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.-. 'r, • "' ..... " .·." .·.~ •. • . '• '·- ~ . . . •' . ,• ,. . ,· . . - . t .o_" :· .~. t": •, .' • ' ~ • . . ' 

_'{ · ·· Hugh· R. Srid,.th . <'·;~!:><'· ,:; 1·. ;: 
.... - . ~ , ' . ,... . . ' ": -. ·' ~ :. ·: .. ·\, ,· i : .,. ~ .. , . 

-. . ·.· . · Radia"t-10:n· ·Labor A tory · - ~ -
· · ·. · . Uni:v~rsity ·of; Califqrnia, Bei~,k~ley; California -

- t ·., . . ~-~'" .. . .· -~ . .-': : . .... "'!:: _....... .. • • • ' . ~: • •• ' ~ • ' • ' 

- . . November .9·,_ ~1955 
.. ·. ~ ..... _ . : ·~~ .. ~···:. ~ \ 

'' ·, :l'· .-
' ... ·· 

. \ 

t·, . .~·' :. I-NTRODUC~ ION--. 
. .. 

1, ' -··· ' ~-·· ... -... ··---~--· ~·-,-~ .·"! .... :·.. - ~·fit-'ft.·¥·' 

'<?!=!rta_in expe-~tm~nt;a_l p~ocedux-es apd:. ~peciai process~$ 
. .- -· ~ . · .. · .. _>-. ,·. . . . . ·. ':.' ,'. :.· .. ·:-- . . ~; : . ··_ • . . . . - . . --. • . " 

· ·.- reql.li~e. a· high .va¢u~m _in ~hich any apprecJab~e· amount. of hydro-
!L:·.. - -• ', ' . .f( 

'_, · .. 

ca·rbon· contamination is. de_t\iment~l. ·It i~ _widely recognized 

. that t~e migratio~ of-·pump: fluids ·from oil :diffusion pumps -~ 

,._,.- cont;i.))u~e~: .sign~ficant ~unp~nts' of contam:i:flkti~g 6rga'nic. materia1 
.·~~. . .· ·-~- ...... ,. . ·~ . '·.' <" . . ~ ~-·. : ._- ..•. ·. '. .~ . ' . . 

'. f .• ·:_,to_·the :j)~mped·: v~~ume. s~v~ral a·.pproaches a:r·$ possible .in: 
.. • ~· ..... ·- 1-. . • ~; 

: -.: .. , av~idirig. su~h- contamination. · The. pres:ent ·trend ·is :tbwai-d . 
• •• • '· .' • ••• ~:_.- ~- ••• :··.:·~ ·-.--~~-~ ·.:~~_-.... • < .. '·,. • •• ·:. ..-. • ~ • '. ·, ' ' 

.,:- · · . ·- ionization ·-and'- sorptton ·pt:mtps 'of one form or another, and coris:i.d-

. :-", · · ·~*a~le ·1io~t~e: is· 1-~dl~~~e~t~l;2 ,3 ·.~owe vi~~ })tesently available . 

. . . , . · .'pl!mp~· 'o.f: ~h~s· type·. ha~~. ·Se~f~~s sho~~comi~gs. forge~eral_ usage: 
' ... -~/ • ". ' :. '.:• . ,. •' ·.·~:f: ·~, ~. . · .. ·· .' . I • •'' ' ·• • •, . ,· ~' < • • '•' ' •."~ \ • .: • • ~. '"'. ." ': < : ; ' 

(a-) :they ·;ar~ 'f/.Ot o.f. .sufficient capacity to· justify thei.r applfca- . 
' ' ~ . " ·, ! • - ~ • • • • • ·- ·• ' • ' .., • • • ' 

,· 
' .. 

-tlon. ec:~n6inic'aliy.· on. large continu<;>usly pumpe,d_ 'syste-ms, _(b)· they 
.I , . • .• ~ .. .-~ . : ·• ' '. , '.>- ' .. • • • .·, . : , • ""' / ~ .·.t- ' • • 1 . ' 

·~·-

are ·not _well· ad·apted for. pressure-cycled or high;..throughput 
• •- ! '. , .t ' 1-./ .· ( .. ~ . ~ . • ~ ~t • > .• • : I ' _.. ' ' ~ .. ~ 

- -.~ . systems~ and (c)· their term of useful performance wi tb.out shutdqwn 
' .; ' (- - . .,_ . -.~: ' . . . ' ' ' ~ 
',\ ' I . 

,· .... :. . ... 
• :- .. ! - .t 

~Wor.k d·one :under~.the atispi~es of ·the U.S·.· Atomic Energy· Commis.sion 
1F6s,te;-~ Lawre-~ce~~ and_.Lbf.gr~n~. Rev_~ Sc~-: 'rhstr. ·~, 38Ef'(l953J · 

. . "- . . . 

.. ,·_. 
2scnwarz,- Rev-. Sc~:~ ~In~t~ .• ~,· 37l ( 1953) 

)ntvatia- .and· bav~s ,'-com~i tt.ee on :Vacuum ·Te~nniqu~s, · Inc., ·1954 .. 
. Vacuu~ Symposium Tra~sac tlons ~.:~<l-95,'4-); · · . · 

. . " . ,• ' 

·, 
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.. . • 

... • ....... _,:~·. 

