping speed w as not reduced by using the jet cap com bination in Fig, 1.

Both steady-state and d p /d t m easurem ents a re  used, the dp/dt m easurem ent

always yielding a value about 15% low er. In the m easured range from  1 * 10~*

to r r  to 5 x 10"1 to r r .  the pumping speeds w ere  essentially  constan t. Dlffusion-
.o

pump speed is reported  to be independent of p re s su re  to at le a s t 1 X 10 to r r .  

F o r nitrogen 1940 l i te rs  per second is achieved, and 2400 l i te r s  p e r second 

for helium  in steady sta te . To account fo r th e se  low values, the conductance
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froifi the  ch am b er  to  the  low er edge of th e  top j e t  is  d e te rm in e d  In the  a p p a 

ra tu s  d e sc r ib e d  in Ref. 4. by u se  of a s c a le  m odel. In F ig . 1 the  ra t io  of the  

d is ta n c e  f ro m  the c h a m b e r  to the top j e t  to the d ia m e te r  of th e  pum p i t  9 /1 0 .6 .  

T he ra tio  of the c ro s s - s e c t io n a l  a r e a  of the  je t  cap  com b in a tio n  to the c r o s s -  

sec tiona l a r e a  of th e  pum p is  0. J. F r o m  the  model of the  g e o m e try  in Fig. 1, 

a C lausing  fa c to r  ( s e e  Ref. 4) of 0. IS w as  m e a s u re d .

The e n t ra n c e  to the  pump w as th en  r e s t r i c t e d  by a th in  d iap h ra g m . The 

r a t io  of the  d ia m e te r  of the  hole  in the d ia p h ra g m  to the  d i a m e te r  of the pump 

is  6 .4 /1 0 .  6. M e a s u re m e n t ,  using the  above  model with th is  l a t t e r  r e s t r i c t e d  

a c c e s s  to the  top  j e t  y ie ld s  a  C lausing  f a c to r  of 0. 65.

A rm ed with th e s e  two t ru e  co n d u c tan ces  from  the  v acuum  c h am b e r  to 

th e  low er edge of the  top  je t  cap , we d e te r m in e d  the t ru e  Ho coeffic ien t of the  

10-in . d iffusion  pum p. By using  d p /d t  m e a s u r e m e n ts ,  c a l ib ra t io n  of the  io n i

za tion  gauges  is  a v o id ed . In th is  way, only the  vapor s t r e a m  is su in g  f ro m  the 

top  je t  is  shown to be re s p o n s ib le  fo r  th e  poor pumping p e r fo rm a n c e  with 

h e lium . O ur re a so n in g  follows: W ithout the  d iap h rag m  in p la c e  o v e r  the  e n 

t r a n c e  to the  pum p, th e  Ho fa c to r  fo r  is  0 .8 4  and fo r  He it is  0. 40. Wjth 

th e  d iap h rag m  in p la c e ,  the Ho fa c to r  fo r  is  0. 89 and 0 .4 8  fo r  He. With 

the  d iap h rag m  in p la c e ,  once m o le c u le s  e n te re d  through the  hole  in  the d ia 

p h ra g m  they e n te re d  the top je t  m o re  t i m e s  be fo re  going back  into the  vacuum  

c h a m b e r .  T h e r e f o r e ,  the  p ro b ab il i ty  of m o le c u le s  being e n tra in e d  by the top 

j e t  is  in c re a s e d  by p lacing  an im p ed an ce  be tw een  the top j e t  and  the  vacuum  

c h a m b e r .  This im p e d a n ce  lead ing  f r o m  th e  vacuum  c h a m b e r  to  the  top je t  is 

u n d e s i r a b le ,  but o f f e r s  an  explanation  fo r  th e  in v e rs e  d ep en d en ce  on sq u a re  

ro o t  of the  m ans  w e  p re v io u s ly  o bse rved*  in 1958. O ur ta s k  in  the  fu tu re  is  

to in c re a s e  th e  m a s s  flow in the  top  j e t  of th e  pum p and to re m o v e  the u n n e c e s 

s a r y  b a r r e l  above th e  plane of ac t io n  o f  the  top je t .
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R esults with isolation tra p  geom etries a re  also  encouraging to the achieve

ment of an optimum system . Following Riondi's** announcement in 1958 of his 

work with activated alumina and artific ia l zeolite in isolation trap s  we began 

testing these trap s . F igure 2 shows a c ro ss  section  of our isolation tra p  test.

