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Abstract

An ouline of the ealy history of vaauum devices (pumps and presaire
gauges) is presented, from the first recorded experiments on vaauum in the
1640 to the start of the modern period d vaauum techndogy when

ultrahigh vaauum was introduced in 1950.

1 INTRODUCTION

The first experiments to produce avaauum were propased in
1631 byReneri of Leiden in correspondence with Descartes
[1]. The first recorded experiment to produce a vaaium
appeas to have taken placein abou 1641when Gasparo Berti
experimented with a water barometer [2], seeFig. 1. The lead
tube AB was abou 11 metres long, the tube and reservoir were
fill ed with water and the valves G, D, and B were then closed.
The valve B was then opened and the water level dropped to L,
a vaauum was left in the chamber above L. The experiment
was not very convincing since it was assumed that sound
would na travel througha vaauum yet a bell M rung in the
vaauum space ould be dealy head, the soundwas probably
transmitted throughthe suppats of the bell. In 1644Vincenzio
Viviani repeaed Berti's experiment using a mercury-fill ed
glasstube which was inverted with its open end in a reservoir
of mercury. The eperiment was probably planned by
Evangelista Toricdli who was credited by ealier historians
with performing the famous experiment in 1643. The
Toricdlian experiments convinced most schaars at the time
that a vaauum had been creded. This was the time of the dual
papacy and the wncept of vaauum was 4gill considered
anathema, thus it was dangerous to continue experiments on
vaauum in courtries acceting the Roman poe so the
experiments were pursued in the reformed courtries and in
France where the French pope was inclined to ignae the
opinions of the Roman pope.

A few yeas after these initial experiments on vaaium
the first vaauum pumps were aeaed by Otto von Guericke the
Burgomaster of Magdeburg, this is when the history of
vaauum devices begins. In this paper we eamine the
development of vaauum devices, in particular vaauum pumps
and cpuges, from 1650 to the start of modern vaauum
techndogy in 1950when utrahigh vaaium was first achieved
and measured.

Several histories of vaaum techndogy may be
consulted for further detail s[3-11].

Fig. 1 The gparatus used by Gasparo
Berti in abou 1641to produce a
vaainm



2. VACUUM FOR FUN AND SCIENCE, THE FIRST TWO CENTURIES, 1650 TO 1850

The vaauum pump was one of the six instruments invented in

the 17" century that had a profound impad on experimental

science, the others were the penduum clock, the telescope, the
thermometer, the barometer and the microscope. Otto von
Guericke started work on air-pumps in the 1640 and hs work

was first reported by Caspar Schott [12] in 1657. Von
Guericke's first two pumps are shown in Fig. 2. These pumps
were esentialy water pumps being worked badkwards. In his
first experiment in the 164Gs he filled a well-caulked wooden

barrel with water and two strong men pumped the water out, as
air rushed throughthe pores in the wood into the empty space a
noise was head. In the second experiment he used a large
copper sphere dtadhed to the pump; the water was omitted and
the ar pumped ou diredly. When most of the dar was pumped

out the sphere wllapsed with a loud nase, von Guericke
redised that this was caused by atmospheric presaure. A more
acarately sphericd vesel was made and the experiment was
then succesdul.

The news of von Guericke's experiments was freal
through Europe by Schatt’s book and the next improved pump
was designed by Robert Boyle [13] and bult by Robert Hooke
in Engand in 16589. This pump is sown in Fig. 3,it used a
rack and gnion to move the piston thus grealy reducing the
effort neaded to operate the pump. Boyle was the first to make a
measurement of vacuum with a mercury manometer placed in a
bell-jar (see Fig. 4), his pump was cgoable of reading a
presaure of abou 1/4 inch of Hg (6 Torr). Thus Boyle was the
first to design a vacuum pump and combine it with a presaure
gauge. The piston pump and the mercury manometer were to
remain the only type of vaauum pump and presaure gauge for
abou two hunded yeas.

Fig. 2 The pumps of von Guerickein
the 164Gs. (Top) Thefirst pump with
awooden barrel. (Bottom) The
second pump with a wpper sphere.

