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The energy loss of heavy ions in thin Mylar and nickel foils was measured accurately using fission
fragments from 23° Pu(n,,,, ), mass and energy separated by the Lohengrin separator at ILL. The de-
tection setup, placed at the focal plane of the Lohengrin separator enabled to measure precisely the
kinetic energy difference of selected fragments after passing through the sample. From these data, the
stopping powers in Mylar and nickel layers were extracted and compared to calculations. Whereas

large deviations are observed with SRIM-2013 for Mylar, fairly good agreements are obtained with
the semi-empirical approach of Knyazheva et al. and the calculations contained within the DPASS
database. In nickel, SRIM-2013 and Knyazheva model are in agreement with our data within about
10%, while large deviations are observed with DPASS. We used our data to provide updated parame-
ters for the Knyazheva model and rescale DPASS database for nickel and Mylar.

1. Introduction

The slowing down phenomena of heavy ions passing
through matter is a complex process which is difficult to
model accurately. Stopping power calculations are mainly
based on the effective charge and the velocity of the ions.
For heavy ions, screening effects modify the Coulomb po-
tential. In addition, both the charge and the velocity vary
along the path. While for elemental targets the problem is
already not simple, it becomes very complex for compound
targets. All these aspects and a lack of experimental data
probably explain the absence of a predictive stopping power
theory although it is requested in different fields (nuclear
physics, hadron therapy, dosimetry, ...)

In neutron-induced fission reactions, emitted fragments
have low kinetic energies (0.4 < E/A < 1.2 MeV/u for binary
fragments) and a wide range of nuclear charges (28 S Z <
64). These fragments can lose a large part of their energy in
thin material layers. Accurate energy loss estimates for such
heavy ions are needed in the context of the renewed inter-
est for multi-parameter fission experiments. Recently, new
spectrometers for neutron-induced fission have been devel-
oped [1, 2, 3, 4]. Most of them use emissive foils and/or
gaseous detectors to detect fission fragments and measure
their velocity and energy. The masses of the fragments are
then reconstructed by combining these two quantities. Typ-
ical experimental setups include several layers of thin foils
leading to significant energy loss which has to be known to
be corrected for.

In the Falstaff spectrometer [1] developed at CEA (Fran-
ce), the velocities of the two fragments are measured thanks
to two Mylar emissive foils (0.5 ym thick) combined with a
MWPC (MultiWire Proportional Counter). Ionization cham-
bers made up of Mylar entrance windows (0.9um) provide
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the kinetic energy information. The foreseen actinide targets
will be deposited on a nickel backing. It is then mandatory
to estimate precisely the energy loss in the different layers in
order to provide accurate information on the fission process.

There is few data on energy loss for slow heavy ions
[5, 6]. This is especially striking for compound material like
Mylar as it is shown in Fig. 3 of [5]. Some specific data
on fission fragments exists, e.g. [7]. They were obtained
using a spontaneous fission source and a "2-v, 1-E" spec-
trometer. However, the limited mass resolution gives rise to
beams composed of several masses and nuclear charges.

In the literature, as detailed later in section 2, available
models do not agree and do not always reproduce experi-
mental data. Differences between models could lead to large
discrepancies if they are applied to the mass calculation us-
ing A = 2E /v?. For example, a Cs fragment having a given
velocity and detected with an energy of 65 MeV after pass-
ing 0.5 um of Mylar will have its energy corrected by 3.8
MeV with LISE++ [8, 9] and by 5.4 MeV with Geant4-
EMZ [10]. It leads finally to a difference of 4 amu in the
mass calculation. For light fragments, the discrepancy leads
to differences around 1 amu.

The scarcity of experimental data and the unreliability
of models have motivated an experimental campaign at the
Lohengrin separator [11, 12] of the Institut Laue-Langevin
(France) to measure the energy loss of a large number of dif-
ferent fission fragments in thin Mylar and nickel foils. Such
type of experiment has already been performed successfully
in the past at Lohengrin to measure the energy loss of a small
set of fission fragments in carbon foil [13]. The objective of
the current campaign was to bring high precision data for
well selected fission fragments to be used to improve the
modelling of the energy loss in the entire region of interest
for fission fragments. Experimental data are compared with
some models available in the literature or transport codes as
Geant4.
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The paper is organized as follows. In section 2, some
energy loss models available in the literature are discussed.
The experiment is described in the section 3 and the analysis
detailed in section 4. Results and comparison with models
are shown in section 5.

