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Abstract—We discuss response of Tuffak polycarbonate to relativistic heavy nuclei using two
methods, measurement of the minor axis diameter and of the length of the track cone, to
determine charge resolution. At Z = 92 (0.95 GeV/u *3U) both methods give about 0.9¢ charge
resolution for a single cone measurement. Multiple cone measurements along the ion’s trajectory
have yielded a charge resolution g, < 0.25¢ (16 cones) when stripping foils (Cu) are interleaved
between plastic sheets to minimize sheet-to-sheet charge state correlations. As the charge of the
incident ion decreases to Z =~ 52-57, the single-cone charge resolution improves (g, ~ 0.29¢). The
angular response of Tuffak is fairly constant for zenith angles of incidence from 0° to 48°. Range
measurements of stopping relativistic 2**U in Tuffak deviate by ~5% from that predicted by the
Bethe-Bloch formula, as expected from recent relativistic calculations. We conclude that Tuffak is
an excellent track detector for identification of nuclear charges of relativistic heavy nuclei with

50 = Z < 92.

1. INTRODUCTION

IN THE study of ultra-heavy cosmic rays and
relativistic heavy ion nuclear interactions, one
needs a series of nuclear track detectors with high
charge resolution for relativistic heavy nuclei. In a
previous study, Price et al. (1983) and Salamon et
al. (1984) have shown that CR-39 is an excellent

nuclear track detector with high charge resolution-

for relativistic nuclei of 10 = Z = 60. The next
important task is to find detector materials with
high charge resolution for relativistic nuclei of
60 = Z = 92 or even heavier. For this purpose,
silica glass, Melinex, Lexan, CR-39, Tuffak and
BPADC (bisphenol-A diallyl carbonate) (Ahlen et
al., 1984) have been tested. As a result of these
tests, study has focussed on Tuffak polycarbonate

plastic because of its superiority over others for
identification of heavier relativistic nuclei
(O’Sullivan and Thompson, 1981).

Since track length as well as cone diameter
measurements are used in cosmic ray and relativ-
istic nuclear physics studies empioying plastic
detectors, we examined the properties of Tuffak
making use of both measurement techniques. In
this study we examine the range-energy relation of
relativistic uranium in Tuffak, the reduced etch rate
versus Z*/P, the reduced etch rate versus residual
range, the charge resolution obtainable with track
length and track diameter measurements, charge
resolution improvement for actinide nuclei by using
a stripping medium, and the angular response of
Tuffak for different angles of incidence.
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2. RANGE-ENERGY RELATION FOR
RELATIVISTIC ?**U IONS IN TUFFAK

Ahlen and Tarlé have shown that 955 MeV/u
23U in copper has an obvious range deficit (Ahlen
and Tarlé. 1983) from the standard Bethe-Bloch
formula (Ahlen, 1980). They showed that the
discrepancy is of significance for high energy
astrophysics experiments. In order to see if the
range of relativistic ***U ijons in plastic track
detectors has a range deficit, we started our study
by measuring the range of relativistic **U ions in
Tuffak.

A stack composed of 369 sheets of Tuffak was
exposed to a ¥"U beam of 955 MeV/u at a zenith
angle of ~10° at Lawrence Berkeley Laboratory’s
Bevalac. Each sheet of the stack had an area 7.2 »
7.2 cm* and a thickness ~0.265 mm. The Tuffak
stack was thick enough to stop the **U ions.

One out of every ten sheets was first etched at
40°C in 6.25N NaOH and 0.05% Dowfax surfactant
and saturated with Lexan etch products. The
etching time was changed from sheet to sheet to
ensure that the tracks in each sheet could be seen
easily under the microscope. All sheets around the
stopping point of the ***U ions were then etched.
The stopping points of about 120 *®U ions werc
then measured with an optical microscope. Figure |
shows the histogram of stopping points of ***U ions
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Fig. 1. Histogram of stopping points of “*U ions in

Tuffak stack. Standard deviation of range of 955 MeV/u

¥ in Tuffak stack is 0.60 sheets. The range of **U in

Tuffak is 5% shorter than that calculated from standard
Bethe-Bloch formula.
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in the Tuffak stack. The standard deviation of the
range histogram is 0.60 sheet of Tuffak. The range
straggling was found to be 0.23%. which is
consistent with that expected for heavy
projectiles.

The measured range ot ~™U ions in luttak stack
is about 5% shorter than that calculated by the
Bethe-Bloch stopping power formula and is consis-
tent with that calculated after inclusion of the Mott
cross section and the relativistic Bloch correction
(Ahlen, 1982) in the stopping power formula.