'. ' .. . . 
for ·overhaul is: quite limi-ted •. · -Th~ classic~J..·appr,oach .has· be.en . ' 

the use oi_. m~:rc_ury diffusion. pumps-. .: ~ f<>.r to .. 194.6 'j;htt; _· h.a~: 'b.ee,n.:-
. . ... , '···· ,-:;"'•,. 

· rest~icted to :small systems~ sinc·e · i~rge ,_ h;lgh-cai>-acity :me~cury. · , . ·· . · 
.... . . . . . : . _. . ' ' ' .... ~ . . . · .. ·:<· ·. . . . t: ' .•.. _.., • • ........ ~ _; ••. ' . :: . _.· . ;·_· ~ •. 

'· .· < ·pumps had .•not yet been "developed.- -~rn ·genel:'al>tnes.e' stnall.~ystems ... 
'. . .• I '- • • .J.: I .~ ' •. • < ' ~ ' { ' .._. • ' I • • 

. . . . :: r-eprese'ht:ed the. appli~at:J,o~ ;f. well..:kri~wn la.b<?rat9rY. tech-~l:q~es. ' ... ·· . 

. . des~rib~~- in-·de~~il, to~ ~~~m;l~--:· 1'n -~~f'er~~~·e·-4:· · ~h~s ·t·e~-hniqu~~,-.· . 

•." 

' . 

'in ~hich_. the' v~cu~m sys·t~m w~s·· or't.en_ ~0,~~-~ruc~~d-· of g~a_ss', -~~. 
still in considerabl~ usage, a~d the p~bli'shed lnformatio~ 1~ ·.·-... '. \ .. .. ' . . . -~ " 

enti_rely adeq_uat'e~ Sl,lbject matter- her~ _i:s 'therefore· ratrl~r- -.. ·-· •. _;. . . 
• ' • " • ; ~ "v" . 

. "ar·bi tra;I'ily restricted to pump·. sizes for" ,/hich ,standard. glass".: 

. parts. ·~re _not a~ailable. · It_ is the pui'pose. o~<th~~, .;ia~e;i. ~o. · , 
. . . . . . . ~ . ' . . • ~ r.; ~ : . . . ; \ . . 

d.escr-ibe the technology of a class of special""purpose vacuum 

sys t~ms· ~that ~r~·qu~~e the ·applica'tto~-- o.; iarg-e ,- · litgh-capac1 t~-
1 ; . ' ' ' .. • ' '· • - ~ • t .: ; '. ~ . . . . : '' ., ' . 

merc-Ury diffusion pu~ps of greater than 6-inch riom1na:1 t?j_amet·er. 
. ,) . , . . . 

The tectmiques -d'escr_ibed are, of c~urse·,· alsp applical;>le · t.o 

smaller ·systems :Where .~it is· desir~d to avoid. ~he .-. .t:~ag~11t;r .. of_,;. 
glas~ .construction~ ·. ~- .. 

. ' 

.. -· 

·_'!, 

.. 

_·The selec:tion of mercury as a diffus"ion-punip .fluid ·is not 
'·.··· 

\ '•. 

. . . . . . . .· . . . . ·'·1' •. · ... ·:· 

~always ·a cl~Eq'""cut decision, and 1 t is: ~ot po~si'bre· ·~er~ ;;tci '~ .-
- r ·'· · ' . · ·• ·1 • , ·, ~·- ~ 

Experienc,e, however,· ha.s · sho~n certain: appl.ic~-t~6n.s ·which .indic;ate · 
, ', • . . .. • . ' -~ ,. , ' , ' ' .• r \' . • , . "' ' . . 

deflni te advanta·gE!s in the use of D:Jercury'. ·.These ·ar.e· categorized · 
'·- • • •• -~-. ·- • • 1 

.•-·: 

as follows: c· : • 

• ··,·· •?<' ... 

.'=' •·• ... 
.:.' . 

. · . ..,_· 

I < o '• • ~ ""';.. •• : 

1. :Those vacuum ~systems in which l;l.igh val tag.e" gr~O..tent's-~· a:~e : .. 
' • . .1· • l, 
,·.' .... 

'1', •• 

'4::r. Strong, Procedures irf Experi,mental Pt\ysics ,, Pr·entice~"'~li, .··1~38. .. . . \. . : .: . ' ' ' _. 

-~--
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.present and .in which oil vapor terids to. instigate v:ol;tage break-

,., down in the residual gas as well as to form leakage paths· on 

insulators. This category includes ion sources, resonant-cavity 
(,' 

linear accelerators, and high-vo1tage test cavities. 

2. · f.'hose vacuum systems which are a part of an apparatus 

in which collision processes with migrated oil vapor can seri

ously impair. the functions of. the machine. · This includes 

eleqtrostatic particle accelerator·s of both the Van de Graaff 

and Cockroft-Walton types. The application of mercury _pumping 

to these systems has been discussed by. Gale in Reference 5. 

,3. 'l'hose vacuum systems in wh.ich traces of hydrocarbons 

must be ·kept to an absolute minimum in order not to mask or 

distort measurements of the system processes. This category 

incJudes mass spectrometers and furnaces for precision vacuum 

evaporation of materials. 

