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Abstract

Existence of a previously unreported flow of small current to and from a metallic electrode surface during transient air pressure change

is reported and described. Measurements of transient current, humidity, and temperature with transient air pressure change are

presented. The flow of electrode current is shown to be not due to capacitance and input offset voltage changes, since the calculated value

is on the order of 10�16A which is much less than the measured currents of order 10�13 A. Measurements using air of different levels of

humidity and with dry nitrogen confirm that zero moisture results in essentially zero current, and that the amplitude of the current

increases with increasing humidity.

r 2005 Elsevier B.V. All rights reserved.
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1. Background

During earlier experiments, Peterson repeatedly ob-
served a previously unreported current flow between two
electrodes as the pressure of various gas dielectrics was
changed between them [1]. This current was not predicted
and there was no standard explanation for the effect.
Peterson hypothesized that a change in atmospheric air
pressure caused a change in the charge density of air,
which, in turn, resulted in the flow of electrode current.
Such charge in air could be due to atmospheric electricity
phenomena, but this is not expected within a shielded and
grounded Faraday enclosure. Earlier measurements did not
examine the effects of temperature and humidity on the
amplitude and polarity of the measured current. In order to
try to better understand this air-charging phenomenon,
Peterson’s apparatus was brought to the MIT lab. There,
the amplitude and polarity of current was scrutinized as a
e front matter r 2005 Elsevier B.V. All rights reserved.
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function of transient pressure, ambient and internal relative
humidity, and ambient and instantaneous temperatures of
both pressure pump and Faraday cage chambers.

2. Apparatus description

A schematic of our Faraday cage experiment showing
the electrical connections between devices is shown in
Fig. 1. A Faraday cage chamber (electrode chamber)
consists of a hollow, cylindrical, gold-plated brass electrode
centrally mounted within a gold-plated brass hermetic
chamber that connects with earth ground. An insulating
plastic spacer isolates the electrode from its surrounding
Faraday shield. This center electrode is virtually grounded
through a Keithley 617 electrometer, which can measure
current flow to earth ground while operating in the current
mode. A gold-plated hand driven brass pump and a
pressure transducer, Sensotec model TJE/3883-02TJA, are
connected to the Faraday cage chamber by an electrically
conductive plastic hose.
Absolute pressure of the chamber measured in psi is

monitored by a Sensotec GM-A Sensor. A Tektronix TDS
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Fig. 1. A schematic of the experiment showing the electrical connections

between devices. The Faraday cage chamber (electrode chamber) is

connected to the pump chamber and the electrometer. The Sensotec GM-

A Sensor is used to display absolute pressure of the chamber in psi. The

pressure transducer (0.1V/psi) converts the pressure to voltage to display

the pressure waveform on the oscilloscope.
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1012 two-channel oscilloscope is used to display the
pressure and current waveforms. One of the channels is
connected to the analog output of the 617 electrometer to
display the current waveform from the center electrode. In
total, 1 pA of measured current outputs to 1V. Output
from the pressure transducer is connected to the other
channel using an additional BNC cable. Here, 1 psi outputs
to 0.1V. The oscilloscope is connected to the computer to
acquire and transfer the waveforms using the Tektronix
Wavestar software. Omega resistance temperature detector
(RTD) sensors are used to measure ambient and internal
temperatures. The temperatures are displayed by a
Keithley 2001 Digital Multimeter. A Honeywell humidity
sensor, HIH-3610 series, is installed in the Faraday cage
chamber to measure the internal relative humidity.
Transient humidity waveforms, as pressure is changed,
are also viewed on the oscilloscope. Because the TDS 1012
is a two-channel oscilloscope, only two measurements can
be performed at any given time. A Thermo-Hygrometer is
used to measure the ambient relative humidity. The air
dielectric is confined in the Faraday cage chamber.
Measurements showed that transient air pressure changes
with the hand pump position caused the flow of electrode
current.
3. Transient current and humidity measurements

