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The CR-39 nuclear track detector is used in many nuclear diagnostics fielded at inertial confinement fusion
(ICF) facilities, large x-ray fluences generated by ICF experiments may impact the CR-39 response to incident
charged particles. To determine the impact of x-ray exposure on the CR-39 response to alpha particles, a
thick-target bremsstrahlung x-ray generator was used to expose CR-39 to various doses of 8 keV Cu K-α
x-rays. The CR-39 detectors were then exposed to 1–5.5 MeV alphas from an Am-241 source. The regions of
the CR-39 exposed to x-rays showed a smaller track diameter than those not exposed to x-rays: for example,
a dose of 3.0±0.1 Gy causes a decrease of (19±2)% in the track diameter of a 5.5 MeV alpha particle, while
a dose of 60.0±1.3 Gy results in a decrease of (45±5)% in the track diameter. The resulting data were
used to evaluate how x-ray doses received by CR-39 in OMEGA and NIF experiments affect the recorded
charged-particle data.

I. INTRODUCTION

In many scientific disciplines, including Inertial Con-
finement Fusion (ICF) research, charged particles and
neutrons are often studied with solid-state nuclear track
detectors (SSNTD)1–12. These are crystal or poly-
mer materials in which ionizing nuclear particles leave
detectable tracks of molecular damage sites3–5. CR-
39, a transparent SSNTD with chemical composition
C12H18O7, is particularly well suited for detecting nu-
clear particles because its induced tracks are revealed op-
tically by etching with sodium hydroxide. These tracks
can then be identified with an optical microscope with
100% efficiency for many charged particles that are nor-
mally incident to its surface (such as protons in the en-
ergy range 0.5 to 8 MeV4,6). The uniquely high sensitiv-
ity of CR-39 has made it the detector of choice for light
ion studies because the ionization levels of protons and
deuterons are typically below the response thresholds of
other detectors9.

Previous work with various types of CR-39 has stud-
ied the effectiveness of track etchants10 and has looked
at CR-39 response to electrons3, neutrons11, protons7,
deuterons13, tritons13, and alpha particles9. One thing
that has not been quantitatively studied is how the CR-
39 response to these particles is modified when the CR-39
is exposed to high fluence of x-rays, as it is when used
in experiments at ICF facilities like OMEGA14 and the
NIF15, where doses of close to 5 Gy are typical.

In this paper, we present a comparison of the response
to alpha particles of TasTrakr CR-3916 with and without
exposure to x-rays. The theory of track formation in
CR-39 is discussed in Section II. Section III presents the
methodology and results. Finally, the effect of x-ray dose
on the response to alpha particles as a function of both
energy and x-ray dose are presented in Section IV, and
summarized in Section V.

a)Electronic mail: jimmy06@mit.edu

II. THEORY

Charged particles traveling through the CR-39 mate-
rial deposit energy in the plastic through Coulomb scat-
tering with electrons, leaving trails of damaged polymer
chains18. When the plastic undergoes chemical etching,
the broken molecular chains and free radicals become the
seeds for the formation of conical pits or ’tracks’. The ge-
ometry of these tracks is dictated by the simultaneous ac-
tion of two etching processes: chemical dissolution along
the track (track etch rate vt) and general dissolution on
the etched surface (bulk etch rate vb)

2. The sensitivity of
CR-39 is defined by the ratio of track to bulk etch rates
as described by

vt
vb

= 1 + k

(
dE

dx

)n

elec

. (1)

FIG. 1. Stopping power for alphas with energies in the range
of 0-10 MeV in CR-39. This function is used to calculate
the vt/vb ratio given by Eq. 1. As a reference, the stopping
power for alphas in aluminum is also plotted for the same
energy range. Values obtained from TRIM6.
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FIG. 2. a) A typical sample of 5-cm diameter, 1.5-mm-thick CR-39 used in this study. b) The x-ray shielding mask used in this
study: two 1mm thick aluminum plates cover half of each mask window (labeled with an asterisk in the figure). The aluminum
shield effectively blocks the 8 keV x-rays, transmitting only 10−6 of the incident intensity. c) Alpha particle range filters used
in the study. Six different alpha energies were obtained on the CR-39 by ranging down 5.5 MeV alphas from an Am-241 source
using different Aluminum filters. With this combination of x-ray and alpha filters, 12 regions of data were obtained on each
CR-39 sample: x-ray-exposed and unexposed regions for each of 6 alpha particle energies. The area covered with aluminum
between the two main windows provides a small background region on the CR-39. Each piece was then etched for 2 hr in an
80oC solution of 6 N NaOH.