HERCURY DIFFUSION PUlvtPS 

Large high-capacity mercury diffusion pumps are of quite 

recent vintage. The history of their development is of considerable 

assistance in explaining the .somewhat prominent gaps in the ., 
knowledge of variables in their performance. The two decades 

from 1915 to 1935 represent a period of great progress in high

vacuum technique, much' of which was due to the constant improvement 

5Gale, Committee on·vacuum Techniques, Inc., 1954 Vacuum Symposium 
Transactions, 1:9.2 ( 1954) 
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of mercury diffusion pumps. The high point of this development 

can be characterized by a pump capable of a speed. of 60 liters 

per second and of attaining pressures down to 10-7 mm of Hg • 

However, the concurrent development between 1928 and 1935 by Burch, 

Hickman; and Sanford, and others, of organic fluids suitable for 

the replacement of mercury in diffusion pumps proved to be a 

more attractive approach in achieving higher-capacity pumps. The 

reasons for this are equally pertinent today: (a) for most 

applications no vapor trap was needed between the oil pump and 

the vacuum enclosure, a:nd (b) considerably less restriction was 

p·laced on the materials of construction of the pumps and vacuum 

plumbing· for oil systems. The further development of oil pumps 

is well known, but little further attention was given to mercury 
. 6 

pumps until.Alexander in 1746 investigated some of the factors 

affecting mercury-pump performance and demonstrated a pump capable 

of 1400 liters per second.between 10-2 and 10-4 nun of Hg. 

Beginning in 1946 a .considerable number of nuclear particle 

accelerators were built, and it became increasingly obvious that · 

for certain types of these machines the contamination of surfaces, 

due to the migration of oil from the diffusion pumps, gave rise 

to effects seriously limiting their performance. To overcome 

these difficulties it became necessary to develop large mercury 

diffusion pumps with capacities up to thousands of liters per 

second and capable of base pressures to 10-6 mm Hg or below .• 

0Alexander, Journal Scientific Instruments, ~' 11 (1746) 
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The approaches adopted were the scaling up from small existing 

• designs or, emulating the pioneers in oil pumps of 20 years 

earlier, using mercury in modifications of large oil pumps. The 

resulting product has proven to be operationally ·.adequate and ... 
includes commercially available pumps. up to' 32 inches in dlamet·er:; 

\ 

Even larger experimental mercury pumps have been built with measured 

capacities ( unbaffled) of up to 50,000 liters per second.. Reference 
. I 

? describes a llsli t" pump of unconventional geometry fea.turing a 
,; 

straight 6-foot-long rectangular-aperture nozzle assembly. ~Flis 

pump achieved speeds of 50,000 liters per second and a base 
'. 

pressure (trapped ion gage) of 10-7 rum of Hg. 

There has been little impetus to develop a mercury pump 

on the basis of the unique thermodynamic characteristics of 

mercury as a fluid. For example, F'ig. 1 is a plot of vapor 

pressure versus·. temperature for mercury and several typical high

vacuum diffusion-pump oils. It illustrates the orders of magnitude 

of difference in this characteristic of the fluids over the·range 

of temperatures indicated. This temperature range, moreover, 

includes the typical operating conditions, such as boiler tempera

ture and condensing-surface:<temperature, of both oil and mercury 

pumps. It is difficult to reconcile these opposing characteristics 

in the same pump design. The fact that present mercury-pump 

configurations are slower and more sensitiveto operating condi-
. . . 

tions than their oil counterparts raises the question about the 

7Lind and Steinhaus, California Research and Development Company, 
. Report HTA-14, 1953· 
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basic design of mercury pumps rather than indicating any inherent 

inferiority. 

}igure 2 shows a complete 32-inch mercury pumping unit under 

test. .Figure 3 is an assembly drawing of the unit in a cutaway 

view. The most prominent feature of this assembly is the elaborate 

precautions required to control the migration of mercury. This 

is typical for all mercury installations, and the unit will 

serve as a general example for illustrating the pertinent features. 

Figure 4 is a speed-vs-pressure curve for the 32-inch unit 

shown above, plotted on the speed curve as furnished by the 

manufacturer for the unbaffled pump. This curve is a graphic 

illustration of the price that must be paid in capacity for the 

control of migration of mercury vapor. +t further exemplifies 

the point that the speed of an unbaffled mercury pump is only of 

academic interest. The high vapor pressure of mercury at typical 

barrel temperatures (approximately 0.5 microns) and the extensive 

backstreaming characterlstics of present mercury pu:nps make the 

inclusion of low-temperature baffles between the pump and the 

vacuum cavity absolutely essential if a high vacuum is to be 
fj 

attained. An effective baffling system is unfor'tunately an 

effective impedance also. As a rule of thumb, for baffle configu

rations that can be contained in a space generated by the circum

ference of the pump extended upward, the unbaffled speed is 

reduced by a factor of from 3 to 4. It is this net speed which 

is of practical importanc.e in selecting pumps of sui table capacity 

for a system. 
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The effect of· baffle .conductance in reducin? the. pumping 

speed ,of a pump is predictable within limits and remains constant 

with time. This is.not the case with the pump operating variables. 

