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 Vacuum as defined as a space with nothing in it (“perfect  
      vacuum”) was debated by the early Greek philosophers. 
The saying “Nature abhors a vacuum” (horror vacui) is gener-
ally attributed to Aristotle (Athens ~350 BC). Aristotle argued 
that vacuum was logically impossible. Plato (Aristotle’s teach-
er) argued against there being such a thing as a vacuum since 
“nothing” cannot be said to exist. Hero (Heron) of Alexandria 
(Roman Egypt) attempted using experimental techniques to 
create a vacuum (~50 AD) but his attempts failed although he 
did invent the first steam engine (“Heron’s steam engine”) and 
“Heron’s fountain,” often used in teaching hydraulics. Hero 
wrote extensively about siphons in his book Pneumatica and 
noted that there was a maximum height to which a siphon can 
“lift” water.

The 17th century was the beginning of the era of scientific 
experimentation. Of the six major scientific instruments de-
veloped in the 17th century (telescope, microscope, pen-
dulum clock, thermometer, air pump {vacuum pump}, and 
barometer) only the telescope and air pump challenged the 
dogma of the Roman Catholic Church (God would never cre-
ate “nothing”). Natural philosophy (science) was based on 
the teachings of Aristotle, a “plenist” who believed a vacuum 
cannot exist in nature. The “plenists” were aligned against the 
“vacuists,” who did believe in the existence of a vacuum[1].

There have been a number of reviews of the history of vac-
uum	technology[2–4]	but	little	about	experiments	performed	
in early vacuum environments[5].

Early Vacuum Equipment
The early period of vacuum technology may be taken as the 
1640s to the 1850s. In the 1850s, invention of the platinum-
to-metal seal and improved vacuum pumping technology al-
lowed the beginning of widespread studies of glow discharges 
using “Geissler tubes”[6]. Invention of the incandescent lamp 
in the 1850s provided the incentive for development of indus-
trial scale vacuum technology[7].

Single-stroke Mercury-piston Vacuum Pump
It was the latter part of 1641 that Gasparo Berti demonstrated 
his water manometer, which consisted of a lead pipe about 10 
meters tall with a glass flask cemented to the top of the pipe 
while the bottom of the pipe was immersed in a barrel of wa-
ter	{pp.10–18[8]}.	There	was	a	water	reservoir	with	a	valve	that	
was attached near the base of the flask. Access to the flask 
was through a sealed port on top of the globe. To operate the 
manometer, a valve was closed at the bottom of the pipe, the 
pipe was filled from the reservoir, the valve at the reservoir 
was closed, and the valve at the bottom was opened. The wa-
ter level fell to the height dictated by the difference in pres-
sure between that in the flask and the atmospherea. The bot-
tom valve was then closed and the water level was measured 
through the port at the top of the flask.
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aBerti’s technique left some air in the flask so that the pressure  
differential was not really the atmospheric pressure. Later investigators 
made true “water barometers.” For example, O. von Guericke made a 
water barometer with a glass pipe and had a mannequin floating on  
the water with a finger pointing at a scale on the glass tube (c. 1654)  
{fig. 1, p. 31[4]}.  
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Evangelista Torricelli, an associate of Galileo utilizing mer-
cury rather than water in the manometer, demonstrated his 
famous mercury manometer (~1 meter tall) instrument in 1644 
{pp.19-32[8]}. The Torricelli manometer was made by filling 
a closed-end glass tube with mercury, closing the open end  
(usually with a finger), and up-ending the tube into a mercury 
pool—the mercury in the tube fell to a level dictated by the am-
bient atmospheric pressure leaving a “Torricelli vacuum” in the 
tube above the mercury. Torricelli is generally credited with the 
invention of the barometerb to measure atmospheric pressure. 
The pressure unit Torr (1 mm Hg) is named after Torricelli.  

For about 200 years, the Torricelli vacuum, 
using well-cleaned glass and distilled mer-
cury, was considered the best vacuum that 
could be attained in the laboratory. Emanuel 
Swedenborg developed the first multi-stroke 
mercury-piston pump in 1722[9]. The multi-
stroke mercury-piston pumps could not attain 
as good a vacuum as the Torricelli vacuum 
until after the development of the Geissler/
Toepler pump (1862) and the Sprengel pump 
(1865)[9].

