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Abstract

®

CrossMark

x-rays generated through tribological processes are emitted in fast bursts (~10 ns) that hinder
the correct measurement of the corresponding spectrum. In this work we implement a dosimetry
technique based on thermoluminescent materials—impervious to pileup problems arising in
solid-state active detectors—to measure the angular distribution of the tribo-generated x-rays
from peeling adhesive tape. Unexpectedly, we find evidence of an isotropic energy emission on
at least one meridian plane. These results may shed light on the physical processes behind the
radiation emission in devices that harness the triboelectric effect to generate x-rays, and prove
that dosimetry techniques can be used as an alternative characterization tool in the study of the

emission from this and other relatively fast systems.

Keywords: x-rays, tribology, thermoluminescent dosimetry, isotropic emission,

triboelectric effect
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1. Introduction

Faraday found back in 1833 that when some dielectric solids
are cleaved their surfaces are left electrically charged [1], and
even wondered why some electrical discharges generated vis-
ible light while others did not [2]. It was later recognized that
a fracture process is not necessary for two surfaces origin-
ally in intimate contact to become charged upon separation.
This phenomenon is nowadays known as contact electrifica-
tion [3], and it is at the heart of the fact that a dim blue light can
be observed with the naked eye when adhesive tape is peeled
inside a dark room [4]. It is now recognized that contact elec-
trification is a two-step process: first, during intimate contact,
electric charge is transferred until the chemical potential of
the bodies are equalized. Second, as the charged surfaces sep-
arate abruptly, the electric field between them becomes large
enough to cause air breakdown. The freed and subsequently
accelerated electrons may then excite and even ionize the

1361-6463/20/405302+9$33.00

surrounding gas molecules which emit the characteristic nitro-
gen lines upon relaxation [5]. What Faraday could not have
anticipated is that the same basic succession of events involved
in the emission of visible light can also yield bremsstrahlung
x-rays [6]. This phenomenon is observed, for example, when
adhesive bonds—such as those formed by regular adhesive
tape—are broken under moderate vacuum (~10 mTorr). Tribo-
generation of x-rays (‘TGXs’) entails the funneling of mech-
anical energy into high energy electrons that produce x-rays;
in other words, there is no need for an external high-voltage
supply [7]. TGXs belong to a broader class of phenomena
termed ‘Triboluminescence’ [8—10], in which a mechanical
action such as cleaving [11], peeling [4, 12], rubbing [13],
deforming [14] or even sliding [15] produces a flash of light.
That triboluminescence can extend over to the x-ray portion of
the electromagnetic spectrum was discovered by the Russian
school of adhesion in their systematic research about the mac-
roscopic consequences of contact electrification [16]. These

© 2020 IOP Publishing Ltd  Printed in the UK
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studies started with Obreimoff’s observation in 1930 that
cleaving mica sheets in vacuum made the enclosure ‘glow like
an x-ray tube’ [11], continued with the finding that the rupture
of adhesive bonds generates high energy electrons by Karasev
in 1953 [17] and culminated with Klyuev’s measurements of
x-ray spectrum from peeling pressure sensitive adhesive tape
under vacuum in the 1980s [18, 19]. More recently, it was
shown that around 50% of the total x-ray emission happens
in bursts lasting only a couple of nanoseconds. Actually, both
visible photons [20] and electric currents [21, 22] have also
been observed to occur in bursts during the peeling of adhes-
ive tape. The short characteristic time-scales of these bursts is
thought to be responsible for the relatively high collimation
that allows for x-ray images to be taken with a couple of rolls
of commercially available adhesive tape [6, 7]. While the two-
step process mentioned above is correct in general, the exact
mechanism by which x-rays are emitted is a matter of current
debate, including that leading to the fast burst. For example, a
portion of the x-ray spectrum measured is consistent with what
one would expect from a bremsstrahlung process of electrons
with energies between 35 and 50 keV [23, 24], but the angu-
lar distribution of the integrated spectrum is not [25]. In this
respect, calculating the average energy emitted from the cor-
responding x-ray spectrum can be problematic, since the nano-
second bursts can lead to pileup events because active solid-
state detectors cannot discriminate individual photon ener-
gies in such short time-scales [26]. Indeed, our group recently
showed that unless the solid angle subtended by CdTe and Si
solid-state detectors is at the most 5 x 1079, the detected x-ray
spectrum will be distorted [23]. Consequently, TGXs spectra
from experiments that have overlooked this issue are likely to
extend spuriously into higher energies. This may be the case
for TGXs generated with either Van der Graaf-type devices
[27, 28], tack-type ones (i.e. on and off contact) [29] or tape-
peeling itself [6, 24]. Unless properly dealt with, pileup makes
the measured spectrum unreliable as a tool for modeling and
ultimately understanding the physical processes involved. This
extends to the problem of determining the spatial dependency
of the average energy of the emission and its comparison with
theoretical or simulation results [24, 25]. Such comparison is
desirable as it may help gain insight into the physical mech-
anisms behind TGXs in general and in particular behind the
nano-second bursts. To this end, using detection techniques
that do not depend on any electronics becomes ideal. One such
technique is passive dosimetry [30].