2. Models and Data

Contrary to protons and alphas, where energy loss in ma-
terials is known in a wide energy range with a good preci-
sion, data on energy loss of heavy ions still suffer from an
important lack of precision. As an illustration, Fig. 1 shows
the energy loss of some fission fragments in a 0.5-ym Mylar
foil calculated with different codes (see figure for details).
One observes important discrepancies between the various
codes going from 15% for light fragments up to almost 50%
for heavy ions. The main reason for these discrepancies is
related to the increase in complexity needed to describe the
penetration of ions in matter with the increasing atomic num-
ber of the incoming ion [15].

From a qualitative point of view, one may distinguish
three main regimes to describe the energy loss of heavy ions
depending on their atomic number, Z; and speed v. At low
speed, i.e. below the Bohr velocity v, = ac, where a de-
notes the fine-structure constant and c the speed of light, the
electronic stopping power is expected to be proportional to
the speed of the incoming ion as depicted by the LSS the-
ory [16]. In the opposite direction, for high velocities, i.e
for 2Z,vy/v S 1 according to the Bohr criterion, the Born
approximation is valid, and so the Bethe-Bloch formalism
[17, 18] is well suited to describe the stopping power. In the
intermediate region, corresponding to the region of interest
for fission-fragment energy loss, a good starting point is the
Bohr formalism [15, 19] based on the classical orbitals. In
this energy domain, close or below the Bragg peak, one also
has to consider the screening effect that is expected to be sig-
Fligl;:am below the Thomas-Fermi velocity, vy = vyZ 12/ 3

Based on these ideas, Knyazheva et al. [7] have devel-
oped a phenomenological model devoted to describe fission
fragment stopping power in some specific materials. The
model is based on a polynomial expansion of the Bohr stop-
ping number, L, and an equilibrium ion charge state, Z,
derived from the standard Thomas-Fermi charge:

Z ll—exp —v ] (1)

A
Uoz]

Zl =

where A is an adjustable parameter (A = 2/3 for the stan-
dard Thomas-Fermi case). The parameters of these mod-
els have been tuned to reproduce the energy loss of fission
fragments emitted in spontaneous fission of 22Cf and de-
tected with a "2-v, 1-E" spectrometer giving a mass resolu-
tion slightly better than 2 a.m.u. and a +2.5 MeV energy
resolution. This allows to have a very precise modelling of
the stopping power but limited to a narrow energy region,
for selected materials and for incident ions ranging typically
from34 5 Z| < 64.

6
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Figure 1: Energy loss of various fission fragments (3Ge, *Kr,
107¢ and Ry at 100 MeV; '2°Cd and 39Sn at 80 MeV: 40Cs
at 70 MeV, °Ce at 60 MeV) in a 0.5 um thin Mylar foil
according to SRIM-2013 [14] (denoted TRIM), GEANT-4.10
EMZ [10], LISE++ [8, 9] and Knyazheva et al. [7] prescription.

Also starting from the Bohr classical model or its low en-
ergy extension [20], Sigmund and Schinner [21] have devel-
oped the “Binary theory of electronic stopping”. This the-
ory was used for the ICRU73 report [22] for incident ions up
to Ar. More recently calculation were performed for ion up
to uranium on any elemental target ranging from hydrogen
to uranium [23] and provide as the freely available DPASS
database [24]. The database can cover energies per nucleon
ranging from 1 keV/u to 1 GeV/u in a fully consistent man-
ner, and so is at the state of the art in the treatment of all
phenomena to consider to cover the broad range both in Z
(of the incident ion and of the target) and energy. In our re-
gion of interest and in the case of compound materials the
Bragg rule can be applied since valence structure effects are
strongly reduced when screened ions are employed as in case
of fission fragments [25].

Few programs allow to compute energy loss of any ion in
any material in a broad energy range [26]. The most popular
program nowadays is certainly SRIM-2013 [14]. SRIM is
initially based on the Bethe-Bloch formalism and suited for
high energy. It was extended in a semi phenomenological
way along the years to cover all possible combinations, but
leads sometimes to some inconsistencies [6]. To account for
charge screening SRIM is relying on the Brandt and Kita-
gawa theory [27, 28].

