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It has previously been reported that x-rays are emitted when adhesive tape is peeled in a vacuum but
no account of the dependence of the x-ray emission on the pressure of the environment has been
given to date. In this paper we present detailed experimental data on the number and angular
distribution of x-ray photons as a function of pressure. We ﬁnd that x-rays are emitted for pressures
between p0 = 10−3 and p1 = 10−2 mBar, with ⬃106 counts/ 共cm2 s兲 recorded by a 256⫻ 256 pixel2
silicon array sensor placed 35 mm from the tape. The main role of the tape is found to be the
build-up of an acceleration potential sufﬁcient to produce x-rays by bremsstrahlung of free electrons
in a low-pressure gas. The source of the free electrons is the gas. Our model shows that the
production rate of uncompensated tape charge and absorption of positive ions from the gas deﬁne
p1. The angular distribution of the radiation shows a pressure-independent 20° wide peak in the
direction perpendicular to electron motion. Ordinary bremsstrahlung cannot describe this peak.
© 2010 American Institute of Physics. 关doi:10.1063/1.3493653兴
Unpeeling adhesive tape has been shown to produce
electromagnetic radiation at radio,1 terahertz,2 visible,3,4 and
x-ray1,5 energies. X-ray emission by the tape is particularly
intriguing, as the energy of x-ray photons is higher than the
energy of the chemical bonds in the adhesive. The explanation was sought in terms of energy density focusing
mechanisms.1,6 Unlike the radio, terahertz and visible emission, x-ray radiation was reported to require a vacuum of
⬃10−3 mBar,1 but no information on the pressure dependence of the x-ray emission was given. We here present a
detailed study of the pressure and angular dependence of
x-ray radiation from peeling tape. A simple model for pressure dependence of the radiation points to its physical origins.
The experimental setup consisted of adhesive tape
mounted on a feed spool and take-up spool driven by a variable speed electric motor. The tape speed was measured via
the rotational speed of a roller of known diameter driven by
the moving tape. An optical encoder was used to measure the
roller speed. This was housed in a vacuum enclosure with
sealed electrical feed-throughs and polypropylene window
for measurement of the x-ray output. Three different x-ray
sensors were used: a Geiger–Müller counter, an Ar ﬁlled
proportional counter with Be window and a silicon sensor
array consisting of 256⫻ 256 pixels2 within an area of 14
⫻ 14 mm2 共Medipix-2兲. The vacuum in the enclosure was
measured by combination pirani cold-cathode gauge 共Pfeiffer兲.
Figure 1 shows the dependence of x-ray count on the
pressure, measured by the Medipix sensor. The tape speed
was 3 cm/s and the sensor was 35 mm from the source, taken
to be the peeling vertex. Each point is the sum of all pixel
counts over 1 s. There is a high-pressure threshold p1
= 10−2 mBar, below which x-ray radiation is emitted. The
maximum is at ⬃2.5⫻ 106 counts/ s for pressure pmax = 5
⫻ 10−3 mBar. Further decreasing the pressure results in a
a兲
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smaller count rate, which becomes negligible below p0
= 10−3 mBar.
Previous work shows that a signiﬁcant charge separation
occurs upon unwinding adhesive tape.1,4,7 We conﬁrm this,
since the potential of the exposed core of a shielded cable
changed by a few volts as it was moved by a few centimeters
near the tape. Our measurements using a Geiger–Müller
counter gave a substantial x-ray count only in the ﬁrst second
of unwinding. This was accompanied by a pressure increase
of an order of magnitude in the ﬁrst second. The pressure
increase still occurred after removing air from the tape by
repeated winding/unwinding under vacuum. We conclude the
tape was releasing organic compounds, allowing substantial
x-ray emission only when the pressure was still low within
the ﬁrst second of unwinding. After stopping the tape to restore the same vacuum as before, the original x-ray count
was obtained.
Breaking of the adhesive bonds upon unwinding produces uncompensated charge on the tape. The most likely

