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Detection of fission and spallation-evaporation residues resulting from interaction of relativistic
protons with uranium, lead and gold targets in mica track detectors is investigated by the Monte
Carlo method and using experimental data available in literature. It is shown that the contribution of
spallation-evaporation residues to total track density is strongly dependent on target thickness and is
the least for thick targets. This contribution in the case of thick target materials with Z > 79 is less than
or is within the statistical uncertainty of a typical track density measurement. Although our results on
registration and detection of the spallation residues in mica are based on the interactions of uranium
and lead with protons at 1A GeV and gold with protons at 0.8A GeV, they are applicable to all targets
with Z>79 and for proton energies much higher than 1 GeV.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Interaction of relativistic protons (E, larger than a few hundred
MeV) with heavy target nuclei results in emission of many product
particles and ions. During the first stage of interaction the incident
proton interacts with individual nucleons in the target nucleus,
initiating a cascade of nucleon-nucleon collisions. This stage of the
interaction is referred to as the intranuclear cascade (INC) and
results in emission of nucleons, pions and some light ion from the
target nucleus. The post-INC excited residual nuclei de-excite by
evaporating light particles and/or fission. The reaction residues
produced in the interaction will be referred to as fission residues if
they have fission origin and spallation-evaporation residues if
they have non-fission origin. Combination of all of these interac-
tion stages together is referred to as spallation reaction.

We divide spallation-evaporation residues into two groups of
light spallation-evaporation residues (LSER) and heavy spallation—
evaporation residues (HSER). LSER mainly refer to light particles
emitted during the INC stage of the interaction and post-INC
evaporated particles. In general the HSER would be the partners of
the LSER if excited nuclei de-excite via binary decay.

Track detectors [1] have been widely used to record tracks of
charged nuclear particles and the products of spallation reaction is
no exception. These detectors are used in studies related to
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mechanisms and kinematics of spallation reactions as well as in
determination of reaction cross-sections at different projectile
energies and different target materials [2-7]. Mica is one of the
commonly used track detectors. Mica track detectors are also used
to record tracks of fission events induced by different projectiles to
obtain the fission rate in different target materials [8-10].

In studies relating to spallation reactions the registered tracks
(e.g. in mica) can have two origins; they are either due to
spallation-evaporation residues or due to fission fragments. It is
essential to know which group of reaction residues are recorded
and to what extent. This is the aim of the work described in
this paper.

In this paper we present and discuss the detection of reaction
products in interaction of protons with different target materials
using a mica detector. We will concentrate on three target
materials: uranium, lead and gold, for which detailed experi-
mental results are available in literature.

2. Monte Carlo calculations
2.1. Energy spectra of spallation residues

Monte Carlo calculations were performed using the MCNPX
2.7a code [11], with the INCL4 intranuclear cascade model [12]
and the ABLA fission-evaporation model [13] options. We inves-
tigated interactions of protons with target foils of U, Pb and Au.
Calculations were performed for thin and thick target foils.
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In this work we refer to a target as a thick target if

1. its thickness d is larger than the range of reaction products R in
the target material;

2. the thickness d is much less than inelastic interaction mean
free path of the incident ions in the target (d < A;;) and thus
the flux of the projectile ions does not decay noticeably via
inelastic interactions within the target;

3. the thickness d is much less than the range of incident ions in
target material and thus energy loss of incident ions by means
of electronic interactions is negligible.

The definition of thin target may vary from experiment to
experiment and in this work we impose only one restriction and
that is d <R. In this paper a foil of thickness 30 um will be
referred to as a thick target.

Fig. 1a shows the calculated energy spectra of ions (Z>2)
within the volume of thick targets of 223U, 2°8Pb and '°’Au when
they have been irradiated with 1 GeV protons.

Fig. 1b. shows the energy spectra of the ions that leak out of
thick target foils. In Figs. 1 and 2 and other energy spectra shown
in this paper, energy bins have a width of 0.5 MeV.