Multi-stroke Mechanical Piston Pumps
In the mid-1640s, Ottonis von Guericke made 
the first mechanical solid piston/cylinder-type 
vacuum pump (which he called “air pumps”) 
patterned after the water pumps that had 
been used for many years to remove water 
from mines and to provide water pressure for 
fire hoses. 

The first air pumps of von Guericke were 
immersed in water to provide “sealing”—this 
was a common technique for the water pumps of the time {fig. 
2[2]}. The first attempt by von Guericke to generate a vacuum 
was by pumping water from a wooden barrel. Of course, the 
barrel/chamber leaked badly so von Guericke made a cham-
ber out of copper. As the vacuum was generated, the copper 
chamber collapsed from the atmospheric pressure. Von Guer-
icke then made a globe-shaped iron chamber, which he used 
for his famous Magdeberg hemispheres demonstration for the 
King of Prussia in 1654[10]. Figure 1 shows a later version of 
von Guericke’s pump. 

Gaspar Schott described Guericke’s pump in his Mechanica 
Hydraulica-Pneumatica in 1657. This really introduced the 
piston-type vacuum pump to the scientific world[11]. R. Boyle 
and his associate/instrument-maker Robert Hooke (1660) 
in England[12] and then Christiaan Huygens and his associ-
ate/instrument maker Denis Papin (1661) in Holland[13] im-
proved on von Guericke’s piston design. They both initially 
used globe-shaped glass vacuum chambers cemented to the 
piston pump, as did von Guericke. 

Boyle gave a detailed description of the construction of the 
Boyle/Hooke piston air pump (he called it a “sucker”) (Fig. 2). 
Due to the craftsmanship of Robert Hooke, he did not need 
to immerse the pump in water as shown in Fig. 2[12]. In 1663, 
C. Huygens used a flat baseplate to which a bell jar could be 
bonded {fig. 18, p. 268[1]} as did Boyle in 1665. The first dou-
ble-cylinder “continuous” mechanical piston air pump was 
made by Boyle based on a design by Denis Papin in 1682[2].

A great deal of controversy and technical details were built 
around the seal between the solid piston and the cylinder and 
about leaks in general[14]. The mechanical solid piston vac-
uum pump comprised the bulk of vacuum pumping technol-
ogy for 200 years although work was continuing on mercury 
piston pumps[9]. By the 1850s, the mechanical solid piston 
pumps could achieve about 1 Torr (~133 Pa) although there 
was no good way to measure vacuums that low until the in-
vention of the McLeod gauge in 1874.

bThe term “barometer” as applied to a manometer with the open end 
(mercury cistern) at atmospheric pressure is attributed to Robert Boyle 
(1663) by Middleton {p. 71[8]}.

Fig. 1—O. von Guericke pump 
of 1664 from {fig. 21, p. 279[1]}. 
Courtesy of Cambridge Univer-
sity Library.

Fig. 2—Boyle’s first vacuum 
pump (1660) {p.156[12]}. 
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Mercurial “High-vacuum” Pumps[9]
In 1855, Geissler improved the multi-stroke column-type mer-
cury piston pump using a 3-way manual valve. Geissler also 
invented the Pt-to-glass seal, which allowed glow discharge 
tubes (Geissler tubes) to be made. By 1862, Toepler reported 
on an improved Geissler pump (Geissler/Toepler pump) using 
a mercury “cut-off” valve. In 1865, Sprengel reported using 
drops of mercury moving through a “fall tube” to generate a 
high vacuum. The Geissler/Toepler pump for rough pumping 
along with a bank of Sprengel pumps became the laboratory/
industry high vacuum pumping system[15,16].

In the late 1800s, advancements in mercurial pumps were 
instrumental in producing incandescent lamps as well as the 
discovery of X-rays (Roentgen, 1895) using a low-pressure 
Crookes glow discharge. 

Early Experiments
G. Berti tried to perform the bell-in-a-vacuum experiment in 
his water manometer to show that sound was not propagated 
in vacuum. The results were inconclusive, probably because 
he did not have a very good vacuum and due to the way the 
bell was mounted in the glass flask.