We lined the walls of a  right-angle elbow with a rtific ia l zeolite  pe lle ts, 

typo 1 3X m ade by the Linde Company. These p e lle ts  were contained by stain- 

le ss-s tee l w ire screen  of No. 10 m esh. A highly re s tric ted  w ater baffle was 

used over an MCF300 pump using Octoil S. The ra te  at which Octoil S m ole

cules w ere  delivered to the trapping surfaces was therefore  determ ined by the 

vapor p re s su re  of Octoil S a t about 18*C. The purpose of this te s t was to show 

that the w ire screen holding the beads in place did not perm it sm all angle sca t

te rs  of the oil m olecules to p ass  through the trap . Our resu lts with O ctoil S 

type-l 3X artific ia l zeolite and the MCF300 pump a re  very sim ilar to re su lts  

reported  by Biondi** in this volume.

The maximum num ber of oil partic les passing through the zeo lite  tra p

per unit tim e is estim ated a s  follows. R eferring  to Fig. 2, th is te s t using

a rtific ia l zeolite 13X las ted  18 months. A h isto ry  of the test follows: F ir s t

the zeo lite  m ateria l m ust be activated by baking it a t high tem pera tu re  in place

in the vacuum  system . In th is  trap , approxim ately two layers of 1 /8 -in . -diam

by l /8 - in .  -long zeolite pe lle ts  a re  used. F o rty -e igh t hours of bake-out and

‘4SOX rem oved approxim ately 28 gram s of w ater from  250 gram s of zeolite

beads. A fter cooling the outside of the m etal tra p  to room  tem p era tu re , the

p re ssu re  reg is te red  on a GIC 100 B-A type gauge steadily went down over

several hou rs ' tim e, and equilibrium  p ressu re  w as finally established  a t  3 x

10 ^  to r r .  This p ressu re  gradually rose over a period of two weeks until

1 x 10 to r r  was indicated by the gauge. A fter six  m ore weeks the indicated
-8p re s su re  w as 1 x 10 to r r .  A fter one y e a r 's  tim e  the indicated p re s s u re  was
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•till about 1 ^ 1 0  to rr  when the te s t  was ended. During this y e a r 's  tim e

power fa ilu res occu rred  and the diffusion pump was tu rned  off as a tes t.
„ g

With the fine p ressu re  reading less  than 1 x 10 to r r .  a rubber seat

valve was closed in the foreline of the system  and then the diffusion pump

power was tu rned  off. Twenty-four hours la ter the diffusion pump was heated

up and then the foreline valve was opened. The p re s su re  indicated by the
. o

ionization gauge recovered to Z x 10 to rr  within 35 m inutes after starting

the diffusion pum p. Another te s t w as made where the power to the diffusion

pump was off for 11 days. Again the  ionization gauge recovered  its fo rm er

reading within about 45 m inutes from  the tim e the pump was started . During

the time the diffusion pump was off, the p ressu re  in the system  was not h igher 

-4than about l  x 10 to r r .  Under these  conditions the oil was apparently s till  

being trapped by the zeolite m ate ria l.

An attem pt to evaluate the upper lim it for oil p a rtic le s  passing through 

the isolation tra p  was based upon two ideas. Having only an ionization gauge 

at our d isposa l, in  the f irs t method we used a shutter in  front of the entrance 

to the gauge as well as an accum ulation and desorption procedure. By moving 

a zeolite-covered shu tter in front of the opening to the gauge we could in c re a se  

the num ber of collisions which the o il pa rtic les made befo re  entering the tabu

lation to the gauge. No difference in p ressu re  reading over many days with 

the shutter in p lace in front of the gauge and with the shu tter removed could 

he seen.

