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The physical mechanism of operation of the Pirani vacuum sensor in the

temperature stabilization mode
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An experimental study of the processes on the surface of a metal heater (filament), which determine the physical

mechanism of operation of a Pirani-type vacuum sensor in a wide pressure range of 1000−10−3 mbar for the main

components of air: nitrogen and oxygen has been made. It is shown that in the mode of stabilization of the constant

temperature of the heater, the mechanism of power removal by the gas from the surface changes significantly with

a change in pressure. At p = 10−3
−10−1 mbar, heat is carried away by molecules adsorbed on the surface over a

layer of chemisorbed nitrogen or oxygen atoms. At high pressures, the molecular layer is almost completely filled,

and additional heat removal is carried away by molecules adsorbing into the second (physisorbed) layer; in this

case, the efficiency of heat removal sharply decreases, almost 1000 times per molecule.
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Introduction

Thermoelectric sensors, in particular the sensor proposed

by M. Pirani at the beginning of the last century [1],
remain the main means of measuring the level of the

so-called
”
low“ vacuum, i.e. pressures ranging from

1000mbar (one atmosphere) to level 10−2−10−3mbar. An

important scientific and technical problem, which is the

subject of a large number of publications [2–9], is the

desire to expand the measured range from low pressures.

In fact, expanding this range by at least one order of

magnitude, to the level of 10−3−10−4 mbar, would make

it possible to reliably connect a thermoelectric sensor

with a high-vacuum magnetic-discharge sensor that uses

the dependence of the ion discharge current on pressure.

Today, the combination of these two sensors is the main

combination for the vast majority of wide-range vacuum

gauges

Recently, the efforts of many authors have been focused

on the development of Pirani sensors based on modern

thin-film systems using microelectromechanical systems

(MEMS) technology [6]. From a physical point of view, this

approach looks promising, since it allows one to achieve

a high ratio of the heater surface to its volume. At the

same time, traditional heaters made of thin wire retain

their importance, since they are technologically simple and

reliable. Moreover, the physical processes that determine

the operation of the sensor are the same regardless of the

type of heater.

One of the scientific problems standing in the way of

solving the problem posed above is the lack of a clear

molecular physical mechanism that allows to prefer one or

another type of thermoelectric sensor heater operation. It

has been empirically established that the operating mode

associated with stabilizing the resistance of the wire heater,

and therefore its temperature, is preferable. But what is its

physical cause? In itself, consideration of thermal processes

in the sensor based on the models presented in [10] and [2]
does not allow us to draw such conclusions.

Physical processes occurring on the surface of a wire

heater in a Pirani sensor in a wide range of gas pressures

were studied in our work [11]. A molybdenum filament

with a diameter of 150 µm was used as a heating element

and nitrogen or air as a gas. In this work, a physical

molecular mechanism was developed that makes it possible

to qualitatively explain the well-known Z-shaped curves of

the dependence of the heater resistance on gas pressure.

However, the mechanisms influencing the type of operation

of the sensor were not considered.

This work is devoted to the consideration of the physical

mechanism underlying the operation of a Pirani-type sensor,

as applied to methods for stabilizing temperature or current

during heater operation.

1. Procedure and methods of experiment

The main experiments were carried out on a commercial

sensor of the Pirani Technan NV 2 type, which used a
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heater made of tungsten wire with a diameter of 100 µm

in the form of a spiral with a diameter of 8mm and a

length of 100mm, freely located on molybdenum holders.

Tungsten is a technically accessible material with good

electrophysical parameters and technological reproducibility.

For experiments to the sensor, laboratory power supplies

were connected, which made it possible not to rely on the

operating modes embedded in the program of its controller.

