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Abstract

We report the measurement of the thickness and composition of several "lms of actinide material used for measuring
photo"ssion cross sections in two experiments performed at the Saskatchewan Accelerator Laboratory (SAL) and at the
Thomas Je!erson National Accelerator Facility (JLab). We characterized "lms of 237Np, 232Th, 238U, 235U, and 233U.
The "lms had thicknesses of the order of 1 mg/cm2, and were deposited on aluminum foils 100 lm thick. By the activities
and the energy losses of the a-particles emitted by the "lms we were able to determine the composition of each "lm and to
measure its thickness with a precision of up to 2%. ( 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The photo"ssion cross sections for 237Np, 238U,
235U, 233U, and 232Th were measured from
60 MeV up to 4 GeV in two experiments performed
at SAL and JLab [1,2]. The targets used during the
experiments consisted of thick "lms of target ma-
terial deposited on aluminum foils. The composi-
tion and thickness of each target were not known

and had to be measured. We had 3 "lms of 237Np,
3 "lms of 238U, 3 "lms of 235U, 4 "lms of 233U, and
3 "lms of 232Th.

The main purpose of the experiments was to
determine the di!erences in "ssion probability
among actinide isotopes. Thus, it was very impor-
tant to know the thicknesses and composition of
the targets used during the experiments as accu-
rately as possible. By measuring carefully the a-
activities of the di!erent targets, their thicknesses
and composition were determined.

All the actinide isotopes used in the experiments
decay by emission of a-particles. Their energy
spectra, branching ratios, and half-lives are given in
Table 1 [3]. From this table one notes that the
spectra are discrete, and that usually there is a
unique energy at which most of the particles are
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Table 1
a-activities for actinide isotopes [3]

Isotope Half-life (years) a-particle groups

MeV %

232Th 1.405]1010 3.830 0.2
3.952 23
4.010 77

233U 1.529]105 4.729 1.6
4.783 13.2
4.825 84.4

235U 7.037]108 4.153 0.9
4.216 5.7
4.226 0.9
4.271 0.4
4.324 4.6
4.344 2
4.364 11
4.370 6
4.395 55
4.414 2.1
4.438 0.7
4.503 1.7
4.556 4.2
4.597 5.0

238U 4.468]109 4.039 0.23
4.147 23
4.196 77

237Np 2.140]106 4.640 6.18
4.665 3.32
4.707 1.0
4.766 8.0
4.772 25.0
4.788 47.0
4.804 1.6
4.817 2.5
4.873 2.6

emitted. As the particles emerge from the "lm they
lose a signi"cant amount of energy due to the
interaction with the surrounding matter, and as
a consequence the energy spectrum becomes a con-
tinuous distribution. If one accepts a-particles
emitted from the "lm only at angles near 903, the
energy losses are minimized and the high-energy
side of the distribution corresponds to the particles
emitted from the external surface of the "lm. These

particles experience negligible energy loss, and
most of them have the characteristic energy of
the isotope that produced them. Therefore, despite
the distortion of the energy spectra caused by the
energy losses, the various isotopes can be identi"ed
from the careful measurement of the high-energy
edges of the spectra. One must also bear in mind
that there are very few a-active isotopes
whose half-lives are long enough so that a signi"-
cant amount of them could remain in the samples
after a few years (our targets were more than two
years old); also, most of them are very rare in
nature.

For velocities above b+0.1 [4] the energy losses
experienced by a-particles in matter are well de-
scribed by the Bethe}Bloch formula. Below b+0.01
the theory of Lindhard [5] provides good
estimates. Unfortunately, in the velocity range
of the a-particles emitted as a result of radio-
active decay (b+0.04 to +0.08) the only way
to estimate the energy loss is by using stopping-
power tables based on the result of experimental
measurements [6]. As will be shown, we have used
the information from these tables to calculate the
relative widths of the energy spectra for di!erent
isotopes.

2. Experimental setup

The decay rates and energy spectra of the a-
particles emitted from the actinide targets were
measured at SAL by using a surface-barrier Si
detector. Fig. 1 shows the experimental setup. The
actinide targets were placed in the same holders
used for the photo"ssion experiments [7]. Two
collimators, one mounted close to the target and
the other one mounted close to the detector, re-
stricted the angles of the accepted a-particles and
also the area of the foil from which they were
emitted (the same area exposed to the photon
beam). The detector and the sample were placed
inside of a vacuum chamber. A turbomolecular
pump was used to reduce the pressure to less than
10~4 Torr. The signal from the surface-barrier de-
tector was ampli"ed and then split by a linear
fanout module. One of the output signals was fed to
a discriminator whose output signal was used as
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Fig. 1. Experimental setup for a-activity measurements.