In this work we implement passive dosimetry techniques
to determine the angular distribution of x-rays emitted on a
meridian plane of TGXs from peeling adhesive tape from its
own backing in moderate vacuum. Since the photon intensity
measured with this technique is insensitive to pileup or any
other effects arising from relatively concurrent x-ray photons,
these techniques circumvent the problems associated with
conventional solid-state active detectors.

A second advantage of using an array of passive dosimet-
ers for this characterization, is that it eliminates the need to
reposition the conventional active solid-state detector on dif-
ferent observation angles, for which breaking the vacuum is
usually necessary. To quantify the emitted energy, we use

LiF:Ti,Mg dosimeters (aka TLD100). The TLD100 response
as a function of absorbed energy is known to be energy-
dependent for energies below 50 keV up to arelative 1.4 factor
with respect to the response to cobalt-60 photons [31]. There-
fore, in principle, its response should be corrected if the energy
distribution were dependent of the observation angle. How-
ever, preliminary results recently obtained by our group using
CaF,:Tm dosimeters (aka TLD300), suggest that the effect-
ive energy of x-rays on the plane studied is independent of
the observation angle. In this context, the effective energy of
a spectrum (also called equivalent photon energy) is defined
as the energy of a monoenergetic beam that has the same half-
value layer as the original spectrum [32]. This suggests that
the spectrum is indeed independent of the observation angle,
and it allows us to interpret the thermoluminescent (TL) sig-
nal from the TLD100 dosimeters as being proportional to the
photon flux, without corrections related to the energy depend-
ency. We then develop a simple model assuming an isotropic
emission of a moving point source and compare its predictions
against the experimental flux. Unexpectedly, we find evidence
that strongly suggests that the emission is indeed isotropic on
at least one meridian plane.

2. Materials and methods

2.1 Tribo-generation of x-rays

TGXs were produced by peeling off-the-shelf pressure-
sensitive adhesive tape (Scotch-tape #550, 3M, USA) from its
own backing (figure 1). The roll was secured to a ball bearing
and peeled by a motor inside a vacuum chamber at 82 rpm.
The x-ray spectrum is known to be dependent on gas pres-
sure [23, 24, 33], which rises as the sticky polymer from the
tape outgasses when it is being peeled. However, after a tran-
sient increase occurring when the motor is switched on, the
gas pressure remains steady at 5 mTorr due to the continu-
ous operation of a vacuum pump. The single-photon spectrum
from TGXs measured with solid-state detectors under the spe-
cified conditions is shown in the inset of figure 1. The detect-
ors were placed right outside of the chamber, at a distance of
8 cm from the ball bearing holding the roll, making an appar-
ent observation angle (as defined in figure 2(b)) close to 0°
with respect to the peeling line. To measure this spectrum, the
proper measures to suppress pileup were taken (see [23] for
details). Knowledge of the spectrum at this observation angle
will be used in the discussion section to estimate the attenu-
ation from the adhesive tape itself.