FIG. 1. 共Color online兲 Pressure dependence of x-ray photon count rate measured over 1 s using a Medipix sensor at 35 mm from the source. The solid
line is a quadratic ﬁt using Eq. 共2兲: ⌶ = −ap2 + bp − c, with a = 1.800
⫻ 105 mBar−2 s−1 b = 1.656⫻ 106 mBar−1 s−1, and c = 1.509⫻ 106 s−1.
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mechanism of x-ray emission is bremsstrahlung of electrons
accelerated by the ﬁeld due to this charge. Ions do not contribute to bremsstrahlung substantially because the bremsstrahlung power depends on the mass of charge carriers as
m−6 for velocity parallel to acceleration.8 The mean free path
of electrons in ideal gas with a small proportion of ions and
electrons is estimated as: e = 4kT / 共d2 p兲, where k, T, d, and
p are the Boltzmann constant, absolute temperature, diameter
of gas atoms, and pressure, respectively.9 Using d ⬇ 3
⫻ 10−10 m of N2 molecules, e is 58 cm and 5.8 cm for
pressures p0 = 10−3 and p1 = 10−2 mBar, respectively. Assuming that the x-ray emission occurs in approximately the same
volume as the visible emission,2 electrons travel ⬃1 mm
between two oppositely charged parts of the tape. This is
much less than e for p0 ⬍ p ⬍ p1. For e = 1 mm, one obtains p = 58⫻ 10−2 mBar. Therefore, electrons do not collide
with gas atoms and can be accelerated by the full potential
difference of the tape already for p ⬍ 58⫻ 10−2 mBar. This
implies that acceleration potential is insufﬁcient to produce
x-rays at 58⫻ 10−2 mBar. Acceleration potential is decreased by absorption of free charge from the gas, which
re-combines with the uncompensated charge on the tape.
Concentration of free charge in the gas is proportional to its
pressure. The effective tape charge becomes large enough to
produce x-rays only for p ⬍ p1. The source of the free charge
traveling between the oppositely charged parts of the tape is
the gas and not the tape itself. If the latter was the case, x-ray
emission would not become zero below p1 because the tape
would emit free electrons even at p = 0. The observation that
p0 ⬎ 0 indicates that there is also a mechanism that excludes
some free electrons from producing x-rays, as shown in the
simple model below.
In our model, large charge accumulation occurs on the
tape as it is unwound.1 Because reported x-ray energies occur
in the range of ⬃10 keV,1 potential differences in excess of
10 kV have to be formed between the oppositely charged
parts of the tape. Such large ﬁelds result in electron emission
from the gas molecules.10 These free electrons are accelerated toward the positive end of the tape, emitting x-rays by a
bremsstrahlung process. The degree of ionization of the gas
is small, so that e does not change appreciably. Positive ions
have a much smaller mobility than electrons. A proportion of
them will in the same time reach the negative side of the tape
recombining with some of the charge. Because of large mass
of the ions, their bremsstrahlung emission is negligible. The
only role of the gas in this model is to supply free electrons
and ions by ﬁeld emission. The only role of the tape is to
produce an accelerating ﬁeld for the free electrons. The number of uncompensated negative charges on the tape at a given
time is Ns − N+, where Ns and N+ are the number of uncompensated surface charges produced by unwinding the tape
and number of positive ions absorbed onto the tape, respectively. Maximum electron energy is proportional to Ns − N+.
Because the collisions between free electrons and the gas are
negligible, a pressure independent portion of free electron
energy is converted into x-ray photons. The number of emitted x-ray photons per unit time is then the following:
⌶ = ␣共Ns − N+兲Ne ,

共1兲

where ␣ and Ne are the pressure independent proportionality
constant and number of free electrons which contribute to
x-ray production, respectively. The same number of free

electrons and ions is created in the gas, and this number is
proportional to gas pressure. However only a small number
of ions N+ is absorbed on the tape surface and small number
of free electrons N0 does not contribute to detectable x-ray
emission. We can write: Ne = N+ − N0 and N+ =  p, assuming
N0 is pressure-independent.  and  are pressureindependent proportionality factors. This gives the following:
⌶ = − ␣关2 p2 − 共NS + N0兲p + NSN0兴.

共2兲

The threshold pressures are obtained from here as follows:
p0 =

N0


and

p1 =

NS
.


共3兲

The solid line in Fig. 1 is ﬁt to the experimental data using
Eq. 共2兲. The value of p0 would be zero if N0 = 0 or if N0 was
assumed proportional to p, contrary to the experiment 共Fig.
1兲. Therefore, pressure threshold p1 is deﬁned by the competition between production rate of uncompensated charges on
tape by unwinding 共NS兲 and absorption of positive ions from
the gas. Pressure threshold p0 is deﬁned by the production
rate of free electrons in gas 共through  and 兲 and by exclusion of some free electrons from emitting detectable x-rays
共through N0兲. The exclusion mechanism could be the diffusion of free electrons away from the tape.
Similar pressure dependence of x-ray emission to ours
was obtained by heating/cooling a pyroelectric LiNbO3 crystal in low pressure gas.11 The electric ﬁeld produced by the
temperature change of the pyroelectric crystal ionized the
gas, resulting in bremsstrahlung radiation as the free electrons hit a Cu foil. That experiment also gave p0 ⬎ 0. They
proposed a model similar to ours, but without assuming a
nonzero value of N0. Their model gave p0 = 0, contrary to the
experiment.
One could assume that the x-ray count obtained by a
given detector decreases for p ⬍ pmax because N+ decreases
with decreasing p and the effective tape charge increases.
This could result in increase of x-ray photon energies beyond
the spectral sensitivity of the detector as pressure decreases.
However, for p ⬍ pmax, N+ Ⰶ NS. Any further reduction of already negligible N+ will not change the accelerating potential
substantially. This is supported by the experiments with pyroelectric crystal,11 where no apparent shift to higher x-ray
energies was observed as the pressure decreased below pmax.
It is reasonable to assume that the x-rays are emitted
from the same volume around the unpeeling vertex of the
tape as the visible light. From photography of visible
emission,2 this volume can be approximated by a cylinder
⬃1 mm in diameter with length equal to the width of the
tape. In the case of isotropic emission, the same count rate
would be obtained for any azimuthal angle for which there
is no shading by the tape or window. This would give a
homogenous count within the angle subtended by our 14
⫻ 14 mm2 Medipix sensor placed at 35 mm from the source.
In the vertical direction this turns out to be the case, as the
count-rate pattern is uniform across any vertical column of
pixels 共Fig. 2兲. However, x-ray radiation is substantially
stronger within a narrow azimuthal angle 共horizontal rows in
Fig. 2兲.
Figure 3 shows the azimuthal angle distribution of the
x-ray intensity for several different pressures. The deﬁnition
of azimuthal angle  is given in Fig. 4. The intensity sharply
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FIG. 2. 共Color online兲 Image of x-ray emission from unwinding tape, obtained by Medipix sensor placed 35 mm from the unpeeling vertex of the
tape. A hexagonal steel nut placed on top of the sensor is clearly distinguishable. The vertical line is a faulty sensor array.