Other programs are available to estimate energy loss for a
wide range of ion-target combinations. The two other codes
considered in this study are LISE++ [8, 9] and ATIMA [29].
Nevertheless below 10 MeV/u, our region of interest, both
codes are based on a former version of SRIM [30, 31], and
then no significant deviation with the actual SRIM version
is expected, as shown in Fig 1.

Monte-Carlo simulation is a key ingredient in many nu-
clear experiments. For that purpose, one commonly uses the
Geant4 toolkit [10]. In our region of interest (ion of energy
below 2 MeV/u) two main models are available for the ion
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energy loss. The “default” model called G4BragglonModel
is based on He stopping given by the ICRU49 [32] report,
scaled to any ion by using the effective charge concept de-
veloped by Ziegler and Manoyan [28] based on the Brandt
and Kitagawa theory [27]. An alternate model called G4lon-
ParametrisedLossModel [33] is based on the ICRU73 report
[22] for incident ions up to Ar. For ions heavier than Ar, as
in fission fragments, a scaling is applied to the Ar stopping
power based on the standard Thomas-Fermi charge. The
scaling factor is given by:

1 —exp—5~ .
1 00212/3
Z4r 1 —exp —2 @
Ar P U()Zi?

with Z 4, = 18. Results of this scaling applied to specific
fission fragments are also shown in Fig. 1 with the label
EMZ.

Finally since the determination of our sample thickness
for this experiment is crucial and based on « energy loss,
we made a comparison of various codes and tables around
1.5 MeV/u. Results are shown in Fig. 2 together with main
energy peak positions of the triple-a source used to deter-
mine the sample thicknesses. For Mylar samples, most of the
codes and tables are in agreement within 1% in this region
except the Astar table [34] (aka ICRU49 [32]) that lies about
3% below the other codes/tables. The thickness determina-
tion shown hereafter was performed using the SRIM-2013
[14] code.
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Figure 2: a stopping power in Mylar around 1.5 MeV/u given
by various codes (LISE++ based on SRIM [9], LISE++ based
on ATIMA [29], SRIM-2013 [14]) and tables (DPASS [24]
based on PASS [23], Astar [34] based on ICRU49 [32]). Ar-
rows indicate the main energy peak of the triple-a source used
in this study.

3. Experiment

The experiment was performed at the high-flux reactor
of Institut Laue Langevin (ILL) using the Lohengrin separa-
tor to select fission fragments according to their mass, ionic
charge and kinetic energy [35]. The general procedure was

to measure the kinetic energies of selected fission fragments
with and without thin foils of Mylar and nickel placed at the
exit of Lohengrin. Moreover, samples were characterized
separately, at CEA Saclay, using a triple alpha source and a
dedicated set-up. The experimental details are given in the
following.

3.1. Sample thickness measurement

Measurements of sample thicknesses were performed us-
ing the alpha transmission method with a triple alpha source
of 2Py, 2! Am and 2**Cm. Kinetic energies of alpha par-
ticles were measured with and without sample using a PIPS
detector having an energy resolution of 15 keV and placed
behind the sample (Fig. 3). Samples were placed on a trol-
ley which moved perpendicularly to the source-detector axis
allowing to place correctly the sample and to measure thick-
ness variations from one end of the sample to the other. The
reaction chamber was kept at a pressure below 10~ mbar.

Different positions without samples (before, between and
after the samples) were used to calibrate the detector. It has
been checked that results are similar for different points on a
sample. Then the statistics was summed over all points. For
the Mylar samples, the different alpha measurements over
the sample lead to an uncertainty of 0.5 % around the mean
value of the energy loss. We therefore add a corresponding
uncertainty related to the sample thickness inhomogeneity.
For the nickel sample, since all the area of the sample was
irradiated during the experiment, no additional uncertainty
related to sample thickness inhomogeneity was added.

Figure 3: Sample characterisation setup. Four samples are
moved horizontally between the triple alpha source and the
PIPS detector.