2.2. Dosimetry

Commercially available LiF:Ti,Mg TL dosimeters (Harshaw
Chemical Co., USA) with dimensions 3.2 x 3.2 x 0.89 mm?,
commonly referred to as TLD-100 were employed in this
study. The dosimeters were sandwiched between two pieces of
polyimide tape (24.5 pm thick ‘Kapton’ tape, DuPont, USA)
and secured on an aluminum arch at known distances from the
center of the ball bearing. Each dosimeter was labeled accord-
ing to its observation angle (figure 2(b)). The corresponding
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Figure 1. Schematics of the experimental setup. TGXs are produced
by peeling off-the-shelf pressure-sensitive adhesive tape from its
own-backing inside a vacuum chamber at 5 mTorr of air pressure at
82 rpm. An array of 9 TLD100 dosimeters (sandwiched between
two pieces of 25.4 pm thick Kapton tape) are placed at known
distances from the source to measure the dose (energy absorbed by
each dosimeter per unit mass) on a plane perpendicular to the
peeling direction. Inset: single x-ray spectrum measured with a
combination of CdTe and Si solid-state detectors at an observation
angle of 0° with respect to the center of the ball-bearing onto which
the roll of tape is mounted (see figure 2(b)). Black trace in this inset
is the average background signal.

meridian plane is perpendicular to the direction of peeling. The
energy deposited in the dosimeters was measured following
standard procedures in thermoluminescent dosimetry using a
dedicated instrument (see next subsection). This instrument
generates a TL glow curve for each dosimeter, which rep-
resents the amount of emitted light (as measured through the
current of a photomultiplier tube) as a function of the dosi-
meter temperature. The TL reader heats up the dosimeter by a
planchet resistive heating, at a constant rate. The integral of the
glow curve is proportional to the energy deposited in the dosi-
meter. This integral is considered as the TL response of the
dosimeter. Independent studies [34] have shown that the TL
signal of these dosimeters is linear with the deposited energy
for doses below 1 Gy.

2.2.1. Dosimeters preparation and readout. 24 h before the
irradiations, the dosimeters were annealed at 400 °C for 1 h
and then allowed to cool down for 15 min on a metallic sur-
face in thermal equilibrium with a room kept at 18 + 1 °C.
The dosimeters were then annealed at 100 °C for 2 h followed
by the same cooling protocol. In TLD-100, the first anneal-
ing (at a high temperature) empties the traps and disperses the
impurities uniformly in the material, to the original configur-
ation. The second annealing (at a lower temperature) minim-
izes the contribution of the low-temperature peaks to the glow
curve, thus bringing stability against signal fading [35]. After
irradiation, the dosimeters were read with a Harshaw 3500

TLD reader in a N, enriched atmosphere, at a heating rate of
10 °C s~! from 50 °C to 350 °C. The heating rate is a para-
meter that affects the shape and the position of the peaks in
a glow curve; its precise value is not as important as it is to
choose one and always use the same. This, and other paramet-
ers of the thermal treatment used in this investigation, are the
result of optimization performed earlier in our laboratory to get
maximum reproducibility and stability in the readings. To min-
imize spurious variations due to fading of the low temperature
TL signal, readouts were carried out 24 h after irradiation. For
each observation angle, the same dosimeter was exposed to
TGXs from the peeling of 10 rolls of tape, and then read. This
procedure was repeated on 3 different instances for all obser-
vation angles, except for the 0° one for which only two expos-
ures were performed. The reliable use of TLD-100 requires
that the absorbed dose is greater than a detection threshold,
known to be equal to that imparted by about 0.1 mGy air kerma
[36]. Finally, concerning the possible dependence of the dosi-
meter response on the photon angle of incidence [37] we have
estimated a maximum angle of incidence of about 10° for the
primary x-rays on the chips (zero degrees is the perpendicular
incidence on the dosimeter front surface). Two effects might
affect the energy deposition by inclined trajectories, namely a
longer path inside the dosimeter thickness for inclined traject-
ories, and a different apparent area presented by the dosimeter,
due to its inclination. Analytical calculations of both effects
give, for photons up to 10 keV, a dose increased by less than
8% with respect to normal incidence. We did not correct for
this effect, considered as minor.