FIG. 3. Alpha track diameter and standard deviation as a
function of mean energy for TasTrakr CR-39. Blue data
were obtained from these experiments; for comparison, the
measured data from the same experiment performed in 1999
by Hicks is also shown (black)17. As will be discussed, this
∼33% difference is due to the change in the chemistry of the
material (and therefore its etch rate) over the years.

where k and n are constants19. Typical values of k and
n are17 0.002 and 1.9, respectively. Here and through-
out the paper, calculations involving the stopping power
dE/dx are in units of keV/µm. Electronic stopping
power is used, rather than the total stopping power,
since the collisions with the electrons produces most
of the ionization responsible for the molecular damage.
(dE/dx)elec is determined from the ion stopping code
SRIM6 (Fig. 1). The range of 5.5 MeV alpha particles
in CR-39 is approximately 29 µm.

If we consider the case of normal alpha incidence on the
CR-39, simple geometry gives an analytical expression2

for the track diameter (D):

D = 2vbt

√
vt/vb − 1

vt/vb + 1
, (2)

where t is the etch time. Based on Equations (1) and (2),
x-ray exposure could modify the sensitivity of the CR-39
through changing the bulk etch rate, track etch rate, or
both. Combining Eq. (1) and Eq. (2) gives an equation
of D as a function of the etch time, bulk etch rate, and
stopping power

D = 2vbt

(
2

k
(
dE
dx

)n + 1

)−0.5

. (3)

As a reference, Fig. 3 shows the mean track diameter
as a function of alpha particle energy after a 2 hr etch
when no x-rays are applied to the piece. Eq. 3 correctly
explains this behavior for k = 0.002 and n = 1.9, as
suggested in the literature17.

In the limit where k(dE/dx)n�2 (that is to say
vt/vb�1), the mean track diameter becomes independent
of dE/dx and D ≈ 2vbt. For particles with large stop-
ping powers, track diameters all saturate at a maximum
value set by the bulk etch rate only (assuming that tetch
was carefully selected to avoid tracks from etching out).
This behavior can be observed in the 1.5 and 2.7 MeV
points in Fig. 3, for which the diameter has saturated at
a maximum value ( 11µm). In fact, the stopping power of
the alpha particles in CR-39 continues to grow as alpha
energy is reduced, until it peaks at around 0.7 MeV (see
Fig. 1). The alpha energies studied in this work, there-
fore, probe the high-stopping-power limit. This feature,
and a study of the bulk etch rate directly by measuring
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FIG. 4. Source, filtered, and absorbed x-ray spectrum for an
8keV (35kV and 18mA) x-ray line.

the volume and mass of the CR-39 before and after etch-
ing, is essential for understanding how x-rays impact the
CR-39 sensitivity to particles.

III. EXPERIMENTAL RESULTS

A. Experimental study of track diameter versus x-ray dose

The experimental setup is shown in Fig. 2. CR-39
pieces (1.5 mm thick and 5 cm diameter) were exposed
to different x-ray doses defined by several filters posi-
tioned as shown in the figure. The x-ray irradiation was
performed using a thick-target bremsstrahlung x-ray ma-
chine (Philips Electronic Instruments X-ray Generator).
This x-ray machine emits Cu K-α line-radiation at 8 keV,
with a spectrum as shown in Fig. 4. A 35 micron Cu filter
was positioned between the source and the CR-39 to iso-
late the 8-keV Cu K-α lines: 91% of the energy absorbed
by the CR-39 was from this line radiation. Radiochromic
film (RCF) was used to measure the incident intensity of
x-rays in the sample plane20. An average intensity was
found, and was used to calculate the dose per unit time in
the CR-39 pieces. Additionally, a surface barrier detector
(SBD) was used to account for fluctuations in machine
power output during the exposure.

Each piece was then exposed to alphas from a 0.1 µCi
Am-241 alpha source (placed 9 cm away from the CR-39),
which produced an approximate fluence of 15000 alphas
per cm2. The 5.48-MeV alphas produced by the source
were ranged down by a set of aluminum filters to obtain
different energies of particles on the CR-39, as shown
in Fig. 2. The x-ray- and alpha- exposed regions were
overlapped such that each region with a particular alpha
energy contained both x-ray exposed and unexposed por-
tions. In total, 35 different experiments were conducted
with various doses of x-rays from 0 to 60 Gy, including

FIG. 5. a) Alpha track diameter as a function of x-ray dose.
A characteristic uncertainty (from repeatability experiments)
of track diameter of less than 3% (comparable to twice the
size of the points) was observed in each case. Before achieving
an asymptotic behavior, the greatest change happens below
10Gy. b) Percentage change of mean track diameter for each
alpha energy as a function of dose. The standard deviation
corresponds to approximately 10% of each value, but it is
only plotted for the 1.2 MeV case for clarity. All samples
were etched for 2hr in an 80oC solution of 6 N NaOH.

repeatability tests.

After exposure, the samples were all etched for 2 hours
in an 80oC solution of 6N NaOH. An automated optical
microscope system was used to scan each CR-39 sample
and record individual track information (diameter, con-
trast and uncertainty) for later analysis13.