In the second method, qualitative information was gotten by turning the 

gauge off fo r vary ing  periods of tim e . If the gauge is left off for longer and 

longer tim e periods the amount of gas desorbed upon turning the gauge on 

should in c rease  linearly  with tim e if  oil is entering the gauge, Using this 

method, no positive  indication tha t o il m olecules were entering the gauge was 

obtained. The procedure was as follows:
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By cooling the envelope of the gauge with liquid nitrogen and then allow

ing the walls to deeorb  the m olecules they accum ulated while cold, an idea of 

the heat of liquefaction of m olecules picked up on the cold w alls could be ob

tained . Oil, having a high heat of liquefaction,should be adsorbed on cold su r 

faces in m ultilayers. If the background g a ses  w ere very light frac tio n s of 

cracked  oil or other gases with low heats of liquefaction only single m onolayers 

can be form ed on the liquid-n itrogen-cooled  su rface . Without furnishing con

c lusive  proof, this adsorption , desorption, p re s su re  m easurem ent method 

ind icates that the slow r is e  in p ressu re  s ta rtin g  from  the base p re s su re  of the 

system  may not be due to transm ission  of oil m olecules into the ionization 

gauge.

The above p re s s u re  behavior evidence is  not adequate fo r our purposes. 

T h ere fo re , to a sse ss  contamination accu ra te ly , a  m ass sp ec tro m ete r com- 

b ned with surface adsorp tion , desorption technique is proposed. A sim ilar 

technique to that used with the ion gauge w ill be used. Contam inant m ateria l 

issu ing  from  a diffusion pump system  will be collected on a la rg e  surface at 

liquid-helium  tem p era tu re . This surface will then be isolated from  the pump 

by a valve. M aterial co llected  on the cold su rface  will be deso rbed  by heating 

the su rface . A sensitive  m ass spectrom eter w ill sample the resu lting  p re s

su re  r is e . Our m ass spectrom eter will have a steady-state sensitiv ity  of 

about 1 x I f f 11 to r t .  Using this spectrom eter with the above deso rp tion  tech

nique as few as 100 contam inant p a rtic le s  issu ing  out of the diffusion pump 

system  per square cen tim eter of c ross section  per second m ay be detected. 

Quantitative descrip tion  of the therm al stab ility  of surfaces in contact with 

ou r vacuum will thus be obtained.

F igures 3a and 3b show four possib le  c ro s s  sections of optim ized  d if

fusion pump system s. The system  conductance fo r each of th ese  schem es
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down to the  lower edge of the top je t i t  given in ano ther paper in th is volume.* 

There it is shown that Clausing fac to r! for the system  between 0. 3 and 0. 5 

are  p o iiib le . A valve action is  included a  each of the isolation trap s  without 

paying fo r the additional im pedance of a valve. The blocking plate in each of 

the iso la tion  trap  schemes can be moved in front of the entrance to the  d if

fusion pump system . Let us consider this valve action .

The valve action is c re a te d  by gripping the edge of a solid m etal valve 

disc by hydraulic force acting in the plane of the d isc . The hydraulic fo rce  

is introduced into either of two m etal bladders coupled together at righ t angles 

around the edge of the d isc . The vacuum seal is  c re a te d  by one b ladder acting 

in the plane of the disc rad ia lly  inw ard and outward. Inflating the o ther blad

der which a c ts  norm al to the su rface  of the disc defla tes the bladder around 

the edge of the d isc . By the com bination of these  two bladders an expanding 

and contracting  p ressu re -ac tu a ted  valve seal is c rea ted . Work on a p rac tica l 

rea lization  of this valve idea is continuing.

C lea rly . Fig. 3 does not exhaust all the possib le  designs for optim ized 

system s. F o r our own p a rtic u la r  requ irem ents, these  four schem es com e 

very c lose  to  the theoretically  possib le  maximum established  by the conduct

ance m easu rem en ts .

CONCLUSION

An outline for one c la ss  of optim ized, u ltra -h ig h  vacuum system s using 

oil diffusion pumps has been given. P re lim inary  re su lts  for parts of these  

idealized system s indicate the p rac tica l possibility  of the optimized schem es 

presented . Much future work is necessary  to bring  these  plans to successfu l

conclusion.
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Fig . 2. C ro s i icc tion  of righ t-ang le  iio la tio n  tra p  experim ent.
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F ig , 3a. Possib le  schem es for pumping on vertica l o rif ic e .
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Fig. 3b. Possib le  schem es fo r pumping on horizontal orifice.
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