2.3. Isotropic emission model

To construct a model for the x-ray emission, we note that other
works have suggested that the flux is proportional to the area
of the tape being peeled. Indeed, the emission has been found
to be reduced accordingly when mm-wide tape (compared to
the commercial cm-wide one) is peeled [38].

In this respect, other studies have also found a dependency
of the mean energy on the peeling velocity, a result that was
found by analyzing the corresponding integrated x-ray spectra
[39]. However, as mentioned in the introduction, the measured
spectrum of tribo-generated x-rays is critically dependent on
the solid angle subtended by the detector due to possible dis-
tortions produced by pileup. Since the work just cited does not
specify if the proper measures to suppress pileup were taken,
it is possible that the reported spectra are not devoid of dis-
tortions. Consequently, this velocity dependence is likely to
be spurious as well. Thus, in the model we propose here, we
assume the x-ray flux to be velocity-independent and only to
be proportional to the area of the tape peeled. Then, if an iso-
tropic emission is assumed, the total energy deposited in each
dosimeter (and thus, the TL signal) will be proportional to the
solid angle subtended by it with respect to the source, i.e. it will
be proportional to the area of the dosimeter A and inversely
proportional to the square of its distance to the source, 2,
while also being proportional to the area of tape that has been
peeled. As a first-order approximation, we assume the emis-
sion is concentrated at a point located midpoint of the contact
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c)

Figure 2. (a) The square of the distance, |r|2 = ‘2‘2 + ‘FI ‘2, from the emission point to a given dosimeter is calculated using the center of
the ball bearing as the center of the coordinate system. As a first-order approximation, the emission from the whole contact line is assumed
to be concentrated at a point S located at the center of the tape’s width. (b) Distribution of the dosimeters on the arch: the ‘observation angle’
is defined as the angle formed between the location of each dosimeter and the center of the roll. (c) As the tape is peeled, S moves from its
initial position (§0, cyan arrow) to a later one (red arrow) on a line defined by the angle 5 = 18.5°, allowing for the calculation of the vector
L, provided the coordinates of the dosimeter (Ny, Ny, H) are known. See appendix for details.
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line. Now, let o be the total flux per unit area of the tape peeled.
Then, we expect the TL signal 7LS, from a dosimeter n placed
at a distance r, to be proportional to the sum of the contribu-
tions of the energy emitted during each turn:

N
A .
TLS, = Zamp(z)w = aTA, (1)
i=0

where P(i) is the perimeter of the tape peeled at turn i
w = 1.2 cmisits width and N = 236 is the total number of turns
the roll with undergo (see appendix). Since the perimeter of the
roll itself decreases in discrete steps of 27tig (where g = 50 um
is the tape’s backing thickness), r is too a function of i in equa-
tion (1). Note that we were able to factor out « in equation
(1) precisely because an isotropic emission is being assumed.
Furthermore, equation (1) defines an effective area of the tape,
TA., that can be interpreted as the total area of the tape being
peeled from a complete roll reduced by a varying solid angle
factor. It is worth pointing out that scattered radiation off the
walls may contribute to the dosimeters’ signal. Assuming this
scattered radiation to be proportional to the primary radiation,
this contribution should manifest itself, to a first approxima-
tion, as a constant signal for all the dosimeters.