The first successful planned experiment in a vacuum was 
by Vincenzio Viviani in 1644. Viviani mounted a bell in a “Tor-
ricelli vacuum” and showed that the ringing was muted in 
the vacuum. This convinced most scholars at that time that 
a vacuum had been created. In 1644, Torricelli stated, “We 
live submerged at the bottom of an ocean of the element air, 
that by unquestioned experiments is known to have weight” 
(excerpted from a letter by Torricelli to Michelangelo Ricci 
1644)[17]. This was in contradiction to Galileo’s belief that 
air had no weight and therefore there was no such thing as 
“air pressure.” The effect of air pressure had been previously 
evidenced by the collapse of von Guericke’s copper vacuum 
chamber by atmospheric pressure in the late 1640s. 

Prior to the 1640s, it was assumed that light had a wave 
nature and required a medium to be propagated. The obser-
vation that light traveled through the Torricelli vacuum gave  

credence to the old concept of an “aether,” which permeated 
all space, even a vacuum[18]. Boyle tried to find evidence of 
an “aether-wind” in a vacuum {fig. 8, p. 183[1]} but could not 
detect any such effect. The concept of “aether” lasted well 
into the 19th centuryc. The concept was ultimately refuted 
by	 the	Michelson–Morley	experiments	on	 the	speed	of	 light	
in 1887.

In 1648, Blaise Pascal, who proposed the experiment (from 
Paris), and Florin Périer who actually climbed the Puy-de-
Dôme mountain (1465 meters high) were the first to show 
that atmospheric pressure decreased with an increased 
height above the earth’s surface. Florin Périer found that the 
mercury column was 85 mm less in height on the top of the 
mountain (627 mm Hg) than at the monastery at the base of 
the mountain (711 mm Hg) (~1000 meters altitude difference) 
{p. 51[8]}.

In 1653, in “Traité de la Pesanteur de la Masse de l’Air,” Pas-
cal wrote “…the mass of the air is more pressing at one time 
than at another, namely when more charged with vapours, or 
more compressed by the cold.” Von Guericke noted in 1660 
that the height of the mercury column varied for different 
weather conditions and rightly foretold a storm by the drop 
in pressure[5]. Barometers for weather prediction were made 
in England on a commercial basis by the end of the 17th 
century. These observations opened the way to the weather 
“highs” and “lows” of pressure that we now observe and use 
for weather forecastingd,e. In the 1640s, Torricelli gave a de-
scription of the cause of wind: “...winds are produced by dif-
ferences of air temperature, and hence density, between two 
regions of the earth.”

The Torricelli vacuum was used for many years in vacuum 
experiments as shown in Fig. 3. In 1786, Benjamin Thompson 
(later Count Rumford) reported that heat was conducted more 
readily through air than through a vacuum. Thompson used 
both a pumped vacuum (1/4 and 1/64 of atmosphere) and a 
Torricelli vacuum giving a heat “conducting power” of 80¼, 
78, and 55, respectively[19]. The Torricelli vacuum was used 
in experiments at least until 1798 when Count Rumford used 
a Torricelli vacuum in his heat conduction experiments[20]. 
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cJames Clerk Maxwell subscribed to the aether concept when he argued 
forcefully for the existence of the “luminiferous aether” in his 1861 elec-
tromagnetic theory of light (“…that pervaded all space, even a vacuum, 
and allowed transmission of “waves”). 

dToday most meteorologists use hectopascals (hPa) as the measure of 
pressure (1 hPa = 100 Pa = 0.75006 Torr).

eThe highest atmospheric pressure ever recorded (adjusted to sea level 
at ~1 hPa per 7.5 meters) was 1089.4 hPa in Tosontsengel, Mongolia 
(2004), which is 7% higher than the standard atmosphere. The lowest 
atmospheric pressure ever recorded was 870 hPa in the eye of Super 
Typhoon Tip (1979), which is 14% less than the standard atmosphere. 
It has been estimated that the pressure inside a tornado can be less 
than 20% of a standard atmosphere (G. Vatistas, et al., J. American 
Inst. Aeronautics and Astronautics, in press {from wattsupwiththat.
com/2017/01/17/}).  

Torricelli is generally credited with the invention 
of the barometer to measure atmospheric pres-
sure. The pressure unit Torr (1 mm Hg) is named 
after Torricelli.  For about 200 years, the Torricelli 
vacuum, using well-cleaned glass and distilled 
mercury, was considered the best vacuum that 
could be attained in the laboratory.
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Boyle performed a number of experiments (43) in the vac-
uum system as reported in 1660[12,17] including placing a  
Torricelli-type manometer in the glass belljar (Experiments 
17–19).	The	manometer	tube	was	too	tall	for	the	chamber	so	 
the tube extended out of the access port on top and was sealed 
with cement. The chamber was evacuated to ~¼ inch of mer-
cury (6 Torr (800 Pa)). This was the first “vacuum system” with 
the experimental chamber separate from the vacuum pump-
ing and with a vacuum gauge to measure the pressure in the 
chamber (“vacuum in a vacuum” experiment). See Fig. 4. 