Some of the experiments were carried out in a high-

resolution ultra-high-vacuum (p ≤ 1 · 10−10 Torr). Auger

spectrometer (1E/E ≤ 0.1%) with a prism energy ana-

lyzer [12]. Although the adsorption properties of molyb-

denum and tungsten are close, there are also significant dif-

ferences [13,14], therefore it seemed necessary to study the

real regularities of adsorption and desorption of atmospheric

gases on the surface of tungsten for comparison with the

results of the work [11].
W- and Mo-samples in the form of thin ribbons

of size 40× 1× 0.02mm were purified by heating to

high temperatures of 1800K in an oxygen atmosphere

at pO2 ∼ 1 · 10−5 Torr and then in ultra-high vacuum at

T = 2200K. After cleaning, only Auger peaks of tungsten

or molybdenum, respectively, were observed on the surface.

The sample temperature at T > 900K was measured

with an optical micropyrometer, and at T < 900K using

quadratic extrapolation of the temperature dependence on

the sample heating current The temperature heterogeneity

along the sample was less than 10K over length of 40mm.

Nitrogen, oxygen and atmospheric air were used as the

gas medium. When heated, the ribbons were textured,

and the (100)W and (100)Mo faces appeared on the sur-

face, which corresponded to the measured work functions

eϕW = 4.65 eV and eϕMo = 4.45 eV [15].
As the second experimental bench-unit, a vacuum labo-

ratory stand was used, pumped out by an oil-free spiral fore

pump, followed by pumping to a high vacuum∼ 10−7 mbar

using a turbomolecular pump. The W-wires and ribbons

were resistively heated by direct current. The bench-unit

had a needle leak, which allowed smoothly change of the

nitrogen pressure in the chamber, and a port for a gas

cylinder connection.

The temperature of the tungsten filaments in the sensor

for the entire pressure range was determined using the well-

known formula Rt = R0(1 + αt), where the coefficient α

was considered constant, α = 4.7 · 10−3 ◦C−1 [16]. In the

region of pyrometric temperatures in high vacuum, a micro-

pyrometer was additionally used. Note that good agreement

was obtained with the temperature determined by the

above-mentioned method. To accurately determine the

resistance of the molybdenum filament a four-wire system

was used, when the filament supply was
”
decoupled“ and

the voltage drop across it was measured.

2. Results and discussion

To carry out the experiments, nitrogen with a purity of

10−6 was filled into the Auger spectrometer to a pressure
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Figure 1. a — Variations in the Auger-signal of nitrogen on the

W(100) (1) and Mo(100) (2) vs annealing temperature. Nitrogen

adsorption at 300K until saturation; b — dependence of the

intensity of the Auger signal of oxygen on W(100) on the annealing

temperature after adsorption of O2 at 600K. Waiting time at each

point is 20 s.

of 1 · 10−5 Torr at a temperature of tungsten and molyb-

denum ribbons of 300K for 100 s, which approximately

corresponds to an adsorption dose of the order of 3000 L.

In this case, saturation is achieved on the surface: the Auger

signals of nitrogen (E = 379 eV), tungsten (E = 179 eV)
and molybdenum (E = 221 eV( remained constant and did

not change with further exposure to nitrogen. After that,

nitrogen was pumped out, and the dependence of both

Auger signals on ribbon temperature was measured.

Fig. 1, a shows the dependence of the Auger signal of

nitrogen upon annealing of tungsten 1 and molybdenum 2

ribbons. It can be seen that even a very slight heating,

up to ∼ 400−500K, leads to the removal of part of the

nitrogen from the surface: the intensity of the nitrogen

Auger signal decreases, which indicates the desorption of

part of the nitrogen from the surface. In this case, a

noticeable thermally stable coating remains on both the

(100)W and (100)Mo surfaces, which does not change

up to T = 1000−1100K. With further heating, nitrogen is
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thermally desorbed and at T > 1400K the surfaces of both

tungsten and molybdenum are free of adsorbed gas.