From oscilloscope and electrometer measurements, the
polarity of current was shown to be dependent upon
temperature. It was consistently observed that an increase
in pressure by pushing the hand pump downward caused a
positive pulse of electrode current for temperatures greater
than 20 1C and a negative pulse of current for temperatures
less than 20 1C. Similarly, a decrease in pressure by pulling
the hand pump upward caused the opposite polarity effect
with a negative pulse of electrode current for temperatures
greater than 20 1C and a positive pulse of electrode current
for temperatures less than 20 1C. Fig. 2 shows this opposite
variation of electrode current with change in transient air
pressure by about 5 psi for temperatures less than 20 1C.
Here, the ambient temperature of 10 1C was increased with
a portable room heater and a heat gun. It took about
30–60min to raise the temperature by only 1 1C. For all
measurements presented here, the time scale is 2.5 s/
division.
Fig. 3 shows the same polarity variation of electrode

current with change in transient air pressure for tempera-
tures greater than 20 1C.
Because it was observed that temperature was a factor

that contributed to the polarity reversal, further measure-
ments controlled the internal temperature of the chambers.
Heating tape was wrapped around the pump chamber
and the Faraday cage chamber and a temperature
controller with thermocouple control was used. For
ambient temperature below 20 1C, increasing the internal
temperature above 20 1C with heating tape caused the
current to vary with the same polarity as pressure as shown
in Fig. 4.
An adjustment screw is located at the top of the pump

chamber, and the change in pressure is a function of
that screw tightness. After loosening the screw, the
pressure could be raised by more than 15 psi above
atmospheric pressure. Fig. 5 shows data taken with an
increase in pressure to about 35 psi from atmospheric
pressure. This caused a positive current of about 0.4 pA.
Similarly, a pressure decrease caused a negative pulse of
current.
Measurement of transient internal relative humidity with

transient pressure change was also performed as shown in
Fig. 6. An increase in pressure caused an increase in the
internal humidity. The voltage output of the humidity
sensor is converted to relative humidity using the following
expression [2]:

RH ¼ ðVout � 0:871Þ=0:0313. (1)

Note that RH ¼ 0 has Vout ¼ 0:871V. The initial
relative humidity was 39.02%. Increasing the pressure to
35 psi caused the internal relative humidity to increase to
about 68.01%.
Transient variation of current and humidity with change

in pressure is shown in Fig. 7. Increasing the pressure
caused both current and humidity inside the chamber to
increase, and decreasing the pressure caused both current
and humidity to decrease. Here, the humidity sensor has a
slower response time.
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Fig. 3. Ambient temperature of 20 1C and higher resulted in a positive current for increasing pressure and a negative current for decreasing pressure. Same

scales as in Fig. 2: (A) Temperature: 20 1C; humidity: 37%. (B) Temperature: 22.90 1C; humidity: 24%.

Fig. 4. Transient pressure and current data after the heating tape was wrapped around the Faraday cage chamber for internal temperature elevated to

greater than 20 1C and an ambient temperature of less than 20 1C. Same scales as in Fig. 2: (A) Internal temperature: 21.27 1C; ambient temperature:

16.11 1C; humidity: 21%. (B) Internal temperature: 24.05 1C; ambient temperature: 17.22 1C; humidity: 21%.

Fig. 2. Ambient temperatures below 20 1C resulted in a negative current for increasing pressure and a positive current for decreasing pressure. Current

scale: Ch1. 0.05 pA/50mV division. Pressure scale: Ch2. 5.0 psi/500mV division. Time scale: 2.5 s/division: (A) Temperature: 10 1C; humidity: 27%.

(B) Temperature: 11 1C; humidity: 29%. (C) Temperature: 14 1C; humidity: 26%. (D) Temperature: 19 1C; humidity: 23%.
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Fig. 5. Data taken with a large increase in pressure of about 20 psi.

Temperature: 25.10 1C; humidity: 38%. Current scale: Ch2. 0.2 pA/

200mV division. Pressure scale: Ch1. 5.0 psi/500mV division.

Fig. 6. Transient pressure and humidity data. Pressure: Ch1. 5.0 psi/

500mV division. Humidity scale: Ch2. Vout scale is 500mV/division with

Vout ¼ 0 at bottom of plot denoted by downwards arrow; each 500mV

increase in Vout increases RH by 15.97%. Ambient temperature: 24.40 1C.

Fig. 7. Transient current and humidity data. Humidity scale: Ch1. Same

description as in Fig. 6. Current scale: Ch2. 0.2 pA/200mV division.