Several of Boyle’s experiments were on the effect of vacuum 
on living things (butterflies, mice, birds, snails, etc.) (Experi-
ments 40 & 41). These were the first vacuum experiments on 
the effects of rarefied air on living things and essentially a 
study on high altitude physiological reactions[17,23]. In some 
cases, the subjects passed out but recovered; in other cases 

they diedf. Snails didn’t seem to be affected by prolonged ex-
posure in vacuum.  

Boyle noted that there was a relationship between the pres-
sure (P) and volume (V) (“spring of air”), which led to Boyle’s 
Law (i.e., PV = constant) that was published in 1662[24]. In 
1679, the French physicist Edme Mariotte published the same 
relationship in De la nature de l’air independent of Boyle. 
Thus, this law is sometimes referred to as Mariotte’s Law or 
the	Boyle–Mariotte	Law.	

Anne-Jean Robert and Nicolas-Louis Robert were the engi-
neers who built the world’s first hydrogen balloon for Professor 

fIn 1862, James Glaisher and Henry Coxwell reach an altitude of >29,000 
feet and possibly 35,000 feet (stratosphere) in an open-basket balloon. 
Glaisher passed out and they both nearly died; http://scied.ucar.edu/
docs/unconscious-stratosphere.

Fig. 3—Experiments using the Torricelli vacuum from Saggi di  
Naturali Esperienzi, Academia del Cimento (1667)[21] from {p. 78[2]}.  
1a) Concentrated sunlight used to heat a ball of bitumen tar in a  
Torricellian vacuum that caused it to “smoke” and the smoke fell 
to the bottom of the chamber; 1b) inflation of a lamb’s bladder 
containing a trace of air.

Fig. 4—Boyle’s vacuum base plate with a glass bell jar and an  
Hg manometer (1665) from {p. 32[4] & p. 72[22]}.
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Jacques Charles, which flew from central Paris on August 27,  
1783. They went on to build the world’s first manned hydrogen 
balloon. On December 1, 1783, Robert accompanied Charles 
on a 2-hour, 5-minute flight. Their barometer and thermom-
eter made it the first balloon flight to provide meteorological 
measurements of the atmosphere above the earth’s surface.

Von Guericke measured the weight of a container in vacuum 
with and without air in the container and found the weight 
change to be about 40 grams {p. 37[5]}g. Huygens also per-
formed a similar experiment using air, vacuum, and water 
(1662) as did Schott (1664). 

For much of early history, philosophers and scientists as-
sumed Aristotle was correct in theorizing the heavier an  
object is, the faster it will fall. In 1705, Hauksbee showed that all 
objects fall at the same rate if you eliminate air resistance[25]. 
Boyle had also demonstrated the effect earlier.

In another experiment, Boyle demonstrated that there was 
a maximum height to which water could be raised by vacuum 
pumping. By standing on a roof 30 feet (9.14 m) above a res-
ervoir of water and sucking up the water through a pipe with 
a vacuum pump, Boyle showed that there was a maximum 
height beyond which water could not be drawn up. Of course, 
this effect had been noted much earlier in studies on the use 
of siphons.

In 1705, Hauksbee showed that the capillary action of draw-
ing a column of water up a narrow glass tube was the same in 
vacuum as in air[26].  

Gay-Lussac’s Law (also known as Charles Law) (V/T = con-
stant, where V is volume and T is temperature) was enunci-
ated in 1802[27]h but had been experimentally observed by 
Guillaume Amontons in 1699[28].  

“Anomalous Suspension” Experiment
In 1662, C. Huygens placed a 4-foot water manometer tube in 
a vacuum chamber and evacuated the chamber. He reported 
that the column remained suspended. This was in contrast 
with the work of Boyle/Hooke. Huygens’ “anomalous suspen-
sion” observation fueled the controversy between Boyle and 
Thomas Hobbes over the nature of “vacuum” and whether 
“artificial” experimentation was valid[1]. 