The interaction of nitrogen with refractory metals has

been studied in many works, for example, in [17]. Based on

these works, it can be argued that in the region 500−1100K

a layer of atomic chemisorbed nitrogen remains on the

surface, which does not participate in adsorption-desorption

equilibrium at low temperatures. From the literature

data [17] and from Fig. 1, a (desorption temperature

T > 1100K) it follows that for this state the bond energy

of nitrogen atoms with the metal (W, Mo) ∼ 3− 4 eV.

Another gas, the oxygen, which ranks two in concen-

tration in atmospheric air (∼ 21%) after nitrogen (∼ 78%)
behaves similarly.

Fig. 1, b shows the dependence of the intensity of the

oxygen Auger signal (E = 510 eV) after the adsorption

of O2 at 600K on (100)W. It is known from the liter-

ature that a layer of chemisorbed oxygen atoms with a

concentration close to the concentration of surface tungsten

atoms 1 · 1015 cm−2 [14] is formed on the W(100) surface.

As in the case of nitrogen, this coating is stable over a

wide temperature range, and complete removal of oxygen

occurs only at T > 2100K. It is clear that in both the

case of nitrogen and oxygen there is a concentration

dependence of the bond energy of adatoms on the substrate,

but in any case, this chemisorbed state corresponds to

significant binding energies ∼ 4−5 eV, i.e. chemisorbed

atoms of oxygen, as well as nitrogen, have significant

binding energy with the surface and will not participate

in heat exchange between metal filament (ribbon) and gas

environment at operating mode temperatures of the Pirani

sensor T < 600K.

It is obvious that when the temperature decreases

(T < 600K) or the gas pressure in the chamber increases,

all strongly bound centers must be occupied by nitrogen or

oxygen atoms. The probable location of the chemisorbed

atom are
”
positions“ between four metal atoms. Therefore,

molecular adsorption will be observed then. Indeed, for

example, as shown in the work [11], the bond energy

for nitrogen with molybdenum after the formation of a

chemisorbed layer decreases to ∼ 0.5 eV. If the concen-

tration N of strongly bound centers, for example, for

oxygen on W(100) N ∼ 1 · 1015 cm−2, then the estimated

concentration of weakly bound centers is probably close to

the value of 1014−1015 cm−2, since the open area of the

metal after the atoms occupy the strongly bound centers is

still large and amounts to ∼ 50%.

Let us consider the experiments carried out in the second

experimental unit and characterizing to a greater extent the

technical side of the operation of the Pirani sensor.

Fig. 2 shows change in temperature of a tungsten filament

with a diameter of 100 µm and a length of 100mm vs the

filament current for two cases: in a vacuump < 10−3 mbar 1

and in a nitrogen atmosphere p = 1000mbar 2. It can

be seen that nitrogen at atmospheric pressure greatly

reduces the temperature of the filament: for example, for

I = 450mA the temperature decreases from 900 (vacuum)
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Figure 2. Dependence of the W filament temperature on the

filament current: 1 — in vacuum (p < 10−3 mbar); 2 — in a

nitrogen atmosphere (p ≈ 1000mbar).
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Figure 3. Dependence of the voltage at the W filament on 1g p
nitrogen for different filament currents: 1 — 300, 2 — 450, 3 —
550mA.

to 150◦C. This is a well-known effect, which is confirmed

on all the materials we used.

Obviously, the filament resistance and its temperature

will depend significantly on the nitrogen pressure in the

chamber.

Fig. 3 shows the change in voltage at the tungsten filament

vs the nitrogen pressure in the chamber for different filament

currents (different power consumption P = IU = I2R) and

this is the traditional way of operating a Pirani-type sensor,

when the voltage on the filament is related to the gas

pressure in the chamber at I = const.