Ambient temperature: 24.40 1C.
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4. Theoretical electrode current due to changes in

capacitance and input offset voltage

To determine if the flow of electrode current could be
due to capacitance and input offset voltage change, a
model was used to describe the dielectric constant as a
function of pressure, temperature, and humidity. A change
in the dielectric constant changes the capacitance that
could contribute partly to the flow of electrode current.
Charge, Q, is related to voltage, V, through the capaci-
tance, C:

Q ¼ CV . (2)

Current, I is

I ¼
dQ

dt
. (3)

Since the capacitor geometry is fixed, capacitance can
only change due to changes in air dielectric constant as a
function of changes in air pressure, P, temperature, T, and
internal relative humidity, H:

C ¼ erðP;T ;HÞC0, (4)

where erC0 denotes the air capacitance and has a measured
value of 129� 10�12 F or 129 pF.
Substituting (2) into (3) we obtain

I ¼
dQ

dt
¼

d

dt
ðCV Þ ¼ C

dV

dt
þ V

dC

dt
. (5)

Incorporating (4) into the second term on the right-hand
side of (5) we obtain

V
dC

dt

� �
¼ VC0

der
dt
¼ VC0

qer
qP

dP

dt
þ

qer
qT

dT

dt
þ

qer
qH

dH

dt

� �
.

(6)

Finally, substituting (6) into (5) we obtain

I ¼ VC0
qer
qP

dP

dt
þ

qer
qT

dT

dt
þ

qer
qH

dH

dt

� �
þ erC0

dV

dt
. (7)

Another 617 electrometer was connected in parallel to
the first electrometer to record the input offset voltage, V.
With no change in air pressure, the electrometer terminal
voltage was 0.08mV. Increasing the pressure to about
35 psi caused V to increase to 0.11mV.
Relative dielectric constant for moist air was found using

Lea’s equation [3]:

er ¼ 1þ
211

T
Pþ

48Es

T
H

� �
10�6, (8)

where T denotes the absolute temperature in Kelvin; P

denotes the pressure in mmHg; Es denotes the saturated
water-vapor pressure at temperature T, in mmHg; H

denotes the internal relative humidity in percent. At
T ¼ 300K, P ¼ 760mmHg, and H ¼ 0, er ¼ 1:000535.
Here, Es is calculated using Bolton’s equation [4,5]:

Es ¼ 6:112� e17:67 T=ð243:5þTÞ. (9)
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To calculate the current, measurement values from
Figs. 5–8 are used.

Rates of change of pressure, temperature, and humidity
are calculated as

dP

dt
¼
ð1809:52� 760Þ

10
¼ 104:95mmHg=s; (10)

dT

dt
¼

1:65

3:499
¼ 0:47 �C=s; (11)

dH

dt
¼
ð68:01� 39:02Þ

5:0
¼ 5:79%=s: (12)

At a temperature of 26.05 1C, pressure of
1809.52mmHg, and humidity of 68.01%, using (9) in (8)
and then in (5) we can calculate the change of relative
dielectric constant with respect to pressure, temperature,
and humidity as

qer
qP
¼ 7:052� 10�7 ðmmHgÞ�1

qer
qT
¼ �5:56� 10�6ðKÞ�1;

qer
qH
¼ 2:860� 10�6. ð13Þ
Fig. 8. Internal humidity: 36.07%. Transient pressure and current data

at ambient temperature 31.30 1C. Presence of moisture in the Faraday

cage caused larger electrode current with a small change in pressure.

Same scales as in Fig. 2: (A) internal humidity: 13.70%; (B) internal

humidity: 2.52%.

Fig. 9. Transient pressure and current data at ambient temperature 31.3 1C

amplitude of the current was also being reduced. Same scales as Fig. 2.
The measured rate of change in voltage is

dV

dt
¼

0:03� 10�3

5:0
¼ 6:0� 10�6 V=s: (14)

Substituting the values from (10) to (14) and air
capacitance into (7) we obtain

I ¼ 7:749� 10�16 A: (15)

The measured value of current was about 4:0� 10�13 A.
Since the calculated value from (15) is much lower than the
measured value, it appears that the measured current is not
significantly due to the changes in capacitance or electro-
meter voltage. Additionally, the calculated current is
predominantly due to the change in input offset voltage,
not the change in capacitance.
5. Electrode current and humidity change

5.1. Water and drierite to change humidity

Amplitude of the electrode current was found to be
strongly dependent upon the internal relative humidity. To
increase the humidity in the chamber, a closed beaker
containing water was connected to the Faraday cage
chamber through a hose. When the internal relative
humidity was increased to 52.04%, a pressure change from
15 to 21 psi caused a large positive electrode current flow
change of 0.25 pA.
A large variation of current with small transient pressure

change is shown in Fig. 8 for internal humidity of 36.07%.
Because of the high conductivity and dielectric constant of
water, the presence of moisture in the air volume and on
electrode surfaces could have a strong influence on
electrical behavior. Here, the pressure change was con-
trolled with an electric pump.
Then, the internal humidity was reduced from 52.04% to