Fig. 4 Thefirst measurement of a sub-atmospheric pressure
by Robert Boyle c166Q A bedker of mercury with a
Fig. 3 Piston pump designed by Robert Boyle and bdilt by manometer tube more than 32incheslongwas sdedina
Robert Hooke in 16589. bell jar and evaauated by the pump of Fig. 3.
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Improvements were made to the piston punp in the next two hunded yeas but the basic design
remained the same. The ultimate presaure atieved by these pumps deaeased ony dightly, the
medhanicad nature of the vaauum experiments of the time did nd require significantly lower
presaires, bu the new pumps were eaier to use. Hawksbee [14] built a pump in 1704 with two
cylinders in which the pistons were balanced against ead aher as they were driven in oppaite
diredions by the radk and gnion (see Fig. 5, this pump was cgpable of reating 1.9Torr in two
minutes. At the Grea Exhibition d 1851in Londonthe first prize for vacuum pumps was won by
Newman [15] whose pump adiieved a presaure of 0.5 Torr. Figure 6 shows a similar commercial
pump o abou 1850that is little changed from the cnstruction o the Hawksbee pump o 150 yeas
before.

Fig. 5 ThedouHle-piston punp of Hawksbee(1704). Fig.6 A commercia doule-piston pump from abou 185Q

Figure 7 shows the ultimate presaure adieved by the various pump designs in the period from
1660to 1900and clealy indicates the limited reduction in attainable presaure in the first two hunded
yeas. The vaauum pump made important contributions to science in its first two centuries but
throughou this period it was widely used as a source of entertainment and instruction because
vaauum was a novel and fascinating subjed.

3. VACUUM FOR SCIENCE, THE GREAT LEAP FORWARD, 1850 TO 1900

The 50 yeas from 1850to the turn of the cantury produced an intense adivity in the development of
vaauum techndogy diven initially by the neals of scientific research and later by the demands of the
incandescent lamp indwstry. In the fifty yea period the dtainable presaure was reduced by six
decales and vaauum equipment, thoughstill awkward, wasin use in industry. The need to thorougHy
outgas the eguipment and to avoid the use of rubber tubing was well established.
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Fig. 7 The ultimate vacuum from 1660t0190Q Note the bre&k in the time scde. The references to the experiments are;
Boyle[13], Hawksbee[14], Geisder [17], Sprengdl [18], Crookes[19], Edison [22], Fleuss[24], Gimingham [20],
Kahlbaum [23].

The development of mercury-piston punps was the major fador in achieving lower presaures.
The first step occurred in 1854 when Julius Plucker of the University of Bonn asked Heinrich
Geisder, his glassblower, to design a glass pump using a mercury piston to permit experiments on
low presaure gas discharges; Geisder built a pump in 1855cgpable of reading 0.1 Torr which was
first described in a pamphlet by Mayer [16] pulished in 1858.In 1862 Topler [17] invented an
improved form of the Geisder pump and in 1865Sprengel [18] devised a pump in which a train of
mercury droplets trapped padkets of gasin aglasstube and caried the gas away.

In the 1870 Willi am Crookes, with his assstant Charles Gimingham, attempted to achieve a
vaauum “approaching perfection”. Figure 8 shows Crookes first pumping system [19] using a
Sprengel pump. An improved version [20] of this pumping system using seven fall tubes was capable
of achieving a presaure of abou 2 x 10° Torr as measured by a McLeod gauge. Crookes grealy
improved the vaauum condtions by repladng all rubker tube cnredions with ground dass joints
and by reaingthe gparatusto degasit.

The vital step in presaure measurement was McLeod s invention d his vacuum gauge [21] in
1874 which was based onthe compresson d the gas by a mercury column to an easily measured
higher presaure, and the use of Boyle's law to cdculate the origina presare (see Fig. 9. This
permitted pressure measurements down to the 10° Torr range. Since the McLeod gauge does not
measure the presaure of condensable gases, such as water, the true presaure may have been higher
than those reported in this period.
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Fig. 8 Crookes first vaauum system using asingle Sprengel Fig. 9 Thefirst McLeod gauge (1874).
pump (1872.

By the end d the 18705 Crookes' vaauum techniques had moved into industry and were being
used by Edison to improve the vaauum in incandescent lamps. Figure 10 shows Edison's vacuum
system which contained two Sprengel pumps, a Geisder pump, and a McLeod cauge; presaures of
abou 10° Torr could be produced [22]. Edison’'s pumps were operated manually and were slow and
clumsy for industrial use. By1894K ahlbaum [23] was able to oltain pressures as low as 3 x 10° Torr

with a Sprengel pump.

In the same period the solid-piston pump was gredly improved, by 1892 Fleuss had
manufadured a pump with an al-seded piston and valves that were moved mechanicdly [24]. This
pump was known as the Geryk pump and was cgpable of 2 x 10" Torr, it was widely used in the lamp
induwstry to replace the manually operated mercury-piston punps until the invention d the rotary
mercury pump by Gaale in 1905.The Geryk pump and the rotary mercury pump could be motor-
driven and thus had the alvantage over the older liquid-piston pumps for industrial use. By 1900
pressures of the order of 10° Torr could be adieved and measured and the pumps for industrial
vaauum systems were being motor driven.