As in our previous work [11], when using molybdenum

filaments at a gas pressure of p < 10−2 mbar, there is almost

no change in the voltage at the filament with a change in

pressure. It is obvious that under these conditions a small

flux of gas molecules to the surface is not able to cool the

filament [11]. The main events occur at nitrogen pressure

10−2 − 10mbar. At p > 10mbar, a weak dependence of
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Table 1. The lower limit for the sensitivity of the sensor for

pressure (p) of the gas in the chamber depending on the power

released on filament P = IU

P = IU , 3.1 1.6 0.9 0.17 0.11 0.05 0.012

W

p, mbar 0.7 0.1 6 · 10−2 3 · 10−2 1 · 10−2 3 · 10−3 2 · 10−3

the voltage at the filament on the gas pressure in the

chamber is observed.
”
Heat removal“ from the filament

in this case is determined not by the gas flux from the

outside, but by the lifetime of nitrogen molecules on the

surface in a weakly bound state [11]. In other words, all

places on the surface for nitrogen molecules under these

conditions are already occupied and an increase in pressure

(the flux of molecules to the surface) does not increase

the heat exchange between the filament and the gas, i.e.

the efficiency of the device decreases. In principle, it is

possible to increase the efficiency of the sensor in the range

of 10−1000mbar, increasing the power released on the

filament, i.e. increasing its temperature and reducing the

lifetime of nitrogen molecules on the surface, but this is

catastrophic for the lifetime (operation) of a sensor using

molybdenum or tungsten filaments at such high pressures

and temperatures (T > 1000◦C).
On the other hand, an increase in the power released at

the filaments worsens the sensitivity of the sensor at low

pressures.

Table 1 shows the power released on the tungsten

filament, P = IU , and the lower limit of the
”
sensitivity“ of

the sensor for nitrogen pressure in the chamber, when the

power released on the filament due to heat exchange with

gas decreases by 3−5%. For example, if P = 1.6W, then

the pressure at which the p ≥ 0.1mbar sensor begins to

operate; if P = 0.012W, then p ≥ 2 · 10−3 mbar. Obviously,

for practical use it is necessary to find the optimal operating

mode of the sensor in order to minimize the above

disadvantages.

Fig. 4 shows two graphs of the dependence of the

power P released at the tungsten filament on lg p(N2) in

the chamber. Curve 1 corresponds to the traditional way of

operation of the sensor, when I = const = 450mA (curve 2
in Fig. 3). In this case, the temperature varies from 1000

to 200◦C, which is unacceptable for tungsten for reasons of

stability of the heater. The curve 2 was taken in the mode

when T = const = 200◦C (R = const). In this case, both

current I and voltage U are variable.

The problem of keeping up the electrical resistance

R = const, and accordingly T = const, when gas pressure

changes, is quite technically solvable. Traditionally, the

Pirani sensor heater is included in one of the arms of

the Winston bridge; when the pressure changes, the bridge

becomes unbalanced due to an increase or decrease in the

temperature of the heater, and therefore its resistance. This

imbalance is compensated by a corresponding increase or
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Figure 4. Dependence of the power released at the tungsten

filament, P = UI on 1g p: 1 — for the case of I = const = 0.45A;

2 — for the case of R = const (T = const = 200◦C).

decrease in the filament current through the servo system

so that the bridge always remains balanced. In this case,

the filament current and voltage at the heater are used as a

measured electrical signal, uniquely related to the pressure

value.

For state-of-the-art, temperature constancy is easier to

stabilize by digital method. To do this, simultaneous

measurement of the current flowing through the heater and

the voltage dropped across it is carried out; these values are

digitized, the microprocessor calculates their ratio, which

is proportional to the resistance of the heater filament,

and therefore to the temperature. The tracking mode for

stabilizing this ratio is implemented by microprogram, and

the power dissipated by the heater is used as the output

electrical signal.

The curve 2 in Fig. 4, obtained in this mode, turned out

to be smoother with respect to the dependence on pressure

and demonstrates greater contrast both in the region of high

pressures 10−1000mbar and in the region of extremely

low pressures, allowing one to confidently reach a value

of the order of 2 · 10−3 mbar. Note that when replacing

the gaseous medium from nitrogen to atmospheric air, no

differences were found in the results obtained. This is not

surprising, since the composition of air mainly includes

nitrogen (78%) and oxygen (21%), which is close to

nitrogen in its adsorption properties in heat exchange mode.