Figure 4 shows a spectrum obtained without sample (emp-
ty histogram) and a spectrum associated to the 0.5 pym-thick
Mylar sample (grey histogram). The two main contributions
for each actinide are clearly seen. All distributions without
samples were fitted separately with Gaussian functions to
obtain the mean channel value of each peak. A linear en-
ergy calibration of the detector was obtained by fitting the
energy values of the alphas for 2°Pu, > Am and 2**Cm
(from [36, 37, 38]) as a function of these channel values. In
the same way, distributions obtained with Mylar foils were
also fitted with Gaussian functions and converted into en-
ergy using the energy calibration. For 2*°Pu, the two main
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Figure 4: Alpha energy distributions without sample (empty
histograms) and with sample (grey histograms).

contributions are close (5156.59 keV and 5144.3 keV) and
the statistics is lower. It lead us to use only 2*! Am and 2**Cm
main peaks in order to avoid to increase artificially the thick-
ness uncertainty.

The energy difference between results with and with-
out samples was then calculated and associated to a Mylar
(nickel) thickness via SRIM 2013 calculations using a den-
sity value of 1.397 g/cm? (8.896 g/cm?). An uncertainty of
0.4% was added quadratically to the obtained thickness un-
certainty to account for a possible misalignment of the foil
in the setup by +5°. In Table 1 averaged thicknesses cal-
culated with the ?*! Am and 2**Cm main contributions are
listed with their uncertainty value for the three samples.

No uncertainty was quoted in the SRIM 2013 calcula-
tion. Therefore, its alpha stopping power was taken as a ref-
erence for the presentation of our results in section 4.5.

Table 1
Measured averaged thicknesses for Mylar and nickel samples.

Samples  <Thickness> [nm]  Uncertainty [nm]
A (Mylar) 520.7 3.8
B (Mylar) 753.6 5.3
C (Nickel) 259.1 1.2

3.2. Ion selection with Lohengrin

Lohengrin is a mass separator with a direct view to an
actinide target placed close to the core of the reactor, where
the flux of thermal neutrons is about 5 104 n s~lem=2 [11].
Here, a highly enriched 23°Pu target (300 pg/cm? and 70 x
7 mm? large) was used and it was covered with a 0.25 um-
thick Ni foil to reduce sputtering losses [39]. At the time of
the experiment this target had already been exposed to the
neutron flux for over five weeks, which leads to some redis-
tribution of target material by sputtering and thermal diffu-
sion into the backing and cover foil [39] as well as laterally.
The additional energy loss of fission fragments emitted from
deeper layers of the target backing leads to kinetic energies
that are unusually low for fission fragments. For the present

experiment such a broadening of the natural kinetic energy
distribution of fission fragments is beneficial as it allows se-
lecting ions over a wider energy range with the Lohengrin
spectrometer.

Neutron induced fission of 23°Pu produces mostly two
fragments that are emitted in opposite directions, a heavy
fragment with a mass number around 140 and a light frag-
ment with mass around 100. The energy of the light frag-
ment peaks around 105 MeV while the energy of the heavy
fragment depends more strongly on its mass and ranges be-
tween about 50 and 80 MeV [40]. At Lohengrin, the com-
bination of magnetic and electrostatic fields allows the se-
lection of the fragments according to their mass over ionic
charge (A/q) and to their kinetic energy over ionic charge
(E/q) ratios. The ionic charge of the fragments mainly results
from the passage of the fragments in the Ni foil that covers
the actinide target. The ionic-charge distribution is therefore
usually about Gaussian and ranges from about 17+ to 25+.
For some fragments, however, the distribution is strongly
deformed and can reach 304. It is due to the presence of
nanosecond isomeric states in the de-excitation cascade that
decay in the path between the target and the spectrometer
by the ejection of an electron and finally lead to the emis-
sion of several electrons in the reorganisation of the atomic
shell [41, 42]. Only few nuclides have such nanosecond iso-
meric states and setting the spectrometer to a particularly
high ionic charge state allows to produce a quasi isotopically
pure beam.