4.  VACUUM FOR INDUSTRY, 1900 TO 1950

The change in utimate vaauum in the period 1900to 1950is shown in Fig. 11.Vaoauum techndogy
made rapid advances in the period 1900to 1920,the two figures that dominated this period were
Gadale in Germany and Langmuir in the USA. The first improvement in high vaauum pump design
was the invention d the rotary mercury pump by Gaede [25] in 1905,this was a rotary mercury pump
which could be motor driven (seeFig. 19. It could produce pressures in the 10° Torr range and was
manufadured in large quantities and widely used in the lamp and vacuum-tube industries.
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Fig. 10 Diagram of Edison's vaauum system for the Fig. 11 The ultimate vacuum from 1900to 1950 The
production o incandescent lamps (187(). references to the experiments are; Gaele (1905 [25], Gaale
(1913 [27], Sherwood[34].

Fig. 12 Gaele' srotary mercury pump (1905. Fig. 13 Rotary oil pump designed by Gaede (1907
compared with Prince Rupert’s “Water-Bolt”, awater pump
invented in abou 1650

In 1907Gaeale developed the rotary oil pump (see Fig. 13 primarily for use & afore-pump for
the rotary mercury pump [26], its close resemblance to the water pump invented by Prince Rupert in
abou 1650is evident. The principle of this type of waterpump gaes badk to at least 1588 with the
vane pump of Rumelli.



The next major advance in pumping methods
was the invention d the molealar-drag pump by
Gadale [27] in1913 (see Fig. 14. With a fore
presaure of 2 x 10° Torr a pressure of 4 x 10" Torr
was measured by Dushman [28] at a rotation speed
of 8,000 rpm. This pump was used in the vacuum-
tube indwstry urtil the arival of the diffusion pump.
Improved versions of the moleaular-drag pump with
higher pumping speals were developed owver the next
30 yeas, naably by Holwedk [29] in 1923 and
Seigbahn [30] in the 1920s, presares in the
10" Torr range were typicaly obtained. Moleaular-
drag pumps were not much used urtil the 197G
becaise their pumping speed was low and their
reliability poa as a result of the very close spadng
between rotor and stator. They were deal o their
time because the techndogy for making high-speed
rotating madiinery with close spadngs was dill
rudmentary. In recent times the moleaular-drag
pump has been succesully re-introduced, wsualy in
combination with aturbo-pump.

Fig. 14 Schematic diagram of Gaale's
moleaular-drag pump; 1 pumping pat,
2 dtators, 3 rotors (1913.

The mercury vapou diffusion pump was the first vacuum pump to have no moving pearts. It
was invented independently by Gaele [31] (seeFig. 195 and Langmuir [32] (seeFig. 16 in 191516.
Langmuir’s design with its large nozzle had much higher pumping speed and was quickly taken upfor
indwstrial use. The use of low-vapour-presaure oils rather than mercury in dffusion pumps was
introduced by Burch in 1928[33]. The diffusion pump becane the most widely used high vacuum
pump urtil the sputter-ion punp became available in 1958.Both mercury and dl diffusion pumps
appeaed to have an utimate pressure of about 10° Torr as measured by a triode ionisation gauge, the
curves of pumping speed o diffusion punps as a function d presaure in manufadurers' literature
showed the pumping speed gangto zero at abou 10° Torr (such curves were still being pubished as
late asthe 196(Gs). The ealy results using mercury diffusion pumps and ionisation gauges are typified
by the work of Sherwood[34] in 1918who measured an utimate pressure of 2 x 10° Torr.

Fig. 15 Gaeale' sfirst mercury vapour diffusion punp Fig. 16 Langmuir’soriginal mercury vapour diffusion pump

(1915. (1916.
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Severa types of presaure gauge were invented after the McLeod cauge in 1874.In 1897
Sutherland [35] invented a gauge depending onthe viscosity of the gas, it could measure from 1 to
10* Torr. This principle was extended by Langmuir [36] in 1913who developed a gauge using a
quartz fibre which was made to oscill ate in the gas, the deaement in amplitude of the oscill ations was
ameasure of the presaure, its presaure range was smil ar to Sutherland' s gauge. Viscosity gauges were
nat very widely used. In 1906two gauges which depended on the thermal condictivity of the gas
were invented covering the range from atmosphere to 10* Torr. The Pirani [37] gauge measured the
hea loss from a hat filament to the gas by the thange in resistance of the gas. The thermocoupe
gauge [38] measured the dhange in temperature of the filament with a thermocoude. In 1910
Knudsen invented the radiometer gauge [39], which with care muld measure to 10° Torr. Only the
Pirani and the thermocoupde gauge ae il in use. Various medanicd gauges were developed
including the Bourdon and the diaphragm gauge, the only one to survive to the present day was the
cgpadtance manometer [40] invented in 1929