The remaining small impurities of other gases, apparently,

cannot change the overall physical picture in the metal —
gas heat exchange processes.

It’s interesting that, the power versus pressure curve

obtained in constant temperature mode also has a Z-shape,

although inverted compared to the curve obtained in current

stabilization mode. In the experiment, the pressure changed

by 6 orders of magnitude, and the flux of gas molecules

falling onto the surface changed by the same number

of times, which directly follows from the Hertz-Knudsen

formula [14]. However, the power dissipated by the heater,

Technical Physics, 2024, Vol. 69, No. 2
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Table 2. Gas flux density ν [s−1] onto sensor filament,

power P [W] removed by the gas, and average energy < E > [J]
carried off by one gas molecule per 1 s depending on the pressure

in the chamber p [mbar]

p, mbar ν , s−1 P, W < E >= P/ν , J P0, W

1000 8.8 · 1022 0.173 2.0 · 10−24 570

100 8.8 · 1021 0.163 1.9 · 10−23 57

10 8.8 · 1022 0.145 1.7 · 10−22 5.7

1 8.8 · 1019 0.08 1.1 · 10−21 0.57

10−1 8.8 · 1018 0.035 4.8 · 10−21 0.057

10−2 8.8 · 1017 0.005 5.7 · 10−21 0.0057

Note∗ : P0 is calculated energy that would be carried away by all

incoming molecules in 1 s for the hypothetical case when each molecule

carries away the same portion of energy equal to kT : P0 = ν kT , where

T = 200◦C = 473K.

and therefore the power removed by the gas, changed by

only 3.2 times!

In order to use these data to discuss the molecular

mechanism, it is necessary to take into account the role

of other channels of heat loss from the heater that are

not associated with heat removal by the gas. There are

two such channels: thermal conductivity along the wire

and thermal electromagnetic radiation. It is clear from

the results of Fig. 4 that the heating power required to

maintain a constant temperature of the heater ceases to

depend on the gas pressure at p < 10−3 mbar, i.e. the

gas no longer makes a significant contribution to heat

removal from the filament. Since the thermal conduction

losses of the filament are very small, it can be assume

that power is removed only by radiation at the operating

temperature of the filament T = 473K. Experimentally, this

power is Pr = 0.065W; the measured value agrees well

with the calculation according to the Stefan-Boltzmann law

under the assumption that in this wavelength region the

emissivity is close to unity, which is usually true for the

IR region [18]. Thus, all the remaining power released

on the heater, minus Pr = 0.065W, is removed by gas

molecules.

Table 2, taking into account the above, presents the

power P removed by gas, depending on the gas pressure

in the chamber. The average energy P/ν per one gas

molecule is also given for the case of their equally probable

participation in heat removal from the filament.

In the work [11] we showed that the operation of the

sensor in the pressure range close to atmospheric one

is determined by the desorption of physically-adsorbed

molecules from its surface, which do not have time to

completely thermalize and carry off energy during des-

orption that is much less than kT . In this case, the

experimentally observed contrast of the curve is determined

by the dependence of the binding energy of the molecule

adsorbed on the surface on the coverage, which in turn
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Figure 5. A simplified illustration of the processes of gas

contact with a metal surface: 1 — chemisorbed layer of nitrogen

atoms; 2 — chemisorbed molecules N2 from the first layer

with desorption energy ∼ 0.5 eV; 3 — physically-adsorbed N2

molecules from the second layer with extremely low desorption

energy.

depends on the magnitude of the particle flux incident

on the surface. In our opinion, the mechanism remains

similar for the mode of thermostatic control: the surface of

the heater over the entire pressure range 103−10−3 mbar

is covered with a layer of chemisorbed atoms that do

not take part in heat removal, and the entire
”
game“

is determined by the molecules adsorbed on top of this

layer. Simplified illustration of the process is shown in

Fig. 5.