The beam at the exit of Lohengrin is often composed
of several masses; they correspond to the different possible
ionic charges leading to the same or very similar A/q ratio
and they can be distinguished by their kinetic energy. Fig-
ure 5 shows the spectrum measured in a PIPS detector at the
exit of Lohengrin when the Lohengrin parameters were set
to A/q = 100/20 and E/q = 100/20 MeV. The beam is mainly
composed of 6 masses (85, 90, 95, 100, 105 and 110) cor-
responding respectively to the ionic charge (17, 18, 19, 20,
21 and 22) and energy (85, 90, 95, 100, 105 and 110) MeV.
All 6 masses can be used to study the energy loss in a sin-
gle measurement. Another example is shown in Fig. 6 with
Lohengrin parameters set to A/q = 136/21 and E/q = 65/21
MeV. In this case, only mass 136 is useful (A/q = 136/21 =
6 is an integer). The other visible peaks (with non-integer
ratio for A/q) correspond to fragments emitted from the lat-
erally extended fission source (due to sputtering, cf. above)
that exit the spectrometer slightly off-axis. The collimator is
large enough to let a residual part of them reaching the de-
tector. Their energy is not well defined and we do not use
them for energy loss measurements. However, these con-
tamination peaks must be identified and fitted in the analysis
in order to evaluate correctly the position of the main peaks,
which are used for the energy loss measurement.

Mass and energy resolutions of the separator depends on
the target size, the exit collimator and the detector size. In
the energy-loss campaign configuration, the mass resolution
is estimated to about 0.5% and the energy resolution to about
1%. The uncertainty on the (mean) energy of the beam can
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Figure 5: Measured spectrum for Lohengrin parameters set to
A/q = 100/20 and E/Q = 100/20. The beam is composed of
masses 85, 90, 95, 100, 105 and 110. See text for details.

=
350

300
250

200

Counts

150

100

50

‘\H\‘\H\‘\H\‘HH‘HH‘HH‘H\WHH

Lo ity

1500 1600 1700 1800 1900 2000
ADC channel

Figure 6: Measured spectrum for Lohengrin parameters set to
A/q = 136/21 and E/q = 65/21. The beam is composed of
masses 136 and 149 and contaminated by mass 129,130 and
142,143.

be decomposed into a systematic uncertainty (linked to the
absolute energy calibration), expected to be better than 0.2%
and a reproducibility uncertainty, that we estimated to about
0.01%.

Since there is no separation in atomic number (Z), a mass
peak is composed of different nuclei. The exact beam com-
position depends on the fission yields and usually, the fis-
sion process produces two or three major Z per mass. As ex-
plained above, it is however possible, in some rare cases, to
produce a quasi pure beam thanks to the selection of a high
ionic charge. This was applied to obtain a beam of 4°Cs
using Lohengrin parameters set to A/q = 140/30 and '#4Cs
using A/q = 144/27.

3.3. Energy loss measurement set-up

The detection system for the energy loss measurement is
similar to the system described in the sample characteriza-
tion section. A target holder with three samples and a hole
(reference for calibration) moved perpendicularly to the frag-
ment beam (Fig. 7). A PIPS detector (area of 450 mm?, en-

ergy resolution of 18 keV for alphas) was placed behind the
target holder. The setup was installed at the straight exit of
the LOHENGRIN spectrometer. The sample and the PIPS
detector were placed slightly off-center, by about 16 mm, of
the spectrometer exit. It results in a shift of the mean energy
of the fragments on the detector by about -0.175 % that was
taken into account in the analysis process.

Fragment beam

PIPS detector~

Figure 7: Schematic drawing of the sample-detection system.

3.4. Experimental Procedure

The experimental procedure consisted of alternative mea-
surements without and with the sample in the beam for a
given A/q setting of the spectrometer in order to obtain a
precise calibration of the detector before measuring the en-
ergy losses in the sample.

Table 2
Lohengrin settings used for the experiment. Samples A, B and
C referred to Table 1.

Masses I(E'\r;lee:%es Icc;r:rcges Samples
100 70-107 20 A,B,C
130-133 65-75 20 A
134-135, 137-139 65-75 21 A

136 60-75 21 AB,C
140 50-85 20 AB,C
140 55-75 30 AB
144 50-65 22 AB
144 50-65 27 A
141-143,145-147 65-75 22 A

149 45-60 20 C

100 90,100 19-26 A

136 70 20-26 A

For light fragments the Lohengrin setting A/q=100/20
allowed measuring energy losses for six masses (85, 90, 95,
100, 105 and 110) at once as explained in subsection 3.2.
For heavy fragments, the ionic charge was selected in order
to optimize the desired mass intensity (or signal-to-noise) in
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the beam with respect to contaminants. In addition, for mass
140 and 144 we performed energy loss measurements at a
large ionic charge to obtain pure beams of “°Cs and '#4Cs
respectively. Table 2 details Lohengrin settings (masses, en-
ergies and ionic charges) used for each sample.