The mean alpha track diameters were observed to de-
crease with increased x-ray dose, as illustrated in Fig. 5.
The mean track diameters are reduced roughly linearly
with x-ray dose below 5 Gy, and approach an asymp-
totic value for doses of 20 Gy and above. The percentage
change in the mean track diameter for each alpha energy
as a function of dose is shown in Fig. 5b. From this
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graph, for example, we can observe that a 1.5-MeV al-
pha will result in a track diameter smaller than normal
by 12±1% if the piece of CR-39 is exposed to 4 Gy.

B. Experimental measurement of the Bulk etch rate
versus x-ray dose

Given the track diameter versus x-rays dose behavior
shown in Fig. 5a, we assumed that this trend was due
to changes in the bulk etch rate as given by Eq. 3. As
a result, the following vb measurements were performed
to investigate this hypothesis. The bulk etch rate was
determined directly by measuring the change of CR-39
thickness before and after etching. An optical microscope
was used to find this thickness by finding the difference
in the height of the optical stage between focusing on the
front and the back surfaces of the piece (optical thickness
or ∆z). The optical thickness is related to the true thick-
ness by a function dependent on the index of refraction,
f(n). True thickness is defined as d = ∆zf(n). The bulk
etch rate is given by2

vb =
df − di
2tetch

=
∆zf − ∆zi

2tetch
f(n), (4)

where ∆zf and ∆zi are the final and initial optical thick-
nesses. A piece of CR-39 was divided into 3 sections, each
exposed to a different x-ray dose. An unexposed region
was measured as well for background reference. The opti-
cal thickness and the X and Y coordinates were recorded
at the 18 regions measured in every piece. The piece was
then etched for 5 hours, and the optical thickness was de-
termined again in the locations previously recorded. This
method allowed us to find a ratio between vbX (bulk etch
rate of regions exposed to x-rays) and vb0 (bulk etch rate
of regions unexposed to x-rays), which is independent of
the index of refraction:

vbX
vb0

=
(∆zf − ∆zi)xrays

(∆zf − ∆zi)no−xrays
. (5)

The observed ratio of vbX to vb0 is shown in Fig. 6 as
a function of x-ray dose. As shown, the ratio exhibits a
similar behavior to that of the alpha diameters, changing
rapidly with low doses and approaching an asymptotic
value at ∼20 Gy. Because the mean track diameter is
proportional to the bulk etch rate (Eq. 3), we infer that
the observed track dependence on x-ray dose is produced
primarily by this trend in the bulk etch rate.
vb0 was also found using another method. If the initial

(before etch) and final (after etch) masses of the sample
are known, then the bulk etch rate is defined by

vb0 =
∆m

2Aρtetch
, (6)

where the density ρ=1.30 g/cm3 and the area A=19.6
cm2. Using this formula, vb0 was found to be
2.66±0.06 µm/hr, which means that doses greater than

FIG. 6. Dimensionless bulk etch rate as a function of dose.
A reduction to an asymptotic value of 0.66 ± 0.03 at approx-
imately 20 Gy is observed. This behavior is consistent with
the change in track diameters shown in Fig. 5a.

20 Gy result in an etch rate of approximately 1.80 µm/hr.
Other researchers17 found in 1999 a value of 2.00 µm/hr
for vb0, which suggests a change in the chemistry of CR-
39 over the years. In fact, this ∼33% difference in vb0
explains the ∼33% disagreement observed in Fig. 3 be-
tween the experiments performed in 1999 and the ones
presented in this paper.

IV. DATA ANALYSIS AND INTERPRETATION

As explained below, our interpretation of the data is
that x-rays mainly change the bulk etch rate of the CR-
39. Physically, this behavior takes place due to the rup-
ture of the bonds in the polymer, which reduces the possi-
bility of OH− ions (from the NaOH) to react and extract
parts of the molecules (etching).

Experiments showed that the bulk etch rate was depen-
dent on the dose. Therefore, the mean track diameter of
alphas is a function of both particle energy and applied
dose. Because both the mean track diameter and bulk
etch rate were measured for different doses, we can eval-
uate the extent to which the track diameter reduction is
explained by the bulk etch-rate change, by calculating:

F (E,X) =
D(E,X)

D(E, 0)

/
vb(X)

vb(0)
, (7)

where E=energy and X=x-ray dose. This dimension-
less parameter F (E,X) turned out to be different than
1, which means that most of the x-ray effect is explained
by the bulk etch rate change (Fig. 6), but there is still
some residual effect. The explanation is that the track
etch rate (vt, see Eq. 2) also changes with changing x-
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ray dose. As a result, an empirical model for Eq. 7 was
found to quantify how much vt is changing:

F (E,X) = 1 + erf(aX)(be
−(E−c)2

2d2 + e) (8)

Here, a fit to the data gives a = (95.83 ± 4.79)10−3, b =
(37.37± 1.79)10−2, c = 1.589± 0.079, d = 1.054± 0.053,
and e = (−16.27 ± 0.81)10−2.