Fig. 2. Energy spectra for calibration sources.

trigger and also as input to a scaler. The other
signal was used as input to an ADC module. The
data were read out using LUCID (the data acquisi-

tion software at SAL). The counting rate and the
energy spectrum for the a-particles were recorded
for each target foil.

3. Energy calibration

In order to get an energy calibration, the a-
activities for 210Po, 241Am, and 252Cf radioactive
sources were recorded. A special run with an empty
vacuum chamber was performed to measure
the background. From the results presented in
Fig. 2 and the expected a-particle energies listed in
Table 2, a straight line was "tted to the data, as
shown in Fig. 3, with the following results:

E
a
"A]Channel#B

where A"(9.307$0.367)]10~3 (MeV/Channel)
and B"!0.896$0.225 (MeV).
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Table 2
a-activities for calibration sources

Isotope Half-life a-particle groups

MeV %

210Po 138.376 days 5.304 100

241Am 432.7 years 5.322 0.1
5.388 1.4
5.443 12.8
5.486 85.2
5.512 0.2
5.544 0.3

252Cf 2.645 years 5.977 0.1
6.076 15.7
6.118 84.2

Fig. 3. Energy calibration "t.

With the use of this energy calibration, the lines
present in the background run were identi"ed as
coming from 224Ra, 220Rn, 223Ra, and 219Rn, that
emanate naturally from thorium and actinium.
These isotopes are present in nature, and are a com-
mon source of background in a-spectroscopy [8].

4. Counting-rate technique

The thickness of a target foil can be deter-
mined from its a activity by using the following

equation:

t"
4pn

AaX
(1)

where t is the target thickness (mg/cm2), n is the
number of detected particles per second (1/s), A is
the exposed area of the target (cm2), a is the isotope
a activity rate (1/mg s), and X is the detection solid
angle (sr).

The exposed area of the target is determined
from the geometry of the setup (see Fig. 1). The
isotope a-activity rate is determined from its
known half-life. The detection solid angle can be
determined easily due to the cylindrical symmetry
of the setup. The number of detected a-particles per
second is determined by integrating the part of the
ADC spectrum that corresponds to the isotope in
question, and dividing it by the livetime of the
data-acquisition system.

To be able to identify a particular isotope from the
ADC spectrum, a Monte-Carlo simulation was im-
plemented. This simulation reproduced the trajecto-
ries of the a-particles emitted from the target at
random locations and in random directions. The
energy losses experienced by the particles as they
traveled inside the "lm, the e!ect of the collimators,
and the resolution of the detector were also included.
The calculation also provided a value for the detec-
tion solid angle. The energy loss per unit length was
taken from the stopping-power tables of Ref. [6]. As
will be presented in the next sections, the agreement
between the data and the simulation was excellent.
The comparison of the results of the simulation and
the data for 241Am provided us with an estimated
energy resolution of 30 keV. With this level of accu-
racy we were able to identify the isotopes present in
the targets without any ambiguity.

4.1. The 237Np targets

In Fig. 4 the ADC spectrum for one of the 237Np
targets is compared with the result of the Monte-
Carlo simulation. The good agreement between the
high-energy edges of both distributions re#ects the
excellent energy calibration and resolution of the
measurement. The low-energy di!erences are ex-
plained as the result of inhomogeneity of the "lm.
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Fig. 4. Energy spectrum for 237Np. Fig. 5. Energy spectrum for 232Th.

3All the daughter isotopes of the thorium series are very
radioactive, and so are present in the energy spectrum for 232Th.
On the other hand, the "rst a-active daughters of the uranium,
actinium, and neptunium series have relatively long half lives
and therefore do not appear as noticeable contaminations to the
spectra.