In addition to the energy scans described above, a spe-
cial attention has been paid to the effect of the ionic charge on
the energy loss for both light and heavy fragments. We mea-
sured the energy losses in Mylar for A=100 at E=90 MeV
and at E=100 MeV, with the ionic charge scanned between
19 and 26. The same study was then performed in Mylar for
A=136 at E=70 MeV with the ionic charge scanned between
20 and 26.

To avoid too frequent sample changes, which in our setup
had to be achieved by moving manually the target holder in
front of the beam, the experimental procedure was finally
adapted to calibrate the detector for several masses with no
sample in the beam before measuring the energy losses for
them with a sample in the beam. The energy stability of the
detector was monitored by measuring the peak position for
some reference masses (mainly mass 136) periodically.

4. Data analysis

The large data set motivated the development of a soft-
ware called PARZIVAL to handle the whole analysis pro-
cess from the automatic fitting of all the spectra to the cal-
culation of stopping powers. The first subsection explains
our methodology for the calculation of the energy loss. The
second one describes detector instabilities and explains their
handling. The third and fourth ones detail the analysis pro-
cess related to detector calibration and energy loss calcu-
lation. The fifth subsection explains our method to obtain
more precisely stopping powers from energy losses.

4.1. Methodology

It is well known that the energy calibration of PIPS de-
tectors varies with the mass of detected ions [43]. The main
idea in this experiment was therefore to alternate an energy
calibration of the detector (with the sample out of the beam)
and energy loss measurements (with the sample in the beam)
for the different selected masses.

For a given mass A, the calibration of the detector is ex-
pected to be linear in energy. The calibration analysis, de-
tailed in subsection 4.3, consisted in fitting the peak posi-
tions (X) observed in the detector spectrum for few beam
energies defined by the Lohengrin spectrometer (E;). For
all measured masses, such local calibration was found com-
patible with a linear interpolation in the small range of mea-
sured energies:

X=ay+p,xEp 3)

and indeed both parameters a, and f, were found to vary
significantly with mass.

Energy losses in a sample were then measured at the
same or another set of Lohengrin energies E 'L The residual
beam energy after the foil, Eg, is measured at peak position

X in the detector spectrum. The energy calibration of the
PIPS detector is expected to be still valid :

XR=aA+ﬂA*ER (4)
The energy loss is thus calculated from :

AE = E| — Eg
Xp—a
=g, - £ 4 )
Ba
The uncertainty on the energy loss, SAE is calculated
from:
0X oa
(BAE) =(BE} ) +(—5) +(=2)°
Ba Pa
0P4 \2
+((Xg—ag) —=)
Ba

(6)

Xp—ay
— cov(ay, fy)
A

+2

where 6 X is the uncertainty on the peak position, éa 4 and
6fp the uncertainties on the two calibration parameters and
cov(ay, p4) the covariance between the two calibration pa-
rameters. 5E’L denotes the reproducibility part of the un-
certainty on the beam energy. Indeed, any global systematic
uncertainty on the calibration of the Lohengrin spectrometer
would affect in the same way the calibration and the mea-
surement with sample and would cancel in Eq. 5. The re-
producibility part, §E’ , already quoted to about 0.01% of
E’L in subsection 3.2, is negligible compared to the other
uncertainties.

4.2. Detector stability

The detector response was monitored in order to detect
and correct for possible drifts in detector gain with time. In-
deed, as explained above, several hours could separate the
measurement of the energy loss in a sample at a specific mass
and energy, from the detector calibration at this mass with no
sample in the beam.

Within an hour, no significant drift could be identified
above statistical uncertainties. For larger periods, a drift in
the peak positions was observed, compatible with a detec-
tor gain drift. Indeed, we found that the position of all the
peaks at some measurement time could be related to their
position at another measurement time by a unique param-
eter that does not depend on the associated peak energy:
X, = R(ty, 1)) X,.