The results, shown in Fig. 7, were found by dividing
the results shown in Fig. 5a (normalized), by the results
shown in Fig. 6. This figure might seem confusing at first
sight because of its interesting energy dependence, but it
can be mathematically explained as follows. Let us de-
fine D(E,X)/D(E, 0) as Dx/o and vb(X)/vb(0) as vx/o.
We know that vx/o is independent of the incident particle
energy, therefore, Dx/o must be the term responsible for
the energy dependence of F (E,X). Figure 7 indicates
that as the incident particle energy decreases, Dx/o in-
creases. Nevertheless, this increase only means that Dx/o

is closer to unity, and because vx/o behaves as in Fig. 6
then F (E,X) will have values greater than one for low
energies (E<3 MeV) and values between zero and one for
high energies.

Additional experiments were also performed to confirm
the assumption that (dE/dx)elec was not changing with
x-ray dose. In these experiments, pieces of CR-39 were
exposed to different x-ray doses after alpha particles were
already deposited in the sample. These alphas-before-
x-rays experiments still show a decrease in the mean
track diameter, as expected, but Dx/o was 15-20% higher
than with the normal (x-rays-before-alphas) methodol-
ogy. This means that the curves in Fig. 5b scale up by
15-20% in each case. These observations support the fact
that most of the effect of x-rays on the response of CR-39
to alphas comes from the change in the chemical struc-
ture of the polymer. This behavior is opposite from other
observed environmental effects of the CR-39. It has been
demonstrated, for example, that vacuum exposure longer
than 16 hours before proton irradiation on CR-39 result
in a decrease in proton sensitivity, whereas no effect is
observed for up to 67 hours of vacuum exposure after
proton irradiation19.

V. CONCLUSIONS

A comprehensive study of how x-ray exposure af-
fects the response of CR-39 nuclear track detector to 1-
–5.5 MeV alphas showed that the mean track diameter
of alpha particles for regions exposed to x-rays decreased
rapidly for doses of less than 20 Gy, but that it reached
a constant value for greater doses. This variation in the
track diameter is primarily due to a proportional change
in the bulk etch rate in the piece. A dimensionless func-
tion F (E,X) was found to quantify the residual effect
on the tracks due to changes in track etch rate. These
results represent the first quantitative measurements of

FIG. 7. F (E,X) is a dimensionless parameter given by Equa-
tion 7 which describes the residual effect due to changes in the
track etch rate when CR-39 samples are exposed to x-rays. All
CR-39 pieces were etched for 2 h in an 80oC solution of 6 N
NaOH (the model is independent of tetch though.)

x-ray effects on CR-39, which will be of great importance
for researchers who make use of this nuclear track detec-
tor in environments with high levels of x-rays. Future
studies to examine the effect on other charged particles,
especially protons and deuterons, will be particularly im-
portant for experimental applications that record these
particles.

VI. ACKNOWLEDGMENTS

The authors want to thank R. Frankel and E. Doeg
for their help in processing of CR-39 data used in
this work. This work was supported in part by the
MIT UROP Office, U.S. Department of Energy (DOE)
(Grant No. DE-NA0001857), National Laser Users Fa-
cility (DE-NA0002035), Laboratory for Laser Energetics
(415935-G), and Lawrence Livermore National Labora-
tory (B600100).

1J. Nuckolls and L. Wood, “Laser Compression of Matter to
Super-High Densities: Thermonuclear (CTR) Applications,” Na-
ture, vol. 239, pp. 139–142, 1972.

2R. L. Fleischer, P. B. Price, and R. M. Walker, Nuclear Tracks
in Solids. Principles and Applications. University of California
Press, Berkeley, 1975.

3A. P. Fews and D. L. Henshaw, “High resolution alpha-particle
spectroscopy using CR-39 plastic track detector ,” Nuclear In-
struments and Methods in Physics Research, vol. 197, pp. 517–
529, 1981.

4H. A. Khan, R. Brandt, N. A. Khan, and K. Jamil, “Track-
registration-and-development characteristics of CR-39 plastic
track detector,” Nuclear Tracks and Radiation Measurements,
vol. 7, no. 3, pp. 129–139, 1983.

5A. P. Fews, “Fully automated image analysis of etched tracks in
CR-39,” Nucl. Instum. Methods Phys, vol. 71, no. 465, 1992.



6

6J. F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and
Range of Ions in Solids. Pergamon Press, volume =.

7N. Sinenian et al., “The response of CR-39 nuclear track detector
to 1–9 MeV protons,” Review of Scientific Instruments, no. 82,
2011.
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