When discussing physical processes, first of all, it should

be noted that at all pressures there is adsorption-desorption

equilibrium on the surface, i.e. the flux of molecules

falling from the gas ν is equal to the desorbed flux νdes;

Moreover, in the pressure range 2 · 10−3 − 1000mbar, the

flux of molecules ν incident on the surface changes by a

factor of 500,000. As mentioned above, for the case of

p < 2 · 10−3 mbar, the power released at the sensor does

not depend on pressure; apparently this means that the

flux of molecules is small and heat is removed from the

filament only by radiation Pr , i.e. value P0 is too small

(P0 ≪ Pr ). At p ∼ 10−1 mbar, the contribution of falling

molecules to heat removal is already significant and the

calculated value P0 is close to the experimental value P,

Technical Physics, 2024, Vol. 69, No. 2
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i.e. all incidence molecules are thermalized and, during

desorption, carry away energy close to kT .

Apparently this indicates that in this adsorption layer

there is still no competition between molecules for

places on the surface (Fig. 5, a). In fact, the con-

centration of molecules in the adsorption layer N is

determined by the Langmuir relation for adsorption-

desorption equilibrium N = ντ (1− θ), where τ is the

average lifetime of a molecule on the surface, deter-

mined by its binding energy and temperature, and θ is

adsorbed molecules coverage, θ = N/Nm, where Nm is

concentration of molecules in the monolayer. In our

work [11], we determined the binding energy of such

a chemisorbed molecule N2 with the surface, assum-

ing the first order of desorption in the layer; it was

0.5 eV, which coincides very well with the data presented

here.

At higher pressures p ≈ 10−1−10mbar, the picture

changes sharply: molecules falling on the surface and

desorbed from it carry away on average significantly

less energy, i.e. < E >≪ kT . The fact is that at

these pressures the flux of molecules to the surface

from the gas phase ν sharply increases and all ad-

sorption sites in this layer turn out to be occupied

by molecules N2, θ ∼ 1 (Fig. 5, b). Since the sur-

face temperature is constant, the desorption flux νdes
from this layer is now practically independent of pres-

sure, and therefore the heat removal by molecules des-

orbed from the first layer is also independent of pres-

sure. In fact, the power P removed by the molecules

in this case is determined by the obvious formula:

P =< E > νdes =< E > Nm/τ

In the pressure range 10−1000mbar, the flux of

molecules falling on the surface increases another 100 times,

and the power removed from it increases only from 145

to 173mW, i.e. only 1.2 times. If at p = 1000mbar all

the molecules desorbed from the surface would carry away

the same average energy < E >=kT , then the gas could

remove very great power from the filament P0 = 570W,

which is not observed in the experiment.

Apparently, in this pressure range, additional heat re-

moval is carried out by molecules adsorbed onto the

surface into a second layer on top of the chemisorbed

molecular layer (Fig. 5, c). Physically-adsorbed molecules

from this layer have very low binding energies with the

surface, and apparently do not thermalize, carrying away

very small portions of energy during desorption. Note

that direct observation of a layer of physically-adsorbed

molecules is practically impossible using modern rather

hard research methods, such as electron spectroscopy,

low-energy electron diffraction, etc. However, these

experiments make it possible to judge it indirectly by

the power removed by the molecules. Apparently these

molecules have very low bond energies of the order of

< 10−1 eV and, accordingly, a very short lifetime on

the surface, which is consistent with the data presented

in [19].

Conclusion

Thus, the molecular mechanism that describes the re-

moval of heat from the heater in a Pirani-type vacuum

sensor, proposed in our work [11], is quite suitable for

describing its operating mode under conditions of main-

taining a low constant temperature. It can be expected that

switching to a heater material that has a lower ability to

bind molecules on a surface can increase the contrast of the

sensor operation both in the high pressure region and, more

importantly, in the extremely low pressure region.
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