(The simulation assumes a perfect "lm with sharp
boundaries with a thickness of 1 mg/cm2.) At ener-
gies above 4.9 MeV the presence of 238Pu was
observed. However, the energy spectrum of this
isotope does not overlap with the one for 237Np,
and the fraction present in the samples was esti-
mated to be less than 10~6. By using the counting-
rate technique, the target thicknesses were deter-
mined to be

t"0.94$0.02 (mg/cm2) (237Np-1)

t"0.99$0.02 (mg/cm2) (237Np-2)

t"0.93$0.02 (mg/cm2) (237Np-3).

4.2. The 232Th targets

In Fig. 5 the ADC spectrum for one of the 232Th
targets is compared with the expected spectrum for
pure 232Th. The contribution of 232Th is easily

identi"ed. The remaining distributions in the mea-
sured spectrum are the result of the a-decay of
230Th (less than 10~5%), the daughter isotopes of
the thorium series (228Th, 224Ra, 220Rn, 216Po,
212Bi, and 208Tl),3 and the background from 223Ra
and 219Rn.

By integrating the part of the ADC spectrum that
corresponds to 232Th the target thicknesses were
determined to be

t"1.25$0.02 (mg/cm2) (232Th-1)

t"1.23$0.02 (mg/cm2) (232Th-2)

t"1.23$0.02 (mg/cm2) (232Th-3).
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Fig. 6. Energy spectrum for a 238U target compared with the
expected spectrum for 238U.

Fig. 7. Energy spectrum for a 238U target compared with the
expected spectrum for 234U.

4.3. The 238U targets

The so-called 238U targets are actually NATU tar-
gets. Natural uranium consists of &99.28% 238U,
&0.71% 235U, and &0.005% 234U. From the
half-lives of these isotopes one can calculate the
expected number of a-particles emitted from 1 mg
of NATU, with the following results:

12.356 a/s from 238U

0.569 a/s from 235U

12.444 a/s from 234U.

These numbers are only approximate, because of
the uncertainty in the knowledge of the isotopic
abundances. However, one immediately notices
that, due to a coincidence of nature, the activity
from 238U is almost identical to that from 234U in
NATU. In Fig. 6 the ADC spectrum for one of the
targets is compared with the expected spectrum for

238U, and in Fig. 7 it is compared with the expected
spectrum for 234U. From these two "gures one
concludes that the target thickness is signi"cantly
larger than 1 mg/cm2, and this causes the spectra of
238U and 234U to overlap. This overlap explains
the shape of the measured ADC spectrum: the peak
on top of a pedestal corresponds to the overlap, in
which contributions from both the 238U and
234U add to give a higher yield.

In order to determine the thickness of the targets
one must disentangle from the ADC spectrum the
contribution of the 238U from that of the 234U and
correct for the contribution of 235U (which is much
smaller). To do this, the contribution of each iso-
tope to the spectrum was "tted using the following
empirical function:

f (E
a
)"

a
1
n

Marctan[a
2
(E

a
!a

3
)]

!arctan[a
4
(E

a
!a

5
)]N. (2)
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Fig. 8. Empirical "t to one of the 238U spectra.

4The energies of the a-particles emitted from 235U and
233U are higher than those from 232Th and lower than those
from 237Np; therefore this procedure should be considered as an
interpolation.

In Fig. 8 the result of one of the "ts is presented.
By integrating analytically the part that corres-
ponds to 238U, we were able to determine the
thickness of these "lms with the following results:

t"1.48$0.03 (mg/cm2) (238U-1)

t"1.61$0.03 (mg/cm2) (238U-2)

t"1.23$0.02 (mg/cm2) (238U-3).

5. Energy-loss technique

It was not possible to apply the counting-rate
technique to determine the thicknesses of the
235U and 233U targets. In the case of 235U, the
a-activity contribution of the 234U present in the
235U samples is of the order of 96%. Since the exact
value of that fraction is not well known, the thick-
ness of the 235U targets cannot be inferred
from their a-activities. In the case of 233U, it was
reported by the producer of the targets that an
unknown quantity of 238U was present in those
samples; therefore, by measuring the counting rate
of a-particles, one can determine the amount of
233U present, but not the thickness of the "lms (a
substantial amount of 238U could not be accounted
for).

To determine the thickness of these targets, one
associates the width of the ADC spectra with the
di!erence in energy loss of the a-particles emitted
from the outermost and innermost parts of the "lm.