To calculate TA 5 in equation (1), the distance of each dosi-
meter to the emission point must be known as a function of
i, in contrast with the case of conventional x-rays sources
whose emission point is fixed in space. Given the relatively
simple geometry of our setup, it is possible to keep track of
this distance analytically. While the details of this calculation
are presented in the appendix, here we give an overview. We
make use of a coordinate system centered at the axis of the
ball bearing (figure 2(a)). Let So = (Sor,Soy, —w/2) and S(i)
be vectors representing, respectively, the position of the ori-
ginal and of the current emission point during the turn i. Given
the Z-coordinates of the dosimeters (H, in figure 2(b)), to find
r we need only to find the distance L (as defined in figure 2(a))
from the emission point to the X-Y coordinate of the dosi-
meter placed at (N, Ny, —w/2), as shown in figure 2(b). Let-
ting dS(i) = Sy — S(i) be the difference between these two vec-
tors, it is straightforward to show that the square of the distance
from a given dosimeter to the emission point is given by:

() = B+ 1 = H + (SOX - ‘d§(i)]cos(ﬁ) —Nx))2+
+ (0, S0 sin(8) - ) @

where 8 = 18.5° is the angle formed by the line joining the
axes of the ball bearing and the motor shaft, and the location
of the contact point (see figure 2(c)). This angle remains con-
stant throughout the entire peeling process. We can then calcu-
late TA, in equation (1) by plugging the value for 72(i) from
equation (2), given the coordinates of each dosimeter.

To summarize this section, if the emission is indeed iso-
tropic, we expect the dosimeter TL signal to be proportional
to TA.¢, a simple geometric factor that depends on the location
of the corresponding dosimeter.

3. Results and discussion

Figure 3(a) (left axis) shows the results for the TL signal versus
observation angle. Each bar is the result of the emission from
10 complete rolls of tape, adding up to about 2500 s of total
exposure. In these results we have used the TL response integ-
rated by the TL reader, without need to transform into dose.
Independent calibration procedures performed at our laborat-
ory indicate that the doses received by the dosimeters were
always larger than those imparted by 5 mGy of air-kerma.
These values are well above the detection threshold known for
TLD-100 chips. In figure 3(b), we show the averages of these
signals. On the right axis of figure 3(b), we plot the values of
TA r from equation (1). The coordinates of the dosimeters that
yield these values, along with the corresponding uncertainties
can be found on the appendix section. Even at first glance, it is
clear in figure 3(b) that 7A.ynd the TL signal follow a similar
trend, suggesting that the emission is indeed isotropic on this
plane. Note, however, that the three data points corresponding
to the largest negative angles clearly deviate from the model.
As we explain in more detail below, these points correspond
to photon paths that are partially blocked by the tape itself.

In figure 3(c) we plot the TL signal versus TA,. This fig-
ure shows that when the points corresponding to large negative
angles are not considered, the relation between these variables
is well approximated by a linear function, as predicted by the
isotropic model of equation (1). The proportionality constant
found from the data is o, = 0.71 £ 0.12, while the ordinate
intercept is 0.06 £ 0.26. To better appreciate the systematic
deviation of the data to the model for large observation angles,
in figure 4(a) we plot the experimental TL signal divided by
TA r for each observation angle and compare against c,, (red
horizontal dashed line). Indeed, for the dosimeter located at
—90°, this ratio is 32% smaller than o.,. While this observa-
tion may be interpreted as resulting from the emission being
anisotropic, an inspection of the experimental setup (see top
view of the setup, figure 4(b)) reveals that, at these angles, the
roll of tape partially blocks the photons’ path to the dosimet-
ers for a non-negligible portion of the peeling process. Given
the typical energies of the x-ray photons involved in this pro-
cess (inset of figure 1) and the composition of the tape’s back-
ing (C3Hg, polypropylene [40]), a single 50 pm-layer of the
tape attenuates the integrated emission already by 10% [41].
Because of the exponential nature of the attenuation process,
a 1 mm-path is enough to achieve ~88% attenuation. figure
A1 shows that the length of bulk tape x-ray photons must tra-
verse to reach the dosimeter located at —90° is of the order
of dx = 4.65 mm at the beginning of the peeling process. For
smaller negative angles, this path will be progressively smal-
ler until it is minimized for some observation angle close to
0°. In contrast, to reach the dosimeter at +-90° photons need
only to go through a single layer of tape. This asymmetry is
precisely what we observe qualitatively in figure 4(a). We can
go one step further and assess if this explanation makes sense
quantitatively too, as follows. Let Np;,c« be the number of turns
during which there existed any obstruction of the x-rays path
to these dosimeters, and Ny, the remaining turns. Making the
simplifying assumption that during the first Npj,q turns there
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Figure 3. (a) Dosimeter TL signal. (b) Average TL signal (dots, left
axis) measured experimentally and tape’s effective area (triangles,
right axis) obtained theoretically (equation (1)). Error bars in the TL
signal are the standard deviations of the values shown in (a), which
is larger than the estimated uncertainty of 5% of each individual
experiment. (c) Linear fit between the experimental average TL
signal per roll and the effective area obtained with equation (1).
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Figure 4. (a) Dosimeters’ TL signal divided by TA. as a function
of the observation angle compared to the proportionality factor from
the isotropic model (c.yy, red dotted line) that best fits the data. (b)
Schematic top view of the roll of tape showing how the tape
partially blocks the photons’ paths towards the dosimeters located at
large observation angles. The attenuation plot (lower right corner)
serves as a simplified model suggesting that tape attenuation is the
source of the deviations of the experimental data from cv.y in (a).