Pumps are sensitive in varying extents to the condition and 

temperature of the condensing surfaces and the degre·e of cleanli"" 

ness of the mercury in the boiler. l<"igure 3 .shows. the cooling 

circuits of the typical mercury pump and indicates a range of 

normal operating temperatures. It is desirable but not necessary 

to divide the barrel cooling into two circuits as shown. The 

lower barrel circuit has little effect on pump performance at any 

usual ambient water temperature other than the excessive heat it 

extracts from the boiler if it runs below about 20°C. The effect 

of variation of upper barrel and internal condenser cooling is 

typified by Figure 5 as reproduced from Reference 8. It is clear 

that for optimum pump performance the lower condensing-surface 

temperatures shown in Fig. 5 shourld be maintained. Temperatures 

down to -14°C have indicated still further improvement. However, 

the additional increase in pump speed.has not been sufficient to 

offset the practical advantage of circulating water as ·a coolant. 

The lower limits of temperature for maximum pump performance have 

not been determined. A temperature of -38°C has been achieved 

on the condensing surfaces, but insufficient heater power was 

available on present cylindrical pump configurations to overcome 

the increased heat losses from the boiler and maintain steady 

8Livdahl, California Research and Development Company, Report 
CRD-Al5-32, l<j53 
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pump operation. Figure 5 also indicates the effect of using the. 

internal condenser coil on pump performance. The improvement in 

speed from the use of the coil depends on the inlet temperature 

of the coolant. (This assumes that the same coolant temperature 

is used in both the upper barrel coil and the internal condenser 

coil.) The curves indicate that at 0°C coolant temperature little 

is to be gained by cooling the internal condenser. At the higher 

temperatures the speed is progressively improved by internal 

cooling, and at 22°C cooling-water temperature it is increased 

by 3505o. .Present pumps of less than 20-inch diameter do not have 

the internal condenser coil, and it is quite important from a 

performance standpoint that their upper-barrel cooling coil be 

maintained at a temperature as close to 0°C as possible. 

Oxide films and foreign matter form as a scum on the surface 

of the mercury in the boiler over a few weeks' time. This appears 

to limit the rate of vaporization of the mercury, and the top 

jet will often stop pumping evenly. This results in a slow 

increase of base pressure of the pump, usually to about· 10~4 rnrn 

of Hg, which can be quite difficult to diagnose. It can be correc

ted by increasing the heat input to the boiler or cleaning the 

mercury. It is usually desirable to forestall this occurrence 

by running the boiler at a heat input considerably above the 

minimum required for clean startup conditions. This has the 

further advantage of increasing the forepressure tolerance and 

does not especially affect the high-vacuum performance. After 

extended periods of operation, however, the mercury may have to 
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be cleaned in any 'event. Mechanical cleaning in an 11oxifier11 

type unit, followed by filtering through a gold-leaf filter, is 

adequate. 

Any dirt, rust, or foreign matter ontthe ba;rrel-wall condensinf;: 

surface adversely affects pumping speed. C~re should be· ~taken to 
. ~ 

i • 

clean off any oil or preservative down to clean metal just prior 

to placing the pump· in service. It has been the custom of some 
f 1 

manufacturers to furnish the barrels flashed with a copper platine 

to assist the mercury in wetting the conde~sing surface. This helps 
• cJ~ 

the initial startup, but the copper washes off very rapidly and 

forms a lumpy amalgam with the mercury which EUUSt eventually be 

cleaned out. On a clean unplated barrel the mercury may take 

as long as 24 hours to "condition11 the surface, but once it has 

done so the pump operates normally even after coming up to air. 

Table I presents the specifications of presently available 

large mercury diffusion pumps known to the author. Certain 

c.;,ualifying remarks are in order. The baffled-pump "plateau11 speed 

refers to the flat portion of the pump-speed curve between 10-5 

and 10-3 mm of Hg. The speeds indicated are average values 

obtained in various installations-at the Radiation Laboratory. 

The importance of baffle geometry and condensipg-surface cooling 

have been noted. It has not been possible to opti~ize pump ' 

installations with respect to these factors in all cases. The 

average values tabulated reflect this fact as well as variations 

in performance between individual pumps. Certain installations 

exceed these values by as much as 251h. The "ultimate vacuum 
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LARQE !1EHCJWY D IFF!JS ION pUMPS 

Pump Pump Nominal Boiler Amount Limiting Baffled Ultimate Ultimate 
Designatior Manufacturer Pump Heater of Fore pressure Pump Vacuum Vacuum 

Opening Power Hercury (mm of Hg) "Plateau" ~ntrapped Trapped 
(watts) Required Speed (mm of Hg) (mm of Hg) 

(liters/sec 

6M3 Edwards High 10" 1300 
Vacuum Ltd. 

200cc 0,5mm 250 2xlo-6 10-7 

500 liter High Voltage 8" 2500 lOOOcc 0.2mm 425 5xlo-6 5xlo-7 
per sec. Engineering 
Pumping Corporation 
System 

MHG-900 Consolidated 10" 2500 40lbs ·0,4mm 500 5xl0-6 5xlo-7 
Vacuum Corp. 