This energy loss is related to the distance traveled
by the a-particle inside the "lm. Therefore, one can
establish a relation between the width of the ADC
spectrum and the thickness of the target. This rela-
tion depends on the amount of energy loss per unit
distance of a-particles in matter. The uncertainty in
the knowledge of these energy losses does not allow
one to obtain an accurate measurement of the tar-
get thickness unless one normalizes the results to
the already known thicknesses of the 232Th, 237Np,
and 238U targets.

By using the Monte-Carlo model for energy loss
mentioned previously, we obtained a function

f(E
a
, t)"P

t

0

dE

dX K
Ea

dX (MeV), (3)

that would enable us to compute the energy lost by
an a-particle with an initial energy E

a
after travel-

ing a distance t inside a "lm of a given isotope. The
normalization of this function was determined by
comparing the width of the ADC distributions for
the 232Th, 237Np, and 238U targets and their thick-
nesses (already measured using the counting-rate
technique).4 In order to determine the spectrum
widths in a consistent fashion, the function from
Eq. (2) was "tted to the ADC distributions (see
Fig. 9), and the widths were evaluated using the
following equation:

w"a
5
!a

3
(Channels). (4)

5.1. The 235U targets

In Fig. 10 the ADC spectrum for one of the
235U targets is compared with the expected spec-
trum for pure 235U, and in Fig. 11 it is compared
with the expected spectrum for 234U. As mentioned
previously the a-activity of 234U accounts for the
great majority of the detected particles. By using
the energy-loss technique described above, the
thicknesses of these targets were determined. Ac-
cording to the producer of these targets, they were
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Fig. 9. Empirical "t to the spectrum of one of the 235U foils.

Fig. 10. ADC spectrum for a 235U target compared with the
expected energy spectrum for 235U.

Fig. 11. ADC spectrum for a 235U target compared with the
expected energy spectrum for 234U.

composed of 90% 235U and 10% 238U. With
this information, and the results of the thick-
ness measurements, we obtained the following

results:

t
235

"0.893$0.031 (mg/cm2)

t
238

"0.101$0.010 (mg/cm2) (235U-1)

t
235

"0.930$0.033 (mg/cm2)

t
238

"0.105$0.010 (mg/cm2) (235U-2)

t
235

"1.066$0.037 (mg/cm2)

t
238

"0.120$0.010 (mg/cm2) (235U-3).

5.2. The 233U targets

In Fig. 12 the ADC spectrum for one of the
233U targets is compared with the expected energy
spectrum for 233U. By using the counting-rate tech-
nique one can determine the amount of 233U in the
targets, and by using the energy-loss technique one
can determine the thickness of the "lm. The di!er-
ence in the thickness determined by both methods
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Fig. 12. ADC spectrum for a 233U target compared with the
expected energy spectrum for 233U.

represents the amount of 238U present in the
sample. The results obtained in this way are

t
233

"0.620$0.022 (mg/cm2)

t
238

"0.217$0.008 (mg/cm2) (233U-1)

t
233

"0.645$0.023 (mg/cm2)

t
238

"0.235$0.008 (mg/cm2) (233U-2)

t
233

"0.566$0.020 (mg/cm2)

t
238

"0.215$0.008 (mg/cm2) (233U-3)

t
233

"0.581$0.020 (mg/cm2)

t
238

"0.208$0.008 (mg/cm2) (233U-4).

6. Isotope separation

In the case of the 233U and 235U targets, due to
the presence of a signi"cant amount of 238U, the

resulting photo"ssion cross sections were corrected
to account for target composition. By using the
measured photo"ssion cross section for 238U, the
contribution of this isotope to the yield of "ssion
events of the other targets was subtracted. The
photo"ssion cross sections presented in Refs. [1,2]
are the ones for the individual isotopes. Since the
amount of 238U present in the 235U and 233U tar-
gets is of the order of 10% in the case of 235U and
35% in the case of 233U, and the di!erence in
"ssion probability among uranium isotopes is of
the order of 10%, the e!ect of this correction is of
the order of 1% in the case of 235U and 3.5% in the
case of 233U.

7. Conclusions

By studying carefully the a-spectra and activities
of several thick actinide "lms we were able to ident-
ify the several isotopes present in the samples, and
to determine their abundances. We were also able
to measure the thicknesses of the "lms to the level
of accuracy necessary for photo"ssion experiments.
Despite the lack of knowledge about the "lms, and
even though they were very thick, the a-activity
spectra provided enough information for us to be
able to characterize them very well.
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