In the following analysis we use the result of the
range measurements to calculate parameters such
as ion velocity in our study of charge resolution.

very

3. REDUCED ETCH RATE VERSUS Z*/§

The same Tuffak stack used tor range measure-
ments was used to get a relation between the
reduced etch rate § and Z*/8. where § = V4V .
V' is etch rate along particle track: V; is bulk etch
rate; Z* is the effective charge of the incident
heavy nuclei (Ahlen. 1980: Piercc and Blann.
1968):

RV

7= 2l

) vy

where Z is atomic number of the incident nucleus
and (5 is its veloeity (in units of speed of light) as
determined by its residual range in the stack. In the
interval of Z*/f from ~105 to ~170, we selected 13
sheets of Tuffak for ectch rate measurements.
Etching was performed with the same conditions s
those in the range measurements. The ctching time
varied from 12.6 to 84 h so that the total length ot
the two cones of each Tuffak sheet (one per side)
equaled 90% of the path length of the U ion in
the sheet: this minimized relative track length
errors.

The track length was measured under 533 (oil) =
1) magnification of a Leitz Largeticld Metallo-
graphic Microscope (METALLOPLAN) with a
linear displacement transducer for accurate depth
measurement. The deviation of track length
measurements was found to be less than 0.4 um
in the interval of track lengths from 20 to 70 um.

The reduced etch rate § was calculated from the
track geometry using the formula (Fleischer er al..
1975)
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S = [sin{%[—arctan(%ﬁ)+arctan(g)]}]—l @)

where a, p and Q are shown in Fig. 2.
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F1G. 3. Relation of reduced etch rate $ to Z*/B in Tuifak.
Least square fit to two straight lines:

§=1+9.68 x 10°%Z*B)** (105 = Z*/B = 130)
S =1+ 269 x 107°(Z*/B)** (130 = Z*/f = 180).
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A plot of reduced etch rate S versus Z*/B is
shown in Fig. 3. Here we use two straight lines in
bi-logarithmic coordinates to fit the S data:
S=1+9.68 x 107%(Z*RB)** 105 =< Z*/f = 130

€)
$=1+2.69 x 107%(Z*/B)>* 130 = Z*/ =< 180.
4)
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4. REDUCED ETCH RATE VERSUS RESIDUAL
RANGE OF ¥y IN TUFFAK

From track length and residual measurements of
238U tracks in Tuffak, the relation between reduced
etch rate § and residual range R, of 2®U in Tuffak
can be obtained. The relation is shown in Fig. 4.
All 28U data which are below 955 MeV/u fall
approximately on a straight line in bi-logarithmic
coordinates. This line can be expressed by the
formula S = 42.2 Ry™*%.
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FIG. 4. Relations of reduced etch rate S to residual range
R, of **#U in Tuffak. Straight line is a least square fit to
measured date.

5. CHARGE RESOLUTION OF TUFFAK FOR
TRACK LENGTH MEASUREMENTS

In the track length measurements described in
Section 3, nine tracks of nine *®U ions were
followed through the stack. One of them suffered a
nuclear interaction midway through the stack. The
other eight ions’ values of reduced etch rate in each
sheet were used to calculate the standard deviation
o, of reduced etch rate for each sheet. The charge
resolution g, follows from

o,

o, = os/(SS/az) = W

()

where
a=19.68 x 107°, b = 4.45 for 105 = Z*/ < 130;
a=2.69x107% b =329 for 130 < Z*/B < 170;
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and Z = 92.

The calculated charge resolution of Tuffak ftor
23U ions is shown in Fig. 5. The average value of
charge resolution of Tuffak for U in the cnergy
region from 400 MeV/iu to 955 MeViu is about
0.89¢ for a single track length measurement. Below
400 MeV/u. the charge resolution has a larger
fluctuation. but the average value is still below
0.9¢.

6. CHARGE RESOLUTION OF TUFFAK FOR
TRACK DIAMETER MEASUREMENTS

Another stack of Tuffuk was perpendicularly
exposed to “*U ions of 962 MeV/u at the Bevalac
After etching in the same conditions as described in
Section 2. track diameters in the top sheet were
measured in reflected light with a Leitz Ortholux
microscope coupled to u Compumetric AMS-100
system. The width of the track diameter distribu-
tion is a measure of o,. from which the charge
resolution of 962 MeVru U in Tuffak is obtained.
being o. = 0.9¢ for single track diameter measure-
ment. almest the same value as we obtained from
single track length mcasurements. This datum is
shown as a square in Fig. 5.
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Fic. 3. Charge resotution of Tultuk as a tunction ot /)
of incident particles. “*U tracks were measured by both
track length method (A) and track diameter method (H).
La and its fragments were measured by track diameter