Measurement of presaure in the high vaauum
range prior to 1916 was difficult, the only available
gauges were the Mcleod gauge and Dushman'’s rotating
disk gauge [41] (1919, the latter was the preaursor to
the spinning-rotor gauge, these were both awkward to
use and limited to abou 10" Torr. In 1916 Buckley
described the hot-cathode ionisation gauge [42] (von
Baeyer had reported the measurement of presare in a
hot-filament triode used as an ionisation gauge [43] in
1909 however, his work was nat followed up and
Buckley is generally credited with the invention d the
hot-cahode ionisation gauge). The triode hat-cathode
ionisation gauge was amost universaly used to
measure high vaauum until 1950. This type of gauge
had a g/lindricd ion colledor of large surface aea
surroundng the gylindricd grid and axial filament, an
ealy example [44] is $hrown in Fig. 17.With the use of
this type of hot-cathode ionisation gauge the measured
ultimate preswure in amost al vaaum systems was
abou 10° Torr. The ultimate pressure had hit a plateau
that lasted for more than 30 yeas.

The limit at 10° Torr was generally assumed to Fig. 17 Triodeionizaion gauge of
result from afailure of the pumps rather than the gauge, Dushman and Found(1921)
there was initially no suspicion that there might be a
limiting process in the gauge & low presaures. The
seach for a method to reduce the ultimate vaauum in
this period has been described in some detail [45] and
will not be repeded here. Suffice to say there was
considerable evidence by the late 193G that the hot-
cahock ionisation gauge was not capable of measuring
below 10°Torr. The reason for this limit (the x-ray limit
as we now know) was not understood by workers in
vaauum techndogy athough by the late 193G the
production d phaoeledron emisson from the grid of a
high-power vaauum tube, as a result of soft x-rays
produwced by eledron banbardment of the anode, was
well understood by \aauum tube enginea (see Ref. 40
and references therein). The two communities, although
closely associated, apparently did nad communicate on  Fig. 18 Diagram of the Penning gauge, the first
this subjed. magnetic, cold-cathode, ionizaion gauge. P,
cahodes, R, anode, H, magnet pole-face(1937).




The wld-cathode discharge in a magnetic field was first demonstrated by Philli ps [46] in 1898
but it was nat until 1937that Penning invented the ald-cathode ionisation gauge in a magnetic field,
known as the Penning a Philli ps gauge [47] (seeFig. 18. This gauge was rugged and reli able but the
ion current vs. pressure relation was nontlinea and the discharge went out at abou 10° Torr and thus
it did na help to solve the pressure limit at 10° Torr. The gauge was also foundto have asignificant
pumping spead and was the preaursor of the sputter-ion punps designed in the late 195Cs. The fad
that an eledric discharge caused a pumping adion hed been known since 1858 when Pliicker noted
[48] “ Certain gases read with the platinum cahode and the resulting compounds deposit on the walls.
So we gproach the asolute vaauum”. In 1916Vegard olserved [49 that there was a change in the
pumping speed of a mld-cathode discharge when using dff erent materials for the cahode but not the
anode. Penning nded “at high presaures a discharge with high currents houd be avoided because of
cahodc sputtering ... ore has to take cae of the fad that the discharge asorbs gas, in air abou 1 litre
at By 1950the minimum measured pressure was dill 10° Torr, the same asit had beenin 1920.Some
experimenters had undoutedly achieved pressures much lower than 10° Torr (e.g. W.B. Nottingham
[50] and P.A. Anderson [51]) but were not able to make definitive measurements of these lower
presaures. It had been suggested that the hot-cathode ionisation gauge had a limit to the lowest
measurable presaure set by an x-ray phaocurrent but this had na been proven.

1950isthe end d our journey when the revolutionin vacauum techndogy accurred (the Bayard-
Alpert gauge [52]) which led to utrahigh vacuum and the modern era of vacuum devices. Virtually all
the new or improved vaauum devices developed since 1950 find their roots in devices developed
between 1850and 1950.
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