where the effective area (as defined in equation (1)) has been
written as an explicit function of the initial and final number
of turns, TA¢ (i;,if). Given that a portion dx = 4.65 mm of the
radius of the roll of tape that blocks this path (approx. 16% of
the total radius, figure 4(b)), and using a similar expression as
the one used to find the total turns N (see appendix), we find
Npiock = 93 and Npee = N- Npjocr = 143. Plugging these values
into equations (1) and (3), yields an attenuation of 43%, which
is reasonably close to the 1/3 attenuation observed, especially
considering the crudeness of the model. Thus, the observed
deviations of the ratio (TLS/TA.¢) from a constant as reported
on figure 4(a) are likely the result of this partial obstruction.

Based on this analysis and on the results of figures 3(a) and
(b), we conclude that emission from this radiation source is
isotropic, at least on the plane studied.

One possible explanation for the isotropic emission found
is a lack of preferential direction on the electron emission
that generates bremsstrahlung radiation. In this respect, an
inspection of the peeling vertex with a microscope [42] shows
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that a rather messy mesh of sticky stings forms during the peel-
ing process that may be mediating the discharge process. This
mesh may be randomizing the path of the electrons released
to a large extent. A similar explanation could support the
assumed angular independence of the effective x-ray energy
mentioned in the introduction. It would be interesting to invest-
igate if the emission is isotropic too in other tribo-generators
that use dry friction as opposed to peeling sticky tape. Finally,
we note that the contribution from scattered radiation (given by
the y-intercept of the linear fit in figure 3(c), 0.06) to the total
signal (on the order of 1) is small. However, the uncertainty
associated to the ordinate intercept is many times larger than
its average value. More statistics would be necessary to estab-
lish if this contribution is indeed small. In this same respect and
given the challenges that tape attenuation imposes, it may be
more appropriate to implement a new arrangement that meas-
ures scattered radiation exclusively to correctly assess the con-
tribution of secondary radiation on the results presented. This
could be achieved, for example, by placing dosimeters on the
outer face of the metallic arch so that the view from the primary
source is blocked. This study will be carried out in a follow-up
investigation.

4. Concluding remarks

We have found evidence that supports the theory of an iso-
tropic emission from TGXs from peeling adhesive tape on
at least one meridian plane. Considering that this plane was
chosen arbitrarily, it is possible that this isotropy extends to
the rest of the meridians.

The success of using dosimetry techniques applied to this
system would make it straightforward to investigate if the
emission is indeed isotropic over a whole hemisphere with a
resolution limited by the size of dosimeters. This investigation
is underway, as well as the evaluation of the effective energy
at different emission angles.