Fig. 2 shows the energy spectra of residue ions within the
volume of a thick natural uranium foil irradiated with protons of
energy 1, 1.5 and 5 GeV. Calculations were also performed for
10 GeV protons but the corresponding spectrum is not shown in
Fig. 2 to maintain the clarity and simplicity of the figure.

Fig. 3 shows the energy spectra of the ions produced in
interaction of 1 GeV protons with thick and thin (d=0.5 pm) "'U
targets. The ion spectra within the target volume and spectra of
the ions that leak out of the target foils are presented.

From Figs. 1-3 we make the following observations:

1. Obviously the spectra shown in Figs. 1-3 are affected by
energy loss of fragments within the target material. This is
quite obvious in Fig. 3, where ion spectra for two different
target thicknesses are presented.

2. The energy spectra of the residue ions do not change signifi-
cantly with the increasing proton energy from 1 to 10 GeV as
can be seen in Fig. 2 for energies up to 5 GeV. In the cases of
1 and 1.5 GeV protons the ion energy spectra are almost
identical; however spectra corresponding to 5 and 10 GeV
protons are slightly different. Table 1 gives the fluences of the
ions for energies less than and greater than 29 MeV as well as
the total fluence. At ~29 MeV the fluence of the ions at
different incident proton energies is about the same and thus
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this energy is used as a reference point. From Table 1 it can be
seen that the ion fluence integrated over all energies is almost
constant within the statistical uncertainties of the calculations
(< 2%). At energies less than 29 MeV the ion fluence slightly
increases with increasing proton energy. This increase is 3% for
5 GeV and 8% for 10 GeV protons as compared with the case of
E,=1 GeV.

From Fig. 2 and Table 1 we see that any conclusion obtained on
the registration of reaction products in mica at proton energy
of ~1 GeV is applicable to proton energies up to 10 GeV with
quite good accuracy.

3. The spectra of spallation-evaporation residues within the
volume of target foils (Figs. 1 and 3) extend to energies above
150 MeV especially in the cases of 5 and 10 GeV protons;
however their total fluence does not exceed 0.2% of the total
ion fluence.

4. From Fig. 3 it is evident that spectra of residue ions within the
target volume, as well as the leakage ions, are very different for
the cases of thick and thin targets. As tracks in mica are
produced by the ions that leak out of the target foil, the spectra
shown in Fig. 3b are more relevant to our studies in this paper.

We calculated the ion spectra both for "*U and 238U targets at
different incident proton energies and obtained identical results,
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Fig. 2. Calculated spectra of the ions resulting from the interaction of proton of

the energy 1, 1.5 and 5 GeV with natural uranium foil of thickness 30 pm within
the target volume.
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Fig. 1. Calculated energy spectra of ions with Z> 2 when thick target foils of 233U, 2°8Pb and '®’Au were irradiated with 1 GeV protons. (a) Energy spectra of the ions
within the volume of the target foils and (b) the energy spectra of the ions that leak out of thick target foils.
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Fig. 3. Calculated spectra of the ions produced in interaction of 1 GeV protons
with thick (d=30 pm) and thin (d=0.5 pm) uranium targets. (a) lons energy
distribution within the volume of the target and (b) ions that leak out of the target.

Table 1
Fluence of residues in the volume of a thick natural uranium target, per incident
proton.

Proton energy (GeV) @20y (€M ™2)  @=20) (€M™2)  Prorr (cm™2)

1 3.26E-5 2.49E-05 5.75E-5
1.5 3.27E-5 2.46E-05 5.73E-5
5 3.36E-5 2.33E-05 5.69E—5
10 3.52E-5 2.21E-05 5.73E-5
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suggesting that presence of about 0.7% 23°U in "*'U does not affect
the energy spectra of the product nuclei.

2.2. Mass and charge of the residues

Fig. 4 shows the mass and charge distributions of reaction
residues in interaction of 1.5 GeV protons with "U, "Pb and
197Au targets of thickness 30 pm, calculated using the MCNPX code.