The evolution of the gain drift R(¢) during the whole
measurement campaign, with respect to the start of the cam-
paign, is plotted in Fig. 8. The drift is rather linear with
time and the evolution can approximately be fitted by R(?) =
1 — At with A = 8.27(20) 103 h~!. The fit is not very good
(y? /NDF = 5) and one can see some data around t = 190
h that differ up to 0.15 % from the fit, which cannot be ex-
plained by their uncertainties. In order to account for this
imperfect description of the drift, we added a 0.15% relative
uncertainty to the corrected peak position. This systematic
uncertainty is plotted as dashed lines on Fig. 8.
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Figure 8: Gain drift of the PIPS detector during the experi-
mental campaign. See text for details.

4.3. Detector energy calibration

In principle, identification of the different peaks in the
calibration data is simple because the beam is composed of
few masses defined by the spectrometer parameters. Their
intensity can approximately be estimated from fission yields
and the detector calibration changes slightly with mass.

On the other hand, for an automatic fit processing, it is
mandatory to have a fairly precise initial value for all the
peak positions to fit them successfully in a spectrum, espe-
cially when they are very close like in Fig. 6.

It was solved by using a mass and energy dependent cal-
ibration, inspired from the one proposed by Schmitt et al.

([43D):
X=(1-cAay+(—dA)py E, )

The parameters of this global model (c.d, g, f;) were ad-
justed in an iterative way on a large set of calibration data.
The precision of this model was found accurate to about
0.2 % once the appropriate correction is applied to compen-
sate for the detector drift (see previous section).

The automatic fit process itself consists in fitting the use-
ful portion of the spectrum as a sum of asymmetric Gaus-
sians. The initial values of the peak positions are obtained
from Eq. 7 using the known composition of the Lohengrin
beam (mass and energy of the fragments). The result is a
set of more precise peak positions, which may be used to
improve the global model (Eq. 7) once again.

Local calibrations (Eq. 3) were expected to be more ac-
curate than the global one (Eq. 7). Calibration data were
used to fit the sets of parameters (a4, fig) for every masses
we measured. Figure 9 shows the local calibration results
for mass 95, 105, 130 and 142. They were indeed found ac-
curate to better than 0.1 % as shown on the bottom part of
the figure. This is why we used the global calibration to set
the initial values of the peak positions only and we preferred
local calibrations for the estimation of energy losses (Eq. 5)

To account for fits with y2/NDF larger than 1, we ap-
plied the usual technique consisting in multiplying the fitted

parameter uncertainties and covariances by the square root
of the y%/NDF.

3500
F =
30007 e~
T r /
£ 2500
f: E /& —*—mass 95
X L
2000 / —=— mass 105
r //// —+— mass 130
150074 —*—mass 142
0.3 %
S o02F
8 01 .
& OF it " caty
g % t ] 3
S -0
¢ -0.2F
-0.3F
T80 70 80 90 100 110 _

Energy (MeV)

Figure 9: Top: calibration data of the PIPS detector for mass
95, 105, 130 and 142. Bottom: relative difference between
calibration data and their fitted values, (X — X )/ X, in
percents.

4.4. Energy loss analysis

The analysis of the spectra measured when the sample
is placed in the beam is similar to the one for calibration
data and, in particular, all peaks are fitted using asymmetric
Gaussians. The main difference is that the process should
account for energy loss in the sample to estimate the initial
position of the peaks in the spectra. Figure 10 illustrates that
point on the energy loss of mass 140. The beam in that case
is composed mainly of masses 133, 140 and 147. Stopping
powers increase with mass, thus the 140 peak shifts more to
low energy than the 133 one. This explains why peaks get
closer when the sample is placed in the beam. We use SRIM
tables to have a first estimate of the energy loss and of the
peak position in the automatic fitting process. Since the area
of the peaks does not change when the sample is placed in the
beam, except for a common reduction explained by the fact
that part of the beam is intercepted by the sample support,
there is no doubt on peak attribution.

4.5. Stopping power determination
In the literature, the conversion from energy loss to stop-
ping power is usually expressed by:
- E,-E
-1 d_E( Ery =2 "1 8)
p dx pL
with E,, E, the energy of the beam before and after respec-
tively crossing the sample thickness L, and E* sometimes
setto Ey or to (Ey + E;)/2.
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Figure 10: PIPS detector spectra for Lohengrin parameters set
to A/q =140/20 and E/q = 65/20. Top : no sample, Bottom:
sample B in the beam. The acquisition time was identical for
both measurements.