increases by ⬃20% within 10° around the maximum, irrespective of the pressure. Shading by the tape spool or by the
tape pulled away from the spool can be ruled out for such
small angles, as for the visible emission.2 This angular distribution may provide important clues about the bremsstrahlung mechanisms of radiation. The thick solid line is the
angular distribution of x-ray emission expected from the ordinary bremsstrahlung process,12 proportional to: sin2  / 共1
− v / c cos 兲,5 where  is the azimuthal angle. We assumed
that non-relativistic charges move between the unpeeling end
of the tape and the spool, giving a maximum in the direction
perpendicular to their movement 共 = 90°兲. Ordinary bremsstrahlung apparently cannot describe the observed angular
distribution, even when the speed of charge carriers v approaches the speed of light c.
One possible mechanism of this x-ray emission may be
the polarizational bremsstrahlung.13 It occurs through the
time-dependent change of polarization of atoms or molecules
induced by charge carriers moving in their proximity. The

FIG. 4. Schematic showing the placement of Medipix sensor and deﬁning
the azimuthal angle . The diagram is not to scale, to help show  more
clearly.

angular dependence for combination of polarizational and
ordinary bremsstrahlung was calculated for metal clusters
and fullerenes to be14 关1 − P2共cos 兲兴, where P2 is the Legendre polynomial and  is a factor depending on the characteristics of the projectile charge carriers and target atoms.
This angular dependence bears a general resemblance to the
radiation obtained from the adhesive tape 共Fig. 3兲: a peak in
the intensity for  = 90° and a nonzero normalized intensity
for  = 0° and 180°. This is rather different to the ordinary
bremsstrahlung, where the intensities should vanish for 
= 0° and 180°. However, the peak in Fig. 3 is still much
narrower than the one obtained for polarizational bremsstrahlung of metal clusters 共thick dashed line in Fig. 3兲. Our previous report shows that terahertz radiation is also emitted by
unpeeling the tape.2 Terahertz photons are of ⬃107 times
lower energies than x-ray photons and the terahertz emission
mechanism is most likely the breaking of chemical bonds of
the adhesive.
We gratefully acknowledge help of Terry Braddock,
Michael Lerch, and Michael Weaver in measurements of
x-rays. This work was supported by Australian Research
Council.
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FIG. 3. 共Color online兲 Angular dependence of x-ray emission from adhesive
tape for different pressures, together with ordinary and polarizational bremsstrahlung ﬁts. Measurements were performed using Medipix sensor.

C. G. Camara, J. V. Escobar, J. R. Hird, and S. J. Putterman, Nature
共London兲 455, 1089 共2008兲.
2
J. Horvat and R. A. Lewis, Opt. Lett. 34, 2195 共2009兲.
3
N. E. Harvey, Science 89, 460 共1939兲.
4
M. Zhenyi, F. Jiawen, and J. T. Dickinson, J. Adhes. 25, 63 共1988兲.
5
V. V. Karasev, N. A. Krotova, and B. V. Deryagin, Dokl. Akad. Nauk
SSSR 88, 777 共1953兲.
6
G. A. Mesyats, Plasma Phys. Controlled Fusion 47, A109 共2005兲.
7
L. S. McCarty and G. M. Whiteside, Angew. Chem., Int. Ed. 47, 2188
共2008兲.
8
D. J. Grifﬁths, Introduction to Electrodynamics 共Prentice-Hall, New Jersey, 1981兲, p. 463.
9
A. M. Howatson, An Introduction to Gas Discharges 共Pergamon, New
York, 1965兲, p. 8.
10
R. G. Forbes, Solid-State Electron. 45, 779 共2001兲.
11
S. Fukao, Y. Nakanishi, T. Mizoguchi, Y. Ito, and S. Yoshikado, IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 56, 1850 共2009兲.
12
H. F. Beyer and V. P. Shevelko, Introduction to the Physics of Highly
Charged Ions 共IOP, London, 2003兲, p. 102.
13
A. V. Korol and A. V. Solov’yov, Radiat. Phys. Chem. 75, 1266 共2006兲.
14
A. V. Korol and A. V. Solov’yov, J. Phys. B 30, 1105 共1997兲.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