For each distribution:

- The central peak is due to the fission residues.

- The data points beyond the minimum at the right-hand side of
the fission peaks (e.g. around Z ~70 for uranium target) are
mainly due to HSER. This is supported by the experimental
observations reported in [14-17].

- Light ions at the left-hand side of the fission peak are mainly
due to the LSER [18] (not all particles are shown in the plots).

From Fig. 4 it is evident that there are charge and mass regions
over which charge and mass distributions of the spallation-
evaporation and fission residues overlap. This is more pronounced
for the case of heavy residues.

3. Tracks of spallation-evaporation residues in mica
3.1. Registration threshold of mica detectors

Fleischer et al. [19] have shown that muscovite mica can
register tracks of 2°Ne at an energy of ~2 MeV. Katcoff and Hudis
[20] have set the detection threshold of mica at Z> 14 and
E > 8 MeV while Khan [5] has used a charge threshold of Z=16
for muscovite mica. It is also shown that 2°Ne ions of energy
~2 MeV could produce detectable tracks in biotite mica under
suitable etching and observation conditions [21]. Therefore we
conclude that the track registration threshold of mica is Z> 10.

3.2. Track detection threshold

For tracks that can be revealed by chemical etching, there is a
minimum detectable track size. Obviously such a track size
limitation is strongly dependent on the means of observation
and detection. The track size limit in this paper refers to track
analysis using an optical microscope with human operator (for
details see Ref. [22]).
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Fig. 4. Calculated charge and mass distribution of reaction residues in interactions of 1.5 GeV protons with thick targets of natural uranium, natural lead and gold.
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Fig. 5. Target-detector arrangement for the irradiations.

It is shown that in the case of mica a track depth limit of
0=1.63 pm is a suitable choice for detection threshold [22].

Moreover, in track detectors a charged particle track can be
revealed by chemical etching only if dip angle of the track with
respect to the detector surface is larger than a critical angle 6.. For
mica 0.=4.5° [22].

3.3. Track densities due to fission and spallation-evaporation
residues

The usual experimental setup is to prepare a sandwich of mica
and target material as shown in Fig. 5. The target material (e.g.
foil) is placed in close contact between two mica foils. The mica
detectors are referred to as downstream and upstream detectors
as shown in Fig. 5. The target material (T in Fig. 5) could be thin or
thick. The sandwich is then placed in the particle field of interest
(e.g. proton beam from an accelerator) for a given period of time.
The interaction of incident particles with target nuclei results in
production of energetic ions, some of which register in the mica
as tracks. The irradiated mica -detectors are then etched in
suitable etching conditions, the etched tracks are examined under
an optical microscope and the track densities are determined [22].
In this paper we will mainly consider the artificial mica (Flor-
ophlogopite) as the track detector, for which we have obtained a
calibration factor for fission-rate determination and have used it
extensively in our earlier experiments [8,10].

The track density in a track detector in close contact with a
thick or thin target foil of thickness d is given by the following
equations [22,23]:

p= %RSNUO'F, thick target;d > R (1)
n d .
p= 5 1- 3R deNyoF, thintarget;d <R 2)

where n is number of fragments emitted per reaction of interest, d
is thickness of target foil, R is range of fragments in the target
material, ¢ is an efficiency factor which includes the critical angle
effect [1] as well as the limitations imposed by the minimum
detectable track size and track observation conditions, N, is atom
density of target foil, o is reaction cross-section which is a
constant for the case of irradiations with mono-energetic particles
(protons) and F is time integrated incident particle fluence.

4. Registration and detection of spallation-evaporation
residues

The excited nuclei, left over from the intranuclear cascade stage
of the reaction, decay by emission of low Z nuclei in the process of
de-excitation. The charge range of these nuclei is target type
dependent and may vary with the incident particle type and energy.

As the charge detection threshold of mica is relevant to light
reaction residues only, we study the registerability of light and
heavy spallation-evaporation residues separately.