We end by emphasizing that the model we have presented
in this work rests on the assumption of similar effective energy
for the x-ray emitted on the studied plane. If this were not the
case, the TLD100 signal could not be assumed to be propor-
tional to the absorbed dose.
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Appendix
In equation (1), knowledge of the length of segment \dg |

is necessary to calculate 2. We now refer to figure Al for
this derivation. As mentioned in section 2.3, the angle S is

b)

B+B =0

Figure A1. (a) Schematic diagram of the position of the contact
line. The angles -, 6 and ¢, are formed by the vectors S (red arrow),
§0 (cyan arrow) and ds (orange arrow). (b) Close-up of (a), defining
the angles 5 and 3’, as well as the distances a (green solid line) and
b, (black solid line) used to calculate |d§ | (equation (A3)), and from
it, calculate r* (equation (2)). In these figures, the dashed line
parallel to dS becomes a dotted one at the point where the

tape ends.

constant throughout the peeling process and is defined (see
figure Al(a)) as that formed between the line connecting the
center of the ball bearing and the center of the motor shaft, and
the vector |dS|. We calculate |dS]| using the law of sines for the
angles shown in figure Al(a):

S| Js s
sin(d)  sin(¢)

sin(y) (AD)

This relation can be better appreciated by looking at a close-
up of the triangle formed by the three vectors ds, § and S,
(figure A1(b)).

We first calculate the angles 8 and [’ that sum up
to 6. These angles are obtained through the relations:
cos(8) =a/b; and cos(B') =a/|Sy|, where the distances
a, b; and |§o| are measured a priori. From these equa-
tions, we find § = 33.52°. Solving for ¢ in equation (Al),
we obtain:
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Table A1. Effective area and corresponding uncertainties for each dosimeter using equations (1), (2), A1, A2 and A3. For these calculations,
the following measured constants were used: 3 = 18.5°, Ny = 2.3 cm, So, = 2.77 cm, Soy = —0.55 cm, w = 1.25 cm, g = 50 pm,

A = 0.09 cm? and N = 236. An uncertainty of 1 mm was assigned to the measurement of r (§r), from which the uncertainty in 7* was
calculated through the relation 512 = 2r8r. In turn, this yields an uncertainty of §TA .y = TAeﬁ-ér2 / 72 in the effective area. The values of TA
along with the corresponding uncertainties (S5th and 6th columns) are the ones displayed in figure 3.

Dosimeter H Ny TA

#n Angle (cm) (cm) (cm?) TA Uncertainty (cm?)  Average TL signal per roll (a.n.) TL signal standard deviation (a.u.)
1 —90° 0.086 4.43 1.043 0.037 0.50 0.024
2 —67.5° 151 385 1.19 0.044 0.70 0.15
3 —45° 286 296 1.27 0.049 0.73 0.096
4 —22.5° 361 183 142 0.059 1.008 0.032
5 0 399 020 1.66 0.076 1.19 0.035
6 22.5° 3.61 —143 2.07 0.11 1.58 0.096
7 45° 286 —2.56 2.44 0.14 1.98 0.11
8 67.5° 151 —-345 293 0.19 2.00 0.32
9 90° 0.086 —4.03 2.63 0.15 1.79 0.19

(b:7r—arcsin(‘§0’sin(6)/‘§‘) (A2)
where we have added 7 to the RHS since ¢ is an obtuse angle.
Recalling that the radius of the roll changes as a function of the
number of turns i, we substitute |S| in equation (A2) for |S| =
(|So| — i £), where, as before, 7 is the thickness of the tape. This
allows us to calculate the remaining angle, v = m — 6 — ¢, and
finally solve for |dS] in equation (A1):

o [So]sint)
5= e

which, indirectly, is a function of i. In table (A1), we display
the values for TA.4 for each dosimeter given their coordin-
ates using equations (1), (2), (A2) and (A3). Finally, to cal-
culate the total number of turns N the roll will undergo given
its total length, we perform the following calculation. The
total length of a roll of tape of the particular brand used
in these experiments is 3300 cm, so that the total number
of turns N that the roll will undergo is obtained by solv-
ing for this variable when adding up the individual perimet-
ers of each turn:Zi\]:0 P(i) :Z?’:o 21 (|So| — ig) =27|So| (N +
1)—mgN(N+1) = 3300. From this relation, we obtain
N = 236 turns.

(A3)
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