MHG-4000 Consolidated 20" 4000 150lbs 0.2mm 1200 2xlo-6 10-7 
Vacuum Corp. 

MHG-10000 Consolidated 32" . 12000 .300lbs 0.25mm 3500 2xl0-6 10-7 
Vacuum Corp. 

MU-10178 

Table I 
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untrapped" column represents pressures as measured with untrapped 

ionization gages and without liquid nitrogen thimble traps in the 

vacuum cavity. The ultimate vacuum measured in this manner 

reflects the temperature of the pump baffle, and in many cases, 

depending on the baffle coolant, is considerably higher than that 

indicated in Table I. The "ultimate vacuum trapped;' column 

represents pressures as measured by a liquid-nitrogen-trapped 

ionization gage. It will be noted that both ultimate vacuum 

columns indicate pressures somewhat higher than those usually 
•._l 

considered readily attainable with mercury diffusion pumps. The 

point to be made is that these pressures were measured in'large 

untrapped vacuum systems and represent what may be expected in 

applying mercury pumps in actual practice. 

BAFFLES 

Controlling the migration of the mercury from the. pump is so 

closely allied with' the over-all pump performance that it might 

well be included in the discussion of pumps. The complications 

of baffle design, however, justify its treatment as a separate 
': 

subject. A considerable body of knowledge exists concerning 

the condensation of molecular mercury on solid surfaces in a 

vacuum (for example, Heferences <;J and 10). 'fhe results of the 

( 

/Volmer, "Kinetik der Phasenbildung", J. W. Edwards, 1945 

1°schrage, "A Theoretical Study of Interphase Mass Transfer", 
Columbia.University Press, 1953 
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early investigators ·who measured the condensation of mercury on 

surfaces-were widely diverse. Recapitulation of these experiments 

indicated quite definitely that slight deviation$ from ideal 

conditions of cleanliness, both with respect to the vaporizing 

liquid and the condensing surface, were responsible for the lack 

of agreement. Large metal fabrications, such as baffles, even 

if cleaned thoroughly by any presently known procedures and handled 

with utmost care, are far from molecularly clean. This undoubt

edly has considerable bearing on the observed fact that the baffles 

are far less efficient condensing surfaces than ideal theory 

would predict. There is also some do.ubt as to what ·temperature 

is required for the low-temperature baffle, as it relates to the 

question of-the temperature dependence of mercury condensation. 

A general scheme of baffling has been dev.eloped at the 

. Radiation La bora tory which has proven to be operationally sa tis

factory. As shown in Fig. 3, the high-temperature baffle (-38°G) 

is mounted,;directly above the pump so that it is optical-ly opaque 

and every molecule traversing the baffle in high vacuum must hit 

.the cold·surface at least once. Figure 6 is a photograph of such 
' ' a baffle for a 32-inch pump. This condenses out the major portion 

of the backstreaming mercury, which builds up in large globules 
. I 

and drains back into the pump. · Figure 7 was photdgraphed through 

a small window built into the side of a 32-inch pump at the level 

of the lower baffle bottom plate •. The photograph was taken . . ' 

during normal pump operation and shows the considerable holdup 
' ·of mercury on the baffle. If the baffle temperature is allowed to 
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ZN-140~ 

Fig. 6 
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drop below the freezing poin~ of mercury, huge crystals build 

up in a matter of .s.evera.l hours.· Observation through the window 

has also revealed that discrete droplets of mercury are constantly 

being thrown back from the condensing surfaces. A baffle built 

to be opaque to individual moaecules of mercury is hardly to be 

expect.ed to operate efficiently· in stopping bouncing droplets. 

A large amount of the baffle load-up of condensed mercury is 

probably from. this source. The low-te,mperature baffle is designed 

so that no portion of it except the top surface se~s anything 

warmer than the -38°C surfaces. -Its geometry is such that the 

most direct molecular path through it at any possible angle of 

departure from a surface below it will include at least two 

bounces on the cold plates. ·If the baffle surfaces were ideal, 

i.e., molecularly clean, it would be expected that no mercury 

would get through.· The departure from ideal conditions has been 

indicated, and over extended periods of time small amounts of 

mercJ.Iry may get through. This seems to be somewhat dependent on 
. . 

the upper baffle temperature as well as the operation of the vacuum 

system. Houghing dovm the system to less than 100 microns before 

opening the diffusion pump gate valves Reeps the high-pressure 

backstreaming to a ~inimum. 

It has be:en observed that the base pressure of a mercury

pumped system is improved as baffle temperature is lowered. The 

degree of improvement that is due to better entrapment of mercury 

vapor rather than other system condensables has not been shown. 

The general problem is presently under investigation. Large vacuum 
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systems are presently operating satisfactorily with lm·I-ter!lperature 

bafflesrunning at -1';16°C, -108°C, -90°C and -78°c. The last 

case might be considered a maximum permissible temperature for 

high-vacuum operation in the light of present knowledge. A 

recently developed prototype mechanical refrigeration unit is 

operating at temperatures down to -130°C, and the attainment of 
11 12 

-<;~0°C and -l08°C with mechanical refrigeration is entirely 

practical. Hence the means of reaching suitable baffle tempera

tures are readily at hand. 