4.1. Light spallation-evaporation residues

Fig. 6 shows the calculated charge distribution of the interac-
tion residues that escape thick foils of U, Pb and Au on their
irradiation with 1 GeV protons. Similar to Fig. 4 the central peaks
are due to the fission fragments. From Fig. 6 it is evident that
almost all of the LSER (peaks at the left-hand side of the fission
peak) have charges Z<16 (the ion charge threshold used in
Ref. [5]). The LSER predominantly have charges less than 10.
These ions defiantly will not register in mica as etchable tracks.

Fig. 6 shows that, some of the ions in the range of Z=10-16 are
due to fission fragments. As already mentioned in Section 3.1 the
registration threshold of the mica is in the range of Z=10-16
[5,19-21]. From Fig. 6 the residues with charge in the range of
10-16 are 0.5%, 3.7% and 7% of the fission fragments for U, Pb and
Au targets, respectively. Therefore we conclude that the contribu-
tion of the LSER to total track density in the mica detectors will be
insignificant.

4.2. Heavy spallation-evaporation residues

In this section we discuss the contribution of HSER to the
recorded tracks in mica for three target materials, viz U, Pb and
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Fig. 6. Calculated charge distributions of the ions (fission fragments and spalla-
tion-evaporation residues) that escape the thick target foils of Au, Pb and U on
their irradiation with protons of 1 GeV. The charge yields are given as percentages
of total ions produced in a given interaction.
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Au. Using Eq. (1) the ratio of track densities due to fission to
that of the spallation-evaporation residues for a thick target is
given by

For a target which is thin for both fission fragments and HSER
(i.e. d <Rrand d <Ry), from Eq. (2) we have

Py (1—-d/2Ry) of &

p, ~2(=d/2R) 0 @
1-d/2R :
&-2&%& 3) Ps ( d/ s) Os Es
psReases For the case of d <R (Ryand R;) Eq. (4) becomes
i P ﬁ ~2 o5 )
where the subscripts f and s refer to fission fragments and heavy ~

spallation-evaporation residues, respectively. In obtaining Eq. (3)
we have assumed that all fission events are binary; thus ny=2. In
the case of heavy spallation-evaporation residues n;=1 was used
(only heavy spallation-evaporation residues will register if track
registration conditions as given is Sections 3.1 and 3.2 are
satisfied) and it was assumed that emission direction of the
spallation-evaporation residues does not depend on their mass
as reported in Refs. [2] and references therein. It is expected that
the mean registration-detection-efficiency for fission fragments
to be larger than that for the spallation-evaporation residues
i.e. (gfes) > 1.
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Fig. 7. Range of heavy spallation residues in the target material and the mica
detector. (a) HSER (Z=75-92) from 233U (1AGeV)+p reaction, data from Ref. [25].
(b) HSER (Z=61-82) from Pb (1AGeV)+p reaction, data from Ref. [26]. Range
calculations were performed using the SRIM code.

Table 2

Ps Os &s

We calculated the py/ p;s for thick and thin targets of U, Pb and
Au as described below.

4.2.1. Uranium target

In interaction of 238U and proton at 1A GeV the fission frag-
ments of Z=28 - 74 have kinetic energies in the range of 92.2 -
16.7 MeV [14,15]. The mean fission fragment has <(Z)» =44.9 + 0.1
and mean kinetic energy <Ex» =76 + 3 MeV and the most prob-
able fragment is '°’Rh [14]. Thus the range of the mean fission
fragment of uranium in metallic uranium foil is Rr=4.75 pm [24].

Mean kinetic energies of heavy HSER in the interaction of 233U
and proton at 1A GeV in the charge range of Z=75-92 occupy the
energy range of 8.34-0.19 MeV [25]. The range of these HSER in
U-foil and mica are shown in Fig. 7a. Maximum ranges of these
residues (corresponding to range of 8.34 MeV Re) in U-foil and
mica are 0.7 um and 1.68 pum, respectively.