method (@)
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A third stack composed ot Tuffak. polyethylene
(to cnhance nuclear interaction fragment produc-
tion) and Pb (to increase ion slowing) was exposed
to 125 GeViu "La at the Bevalac. Several sheets
of Tuffak were then etched o the same solution
mentioned above for 239.8 h. The track diameters
from midstack were measured with the Compu-
metric system. A histogram of the track diameter
distribution s shown in Fig. 6. This distribution was
obtained by selecting 325 cones for measurement
on o single sheet surface. then following the tracks
through 2 uadditional surfaces and averaging the
diameters tfor cach ion; the fragments’ diameter
widths dimimsk as '\ # . where nis the numbci
of independent cone measurements for a given jon.
The peak on the right side of the histogram
corresponds to incident La tons, The others corres-
pond to fragments of La produced from nucicai
interactions with nuclei ot the detector stack. The
incident La peak 1 the histogram is reduced i
height relative te the
diameter cut was applicd during cone selection
the first surface to favor selection ot fragments (u
total ot 97). Tracks of parucles which interacted in
the region from the first o the Tast measured
surfaces were ehminated using the eriterion that the
track diamcter difference 0 between two conti-
suous cones be less than 24 um Lowering .4

other peaks because

N
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Fira. o, Track diameter distribution of refativistic La and

its fragments (4 track cone measurement). It A0 2 204

pm. the tracks were elimimated as interacted events, The
meaning of ) is described i the text
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improves charge resolution at the expense of
statistics.

The charge resolution of La and its fragments
was obtained from the peak widths and the
separation between the individual peaks. The
results are shown by solid circles in Fig. 5. The
average value of charge resolution of Tuffak for
52 = Z = 57 is about o, = 0.29e for a single track
diameter measurement. Thus, Tuffak has a very
good charge resolution for Z as low as 52, being
much better in this region than CR-39.

7. CHARGE RESOLUTION OF TUFFAK
INTERLEAVED WITH STRIPPING FOILS

As mentioned above, from a single track
diameter measurement a charge resolution of 0.9¢
can be achieved for ~1 GeV/u *®U. In order to get
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. Tuffak alone N
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FIG. 7. Improvement of charge resolution of Tuffak as
measuring n cones successively along the same trajectory
of #8U ions. For n > 1, the charge resolution of pure
Tuffak stack (top figure) is poorer than that of Cu-Tuffak
stack (bottom figure) which follows a factor of 1/V'n .
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better charge resolution, many successive track
cone diameters along the same *®U trajectory were
measured. (At relativistic energies, Z*/f values for
adjacent sheets are almost the same.) The charge
resolution obtained as a function of the number n
of successive track cone diameters measured is
shown in Fig. 7. This particular work has been
published previously, (Salamon et al., 1984) so we
restrict our discussion to a couple of salient
features: as seen in the figure, although o,
decreases as n increases for a pure Tuffak stack, it
does not fall as rapidly as 1)V n . Salamon et al.
(1984) have explained this as being due to the
statistics of electron capture and loss by the slowing
uranium ion; charge state correlations from sheet
to sheet destroy the statistical independence
required for a 1/V'n falloff in charge width.
Introduction of Cu stripper foils between each
Tuffak sheet restores statistical independence by
‘reshuffling’ the charge state distribution, and it is
seen in Fig. 7 that a charge resolution o, = (0.25¢
has been achieved for 1 GeV/u *®U ions in Tuffak
with n = 16 cone diameter measurements.

8. ANGULAR RESPONSE OF TUFFAK FOR
DIFFERENT INCIDENT ANGLES

Knowing the angular response of nuclear
detector is very important for detecting particle
sources with varying incidence angles. A fifth stack
of Tuffak was exposed to 955 MeV/u 2¥U beam at
four incident angles (a): ~0°, 15.6°, 31.9° and 48.0°.
After etching, track lengths of 9 ions for each angle
were measured, yielding an average reduced etch
rate § value for each angle. The resulting angular
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FIG. 8. Charge state fraction [+92e] and [+91e] of *®¥U
in Tuffak, Cu and Pb as a function of energy.
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response of Tuffak is shown in Fig. 10, and is fairly
isotropic from a = (° to at least o = 48.0°. This
property is important for studies of ultraheavy
cosmic rays since angular correction factors are
unnecessary.

9. SUMMARY

The study of charge resolution of Tuffak poly-
carbonate plastic shows that it is an excellent
detector for identification of relativistic nuclei of 50
= Z = 92. When identifying very heavy nuclei the
Mott cross section and relativistic Bloch correction
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FiG. 9. Electron capture and stripping interaction lengths
(in mm) of **%U in Tuffak, C, Cu, and Pb as a function of
energy.

must be employed in range and energy calculations.
Either track lengths or track diameters can be used
to scan heavy nuclear tracks; both methods can
achieve a charge resolution o, = 0.9e for relativistic
28U for a single track cone measurement. For
lighter nuclei around La, the charge resolution can
reach o, = 0.29¢ for a single track diameter
measurement. Stripping materials (Cu foils) inter-
leaved with Tuffak can improve the charge resolu-
tion by removing sheet to sheet charge stack
correlations, validating the 1/V'n law for relativ-
istic actinides. A charge resolution ¢. =< .25¢ for
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Fi1G. 10, Angular response ot Tuffak at ditterent incident
angles to 940 MeVia 2™ jons

relativistic U has thus been obtained. We are
sure that 0. = 0.1e is casy to reach in the region of
S0 = Z = 60,
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