The forearm condenser requires a different approach in 

trapping out the mercury fro~ that for the high-vacuum side baffles. 

Its function is to prevent any major migration of mercury from 

the boiler into the forevacuum line. Here the flow is in the 

viscous regime and the baffle configu~ation must be designed to 

produce changes. of -flow direction and turbulence so that the 

entrained mercury vapor will be brought into contact with the 

cold surfaces. Figure 8 shows a typical refrigerated (-38°C) 

forearm condenser used on a 20-inch mercury pump. Figure 3 

showed a chilled-water-cooled (5°C) forearm condenser ona 32-inch 

pump. The operating temperature chosen for the forearm condenser 

usually is governed by the type of cooling, }lVaila ble in adjacent , 

equipment. As a matter of convenience it is often .put· in a parallel 

circuit witn the diffusion pump upper-barrel cooling coil. When 

11Kennedy and Smith, Submitted for presentation 
to Committee on Vacuum Techniques, Inc., 1955 ,, 

12 
·Kennedy and Smith, Unpublished Data 

and publication· 

·""'·· .. 



-24- UCRL-3194 

R:JR£ VACUUM LIN£-

R£"FR/G£RANT LOOP .c38X. 

5"C COOl//IK; WATER COILS 

ZO" MERCURY DIFFUSION PUMP 
FOREARM CONDENSER 

MU-10180 

Fig. 8 



-25- UCRL-3l94 

a water-cooled forearm condenser is used, it .is usually desirable 

to ha:ve a low-temperature refrigerated clean-up trap in.the line 

also. This serves the double function of catching any mercury 

vapor that gets past the forearm condenser and of preventing any 

mechanical pump oil from migrating toward the vacuum tank. The 

forearm condenser must always be kept cold until the·pump boiler 

has reached ambient temperature. Otherwise substantial amounts 

of mercury can be lest up the forevacuum line. At best, a 

yuantity of expensive mercury must be replaced and the forevacuum 

line will be thoroughly contaminated. At worst, actual physical 

damage can be done to the mechanical pump if· sufficient mercury 

accumulates to "slug" it. 

If the vacuum system incorporates a separate roughing line, 

a trap is often included in the line to be used only during the 

roughing operation. It is usually liquid-nitrogen-cooled, since 

it is not in use for extended periods, and it prevents oil 

migration from the roughing line into the tank. It should be 

taken out and cleaned while still cold after each roughing oper-

ation. 

HATERIALS oF· CONSTRUCTION AND l.ffiTHODS OF FABRICATIOn 

. ' The r,w.terials of construction and methods of fabrication· of 

the components of a mercury-pumped vacuum system are important in 

two respects: (a) the high reactivity of mercury with many metals 
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13 
and alloys is well known,, and·· care must be taken in the selection 

of the rna terials -for the portions of the system that "see" mercury; 

(b) hydrocarbon contamination in the ·vacuum enclosure during the 

construction period as well as during subsequent system operation 

is determined by the suitability of materials and proper methods 

of fabrication~ 
--

The rate of reaction of mercury with materials is related 

directly to the temperature, and those parts that are exposed to 

hot mercury are of maximum concern. For this reason the pump 

casing and nozzle assemblies are all constructed of ferrous metals 

that are not attacked at significant rates. The baffles and 

forevacuum lina are the only other components expos~d to amounts 

of mercury of any consequence. The baffles are normally at a 

low temperature axceptd.uring shutdown periods, when they warm 

up to ambient temperature for defrosting. The materials of their 

construction must be selected to tolerate this condition. 

Copper is a favorite vacuum-system baffle material because 

of its high conductivity and easy workability. For mercury-_pumped 

systems, however, it has certain disadvantages. Copper welded 

baffles are very difficult to fabricate and many common solders 

customarily used in assembling copper parts are rapidly attacked 

by mercury even at room temperature. This is especially true of 

ordinary 50-56 soft solder, which is not considered usable for 

this application. Some silver-copper-base hard solders, 

l3Kelman, Wilkinson, and Yaggee, 11Hesistance of t4aterials to 
Attack by Liquid Netals", Argonne Report ANL-4417, 1)150 
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particularly those containing no lead or zinc, seem to be resistant 

to.the attack of mercury at room temperature. With the limited 

data available, however, conservative desien would dictate the 

nickel plating of assemblies using these materials. The typical 

baffle feature~ a tortuous geometry and electroplating is generally 

not practicable • "Electroless" nickel plating has proven to be 

adequate protection, but can only be done over hard solders that 

do not contain any lead, zinc, antimony, cadmium, or tin. Suitable 

solders include .Phoscopper and All-State 175. Nickel-plated hard

soldered (.Phoscopper) assemblies have been in continuous service 

for 3 years with no sign of attack. Ferrous metal welded assemblies 

are entirely iafe but are also difficult to fabricate. Cooling 

fins must be made of thick stock or cooling tubes be placed close 

.together to avoid undesirable temperature variation over the baffle 

surface. The forevacuum line, including gages, valves, and fittings, 

particularly that section adjacent to the diff~sion pump, should be 

constructed of mercury-resistant material. Enough mercury vapor 

carries over during extended periods of operation that it accumu

lates in puddles in low spots and could attack susceptible mate

rials. Brass, aluminum, zinc, tin, and lead are all attacked at 

room temperature and their use should be avoided. 