The total reaction cross-section for the interaction of 228U with
protons at 1A GeV is 1.99 +0.17 b of which ;=153 £0.13 b is
due to fission process [14]. From Fig. 14 of [18] and cross-section
data given in Ref. [16] it is evident that total cross-section for the
production of HSER that may result in detectable tracks cannot
exceed 10 mb. Using these data and Eqgs. (3)-(5), the ratios of the
track density due to fission to track density due to the spallation-
evaporation residues (pys/ p,) were calculated as given in Table 2.
For the thin target d=0.5 pm was used.

4.2.2. Lead target

In interaction of protons with lead at 1A GeV the HSER have
masses in the range of A=141-207. The weighted mean kinetic
energies of HSER are in the range of 9.67-0.09 MeV [26]. In this
interaction the highest kinetic energy of the HSER is 11.12 MeV
corresponding to Pm isotopes (Z=61) and kinetic energy of the
residues decreases with increasing charge number to 0.45 MeV at
Z=82 [26].

The range of the HSER in metallic lead (the target material) is
in the range of 0.06-2 pm as shown in Fig. 7b. Thus only HSER
produced within a layer of thickness ~2 pm of Pb-foil can
contribute to the tracks in the detector.

Ranges of full-energy HSER in mica extend from 0.1to 3.2 pm
and calculations show that only HSER ions with Z < 67 can result
in tracks with the sizes above the detection threshold of the mica
detector (60=1.63 um [22]).

In the Pb+p reaction at 1A GeV the mean kinetic energy of
single fission fragments is in the range of 34.1 +2.2 MeV for
Z=58 and 67.4+ 1.1 MeV for Z=22. Using <E;> =64 MeV as the

Parameters used to calculate the ratio of track density due to fission to track density due to HSER. The py/p; values represent the lower limits. The cross-section values refer
to U+p and Pb+p at 1A GeV and Au+p at 0.8A GeV. For the thin target d=0.5 um was used. For details of ion range estimations refer to the text. For each target thickness,
the contribution of the HSER to total track density p,_ ps+ ps is given in percentages.

Target o (mb) s (mb) Ry (um) Rs (um) Thick foil Thin foil Very thin foil

Pips pslpd%) pips pslpd%) pilps pslpe (%)
8] 1530 10 4.75 0.7 2076 0.05 450 0.22 306 0.33
Pb 157 25.27 7.84 2 49 2.00 14 6.67 12 7.69
Au 74.2 25.77 4.44 1 26 3.57 7 12.50 6 14.29
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mean Kinetic energy of single fission fragment and <Z) ~40
and <{A) ~91 as the mean charge and mean mass number of
the mean fission fragment [26] one obtains a mean range of
R;=7.84 pm. For HSER we use R;=2 pm corresponding to the
most energetic heavy spallation-evaporation residue. The fission
cross-section for Pb+p at 1A GeV reaction is 6y=157 + 26 mb [26]
and for HSER we use (s> =25.27 mb as the cross-section for the
production of HSER with Z <67 [26]. Using these data the track
density ratios (py/ps) were calculated as given in Table 2.

4.2.3. Gold target

For the gold target we used the experimental results given
in Ref. [27] to obtain an estimate of (psps)au. In the reaction
of 0.8AGeV Au with protons, Z number of fission fragments
predominantly is in the range of 20-60, with the fissioning
nucleus being Z=75 and A=170 and the mean total kinetic
energy of fission fragments is 114 + 2 MeV [28]. In this reaction
the mean fission fragment has (A) ~ 85 and <(Z) ~ 37. We used
{Ex> =57 MeV as mean kinetic energy of the gold fission frag-
ments. This mean fission fragment has a range of Rr=4.44 um in
the gold foil.

The average kinetic energies of HSER are 0 < (E;» <9 MeV,
with Z=60 being the lowest Z-value of the HSER [27]. From the
charge and <E;)> values given in Fig 10 of Ref. [27] it becomes
clear that all HSER have ranges less than 0.95 pm in Au. This
implies that the mean range of HSER in gold foil is much less that
1 pm. Thus negligibly small number of HSER could escape Au-foil
and those that do escape will have dramatically degraded kinetic
energy and therefore their ranges in mica will be much less than
the detection threshold of =1.63 um.