The difference in results may be attributed to outgassing of 
the water and the inability of the vacuum pump to achieve a 
good vacuum with water in the chamber[29]. In the case of 
the Boyle/Hooke experiment, the water was not outgassed 
but released dissolved air when the pressure was lowered. 
This created a pressure in the space above the water column 
that pushed the water down. In Huygens’ experiment, he out-

gassed the water beforehand and there was limited outgas-
sing during pumping. The conclusion by M. Nauenberg[29] 
is that neither pump could achieve a low enough pressure, 
when pumping with water in the chamber, to cause the water 
column to drop below 4 feet (i.e., <100 Torr (<13300 Pa)). 

Boyle’s experiments (1660) led to a confrontation with 
Hobbes who was a noted thinker at that time and a critic of 
experimentation in natural philosophy[1]. To Hobbes, natural 
philosophy should be based only on observations of things 
that occurred in nature, not experiments. That was the pre-
dominant view of scientific thinking at that time. Both Boyle 
and Hobbes were looking for ways to establish scientific facts 
without political or secular influence (Galileo was convicted 
for heresy by the Roman papacy in 1633)i. In his 1600 book, 
Boyle goes to great length to detail the experimental proce-
dures so that others could reproduce them, although the cus-
tom of the time was to perform experiments with a number of 
witnesses present to verify the findings. 

Hobbes attacked Boyle’s experiments as being unreliable 
due to both the vacuum pumping equipment and the intellec-
tual integrity of the knowledge it yielded. Other primary crit-
ics of the “vacuist” included the Cambridge “Platonist,” Henry 
Moore and the Jesuit, Franciscus Linus (who said that if there 
were a vacuum you wouldn’t be able to see through it)[1]. 

Glow Discharges 
In 1675, J. Picard noted a glow (“barometric glow,” “Picard’s 
Glow”) in the Torricelli vacuum above the mercury column in 
an agitated mercury barometer[30]. When pure mercury in a 
clean glass barometric tube is shaken, a band of glow exists 
on the glass at the meniscus of the mercury as the mercury 
moves downward. The cause is static charge buildup and dis-
charge. If the glass is not clean, it was found to be impossible 
to initiate the glow.  

In 1705, Francis Hauksbee used “frictional electricity” on the 
outside of an evacuated globe to generate a glow discharge in 
a vacuum that was intense enough “to read by”[31,32]. This 
was the first glow (gas) discharge tube[30]. Later, Hauksbee 
demonstrated a machine that produced frictional electricity 
in the vacuum[33]. Serious glow discharge studies began after 
1850 when the hermetic Pt-glass seal was invented and better 
vacuum pumps had been developed[6].

Scientists used “frictional electricity” to study the chemistry 
in electric sparks and plasmas before 1800. After the invention 
of the voltaic battery in 1800 by A. Volta, the study of the chem-
istry in electric arcs rapidly developed even though arc plasmas 
had been generated by batteries made from Leyden jars much 
earlier[34,35]. Using high voltages, plasmas could be generated 
at atmospheric pressure (e.g., dielectric barrier discharges[36]) 
and in below-atmospheric (“vacuum”) pressures.
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gOne cubic meter of air weighs about one kg. So this would be equivalent 
to about a 30 liter chamber—which is reasonable for von Guericke to 
have used (see Fig. 1).

hJacques Charles had made the same observation some years earlier but 
had not published it, so Joseph Louis Gay-Lussac gave him credit  
by naming the law after him.

iThe Roman papacy considered the concept of vacuum anathema 
and most early work on vacuum was done outside the Roman Pope’s 
domain (i.e., in the Reform countries and France where the French Pope 
had a different attitude).
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Vacuum Arc Melting
In 1839, Robert Hare described the first arc furnace that was 
used for arc melting of materials in vacuum and controlled at-
mospheres[37]. The melting of calcium in vacuum would have 
resulted in the deposition of a calcium film on the chamber 
walls. Figure 5 shows Robert Hare’s “deflagrator”[38].

Conclusion
Until about 1850, experiments in vacuum were confined to 
laboratories and curious scientists. After 1850, the need for in-
dustry to produce incandescent lamps was an important driv-
ing force in advancing vacuum technology. The development 
of lower vacuums allowed the field of gaseous electronics to 
flourish. This led to development of vacuum coating process-
es in the later 1800s.  
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