It has been observed that welding conforming to ordinary 

vacuwn practice, as shown in Yig. <; (a), lea\Tes a small crack 

(drawn out 6f scale for clarity) between the plates of a typical 

corner joint. During subsequent machining operations such as 

facing flanged openings, etc., machining oil can easily run down 
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into the crack. It has been found that this ~s virtually impos-

'• sible to get ou't by cleaning, and oozes out into the tank for 

months afterwards. To avoid this it has been necessary to alter 

welding techni4ues, and full-penetration welds should be specified 

for joints as indicated, for example, in Yig. t) (b). This, of 

course, increases the cost of fabrication, but allows cleaning 

after machinin~ so that all major amounts of hydrocarbons can be 

removed. 

The selection of vacuum-gasketing material for a large mer

cury-pumped system is usually a cor.:Ipromise between adequacy and 

convenience. Hetal gaskets are desirable from the standpoint 

of vapor evolution, but their drawbacks from an installation 

point of view, especially in large systems, offset this advantage 

in most cases. The softer metals often used -- such as lead, 

50-50 solder, fuse \-lire, indium, and gold -- are relatively easy 

to form ir"to gasketing and join, but creep considerably under the 

heavy flange loadings re<.iuired to make them seal. They must be 

tightened down several times after their initial installation •. 

The harder metals such as copper and aluminum do :not creep as 

much, but require even higher flan~e loadings. In either case, 

sealing surfaces on flanges or cover plates must be rr~achir:.ad to 

very fine finishes, 32 micro-inches rms or better. The flanges 

and cover plates must necessarily be heavy, with closely spaced 

clamping bolts. On small openings~these requirements are readily 

met, but for large apertures such as those associated with, say, 

a 20-ir.tch mercury pump installation, considerable difficulty can 



'•• 

UCHL-31<}4 

be er1countered. A 35-cubic-f'oot vacuum system "''i th a 20-inch 

mercury pump and approximately 100 feet of' lead gaslceting has.been 

built and made leaktight with considerable effort. Fluorocarbons 

such as Teflon and K.el-F are also good gasket materials from the 

vapor-evolution standpoint. However, for large installations they 

are even more difficult to use than metal gaskets. There is no 

reliable way of joining fluorocarbon gasketing material, and if 

the opening to be sealed resuires a gasket larger than can be cut 

f'rom a single sheet, it is almost impossible to make a satisfactory 

vacuumtight joint. These materials also require high sealing 

pressures, and cold flow considerably under the sealing load. 

For many systems one of the synthetic rubber gasketing mate

rials is suitable for gasketing, provided the amount of surface 

exposed to the high vacuum is minioized. This oay be accompli.shed 

by designing metal-to-metal joints based on a suitable compression 

of the gasketing material. Figure 10 illustrates the type of 

r,asket grooves used as standard design at the Radiation Laboratory 

for square or rectangular cross section gasket material. Such 

construction has been utilized on several large mercury-pumped 

accelerators with no obvious ill effects from the gasketing. 

Hovint; shafts that transmit either rotational or longitudinal 

motion into the high-vacuum enclosure should communicate through 

seals that are not lubricated with contaminating materials. 

Bellows assemblies of various forms are ideal provided they can 

transmit the necessary amount of motion. For situations in 

which they are not adequate a "dry" seal has been developed which 
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has·proven leaktigh:t in a number of aPplications. Figure ll shows 

such a seal as ~pplied to a 20-inch air-operated angle valve. The 

three inner· Sea;J..,ing members are 1'eflon II 011 ringS' Which provide 

the sliding surface for the shaft·. The .three ou:t~r. rings are 

synthetic rubber "Oi( rings, which provide elasticity in the· seal 
: . . . 

and make the :static v.actium joint against the seal housing. Such 

·a seal has considerably more frictiot?-al drag· than standard lubri

cated 11 0" rings or Wilson br Chevron seals, and sufficient 

.additional .. force ·must be provided for. shaft actuation.· It should 

be noted that great :care is taken. to . protect the shaft- and .seal 

from dust and dirt. Further, no portiOTl of the actuating shaft 

which comes from the oily air cylinder goes through the dry seal, 

and a drip collar and ·w;Uper rines are provided. to prevent oil from 

·.flowing down to the clean part of the shaft .• 

VACUUN SYSTEN DES IGH AND OPE.liATION 

Previous sections have dealt with the special features of the 

components of mercury-pumped sys.tems. These have been presented 

.in the frame of reference of standard vacuum technique. The 

a~plication of th~ individual components to over-all system design 

~ i.s presented in the same manner; only those additional features 

pertinent to mercury systems are discussed. · 
' . 

The proper operation of a mercury-pumped syster.1 requires the 

functions of the components to be interlocked by a control systee1 
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such. that 

(a) the vacuum c9-vity and individual vacuum components will 

be protected against serious damage ·upon failure of any of the 

suppli~d utilities, i.e., water, power, or compressed air; 

(b) the individual vacuum components will be protected 

against failures of any other component; 

(c) the apparatus of which the vacuum systeo is a part w).ll 

be protected against damage due to impairment of vacuum or to. 

operational erro!'s. 