For an extreme case we assume that all HSER enter the mica
with their energy undegraded. Then from Z-numbers and kinetic
energies of the ions [27] it becomes clear that only residues with Z
in the range of 60-66 can have ranges larger than the detection
threshold. Total production cross-section for fragments in this
charge range is 25.77 mb [27]. For fission cross-section of
(0.8A GeV Au+p) the value gy=74.2 mb from Ref. [29] was used
which is in agreement with the experimental findings of Ref. [28].
These data were used to calculate the track density ratios for thick
and thin gold targets as shown in Table 2.

It should be noted that the track density ratios (pg/ps) and (ps/p.)
given in Table 2 are the lowest and highest limits, respectively,
because

1. In Egs. (3)-(5), &fes=1 was used, while it is expected that
&> &s.

2. In the case of the Au target the range of the HSER in mica was
highly overestimated with the hypothetical assumption that
the HSER enter the mica detector without losing energy within
the gold foil.

5. Discussion and conclusions

Monte Carlo calculations of the interaction of protons with the
target materials (Z > 79) show that the overall energy spectrum of
the residue ions does not change significantly with increasing
energy of the protons (example of uranium target illustrated in
Fig. 2).

It is shown experimentally that in interactions of protons with
thick gold targets the mean kinetic energy of a given residue
(spallation-evaporation and fission residue) either decreases or
remains almost constant with increasing projectile proton energy
over the energy range of 1-300 GeV [2]. This is true for light
fragments (e.g. >*Na), medium mass nuclides (e.g. >**Mn), neutron
excess nuclei (e.g. '*Ru) and neutron deficient nuclei (e.g. '>'Ba).

In the case of medium mass nuclei such as 87Y the kinetic energy
is reduced by a factor of two when the incident proton energy
increases from 1 to 11.5 GeV [2]. The latter may imply that
charges and masses of the post-INC fissioning exited nuclei have
decreased significantly with increasing incident proton energy
from 1 to 11.5GeV and thus, the kinetic energies of fission
fragments are reduced [30].

A measure of the mean ranges of the fragments in the
interaction of protons of different energies with uranium shows
that mean range of the light products such as ?*Na increases to a
maximum at ~3 GeV and then decreases with increasing energy
of the incident protons [2,4]. Such an increase is ~20% when the
proton energy is increased from 0.7 to 3 GeV. However this effect
is not that obvious in the case of the gold target. Such a range
increase of LSER will not affect the conclusions of this paper
because majority of LSER will not be registered due to the
existence of charge threshold for registration of tracks in mica.

Thus although in the present paper the detectability of the
reaction residues are based on U+p and Pb+p at 1A GeV and
Au+p at 0.8A GeV, the conclusions remain valid for higher proton
energies.

It is shown that on exposure of a mica detector to spallation-
evaporation products resulting from interaction of relativistic
protons with metallic targets with Z>79 the contributions of
the tracks due to light and heavy spallation-evaporation residues
to total track density in the mica detectors (cf. Fig. 6 and Table 2)
are negligible.

In general, the contribution of HSER to total track density
in mica (p—psips) is the lowest for the case of thick targets
(Table 2). For this type of target the HSER share of total track
density is less than or within the typical statistical uncertainties
of track density measurements. The highest contribution of HSER
is in the case of very thin targets. Therefore it is obvious that for
the type of experiments in which the number of fission events has
prime importance, such as the case of fission rate measurements,
thick targets must be used.

Although results obtained and discussed in this work are based
on three target types, uranium, lead and gold, they can be
generalised to all target types with Z> 79. This is because of the
fact that the ratio ps/ ps strongly dependents on the cross-section
ratio oy/os which increases with increasing Z-number of the target
element.
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