13.70% by removing the in-line water beaker and replacing
it with a closed cylindrical tube containing desiccant
drierite (anhydrous CaSO4). Fig. 9 shows the further
progressive decrease of the amplitude of electrode current
as humidity was being reduced down to 2.52%. These
with decreasing humidity. As the internal humidity was being reduced,
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Fig. 10. Transient pressure and current data at an ambient temperature of

29.57 1C using dry nitrogen. No appreciable current flows even with a

pressure change. Current Scale: Ch1. 0.5 pA/500mV division. Pressure

Scale: Ch 2. 5.0 psi/500mV division.

Fig. 11. A negative current with a pressure increase after disconnecting

the center terminal of the triaxial connector from the electrode. Ambient

temperature: 25.60 1C. Current Scale: Ch1. 0.1 pA/100mV division.

Pressure scale: 5.0 psi/500mV division. Time scale: 5.0 s division.
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measurements proved that amplitude of current was
primarily determined by humidity.

5.2. Dry nitrogen measurements

To verify that the Faraday cage current flow due to
transient pressure change is primarily due to humidity,
ambient air was replaced with dry nitrogen. Fig. 10 shows
the measured current with transient pressure change to be
essentially zero; thus, it confirms the results of Fig. 9B that
electrode current is primarily due to moisture effects.

6. Reasons behind the polarity reversal

It was considered that the reverse polarity of current flow
with pressure change might be due to some temperature
dependant artifact in the measurement system. It is noted
that the reverse polarity was consistently observed at lower
temperatures. The Pomona 4388 BNC triaxial bulkhead
connector that connects the center electrode to the
electrometer consists of a nickel-plated, brass-threaded
case and two solder posts of gold-plated beryllium. An
insulation surface is present between the metal compo-
nents. We dipped the posts and case in a beaker of distilled
water and found that they yield a current of �1.3 mA and
an open-circuit voltage of �140mV. A positive current
could be produced from the Faraday cage center electrode
and a negative current could be produced from the galvanic
action between the two dissimilar metals in the triaxial
connector. The net measured current value will depend on
the relative amplitudes of positive and negative current
producing mechanisms. To verify this reasoning, the
connection between the center terminal of the triaxial
connector and the Faraday cage center electrode was
disconnected. Fig. 11 shows the negative current generated
by the triaxial connector during increasing pressure after a
small piece of wet paper towel was added to the inside of
the center electrode. As water condensed upon the
connector, a strong galvanic current was produced which
concealed the positive electrode current pulse. After
opening up the Faraday cage chamber after many
experiments with multiple pressure changes, we found
droplets of condensed water on the connector.

7. Conclusion

We have identified and ruled out the various sources of
charge generation and instrument error that may have
affected our results. In the presence of dry air or nitrogen,
there was no appreciable flow of current with transient
pressure change. The fact that the current pulses disappear
when there is no humidity in the chamber indicates that the
reported charging phenomenon is primarily due to atmo-
spheric humidity.
It has long been recognized that thin films or layers of

water coat metal surfaces as a function of air humidity,
temperature, and pressure. The so-called Nernst voltage is
produced by metal ions dissolving in the water layer to the
extent that they form a space charge and potential
difference between the water layer and the metal [6]. R
Strömberg weighed the adsorbed water film on gold (Au)
and found it to be 6 Å at a relative humidity of 40%, 21 Å
at a relative humidity of 80%, and 64 Å at a relative
humidity of 100% [7]. This film is absent at no humidity
and in vacuum. Holm concluded that, ‘‘The disappearance
of the film at zero humidity is an indication that the water
is not bound chemically’’ [6]. Therefore, it is not necessary
to reach the dew point for water to deposit upon or leave a
metal surface.
Our apparatus and experimental procedures provide a

means to investigate this and other metal surface charging
phenomenon. Our data suggests that changes in the Nernst
voltage may cause charge to leave the active electrode so
that equilibrium is restored within the Faraday cage. The
repeated observation of polarity reversals in current could
also be caused by changes in the state of the water
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molecules of the surface layer i.e., monomolecular, multi-
layer, or more complex bound and ordered droplets [8].
Further experiments can likely shed more light on this and
other metal/air surface electrical effects.
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