The execution of these requirements can best .be illustrated by 

referral to an actual vacuum system. Figure 12 is a schematic 

drawing of the vacuum system for a 90-inch cyclotron incorpora-
. . 

ting two 32-inch mercury diffusion pumps.' Figure 13 is a photo-

. graph taken looking down on the pumps, gate valves, and valve 

manifold assembly. Figure 14 is a photograph of one of the 32-inch 

pumps as installed. In this case, the upper-barrel cooling coil 

and forearm condenser we-re cooled by direct expansion of refric"' 

erant (Freon 12), which accounts for the lacging around these 

areas. The interlocking mechanisms are designated in the system 

schematic and their functions explained on the chart at the right. 

Since the pump fluid is not injur-ed by exposure to the atmosphere 

when hot, as is oil, the general interlocking scheme is designed 

to prevent the migra tiori of mercury. This is of particular 

importance here since the main vacuum tank is fabricated from 

aluminum. 
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Fig. · 13 
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Fig. 14 
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The particular instrumentation that provides this protection 

is summarized as follows: 

1. ~Gl does not permit opening the diffusion pump gate ' 
valves until the tank pressure is less than or equal to 100 microns. 

This mfn~mizes the high~pr~ssure backstreaming. PGl also closes 

the diffusion.pump gate valves in case of a pressure b~rst to 

above 100 microns in the tank. 

2 • . PG2 and l-'G3 do not permit the diffusion pump gate valves 

to open nor the pump heaters to come on when the forepressure 

· exceeds 250 microns, the limiting fore pressure of the pumps. . This 

prevents the pumps from backstreaming into the tank duri"ng this 

period of unstable operation. PG2 and PG3 also close the gate 

valves and turn off the heaters in·the event of forepump failure 

or any other cause that permits the forepressure to exceed its 

limiting value for stable pump operation. 

3· Tl and T2 do not permit the diffusion pump gate valves 

to open until the low-temperature baffle is sufficiently cold 

to trap out backstreaming mercury. Tl and T2 also close the main 

gate· valves in case of refrigeration-system failure, or for any 

other event causing the low-temperature baffl4 to exceed -90°C. 

Any discussion of mercury-pumping systems should include 

mention of the toxicity of' mercury vapor. A considerable body 

of literature exists concerning the health hazards of mercury 

(Heferences 13 and 14 for example}. Huch of the information is 

-----------------------------------------------------------
l3;:. I. Sax, "Handbook of Daneerous l1aterials," Reinhold, 1)15.1 
14Bea~champ and Tebbins, Am. Ind. Hygiene Assoc. Quart. 12, 171 (17'51) 
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inapplicable to the operation of mercury vacuum systems, but 

certain of the precautions should be adopted to minimize the 

possib_ili ties of mercury poisoning. 

(a)· The exhaust of any mechanical pump that is backing a mercury 

diffusion pump should be vented outside intd the open air. 

(b) A mercury diffusion pump should never be disassembled or 

opened to air when it is st111 warn -- the high vapor pressure of 

mercury under. these conditions makes this procedure especially 

dangerous. 

(c) vJeldinc; or machining of parts that have been contaminated 
.. 

with mercury should be done in well-ventilated areas, preferably 
l 

in the open air, by personnel protected with resp1rators and 

nonporous gloves. 

(d) Disassembly of mercury pumps, cleaninc of traps, etc., 

should be done in well-ventilated areas. dplash pans should be 

. provided to catch spills, and free mercury so caught should be 

picked up and kept in closed containers. In the· event of a large 

spill in ar:. unconstrained area the mercury should be covered as 

soon as possible with water or a proprietary powder, He-X. 

(e) It is advisable not to smoke while working with mercury

contaminated parts. It is very easy to contaminate the object 

. being smoked with mercury from the hands and thence ingest it. 

lf) Thorou~h washing of the person as well a~ of exposed articles 

of clothint; is recommended after working with t:lercury-contaminated . 
parts. 

(g) As is usual in such matters, the standards set up.for toxic 
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levels of mercury are extremely conservative and in some cases 

unrealistic. For example, a toxic dose discovered by probing 

.• the float in a w~ll-ventilated room is not detec~able a~ nose 

height •. CocHnercial mercury-vapor detectors are available from 

General Electric and Harold Kruger Instruments. 

·ln closing_, .it q~.ay be of interest that many of the techniques 

described in this--~paper were evo~ved during the construction of 

a vacuum system of ·some 220,000 cubic feet in volume. Forty

eight 32-inch mercury diffusion pumps were used to bring the 

tank down·to a base pressure (untrapped) of 2 x lC-6 mm of Hg. 
·~ . ~. 

A leakrate of 50 mi?ron liters per second w;:1s attained by a 

leak-hunting procedu~e in which it was nec~ssary to establish 
~ 

radio cormnunication .between the leak probers and the personnel 

on. the leak detectors. The successful operation of this immense 

vacuum $ystem _indicates the possible performance a ttain.able by 

the-application of the technology described. 
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