Here, and because our uncertainties were low enough to
distinguish such differences, we used a more accurate con-
version with the assumption that stopping power is linear
over the small energy range between E and E;. In that case,
the solution of the differential equation

—%(E):a E+b )

is:

B (e—ax _ 1) dE
E(0) = Ey+ —— <_E(E°)> (10)
then
Ey—E; 1-e [ dE
L alL <_E(E°)) (in

In the analysis process, we estimate parameter a by fitting
the slope of the variation of the experimental AE/L with
energy. Finally, the mass stopping power is, using our pre-
vious notations (Ey = E;, E; = Egand E; — E; = AE):

—1dE al. AE
——(Ep)= — 12
de( L) el oL (12)
The thickness correction factor Cf = 1ot is not neg-

ligible in our data since it was found to range between 0.96
and 1 depending on the mass and sample thickness. The rel-
ative uncertainty on Cf ranges between 0.2 and 1 %. It was
taken into account for the calculation of the stopping powers.

In the same way as for the sample thickness determina-
tion in 3.1, an uncertainty of 0.4% was added quadratically
to the thickness uncertainty quoted in Table 1 to account for
a possible misalignment of the foil in the beam by +5°.

Figure 11 shows the energy loss and the resulting stop-
ping power for mass 140 in the two Mylar samples, A and
B. In that case, mass 140 was mainly composed of 140xe
and 40Ba (respectively 65% and 35%). The correction factor
was estimated from the slope of energy loss data to 0.981(7)
in sample A and 0.972(7) in sample B. Stopping powers ob-
tained from the two different samples match very well within
their uncertainties.

- -~ Sample A
8— = Sample B
r o
< 7= ]
L =
=3
w 6
< | -
5— ] @
. o
a4—
75—
£ b %
£
o L
>
[}
2 65—
=
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60—
— n n n | 1

P S R
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Energy (MeV)
Figure 11: Top: energy losses obtained for fragments with

mass 140 in the two Mylar samples as a function of energy.
Bottom: corresponding calculated stopping powers.

5. Results and Discussion

5.1. Dependency with ionic charge

It is known that the energy loss of fragments depends
on their charge state. However this charge state is supposed
to reach an equilibrium value rapidly when fragments cross
matter [44]. An ETACHA [45] calculation in LISE++ [8, 9]
with a carbon target (Mylar not available in this code) and a
bromium projectile of 105 MeV gave an equilibrium thick-
ness of 30 ug/cm?. The samples used in the present work
have thicknesses much larger. The assumption of an equili-
brated charge value seems to be valid. It is also important
to verify that the energy loss does not depend of the charge
state in our data. Indeed, Lohengrin selects a specific ratio
of A/q. Therefore, if for a given A the energy loss varies
with selected q, it is no more possible to compare directly
the energy loss for different masses.

Figure 12 shows the evolution of the energy loss as func-
tion of the selected charge state for A=100 at 100 and 90
MeV and for A=136 at 70 MeV. The weighted averages are
also shown. It is clear that there is no strong dependence and
thus, the charge state has not to be taken into account in the
analysis.
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Figure 12: Energy losses as a function of the charge state.
Top: A=100 for E=100 MeV (black points) and E=90 MeV
(blue triangles). Bottom: A=136 and E=70 MeV. Lines on
both figures correspond to the weighted average values.

5.2. Impact of the beam isobaric composition

In order to compare our experimental results with the
theoretical values obtained from models (Tables 8 and 9 in
Appendix B), a good estimation of the isobaric composition
or, alternatively, of the average nuclear charge of the frag-
ment beam is mandatory.

As explained in subsection 3.2, the isobaric composition
of fragments with mass A at the exit the Lohengrin spec-
trometer is directly related to their production by the fission
process in the 2>*Pu target. Except for mass 140 and mass
144, the compositions were calculated from the JEFF-3.3
[40] fission yields for the 239Pu(n, > f) reaction using :

Cy(2)=Y(A,2)/ Z Y(A,Z" (13)
Z/

C 4(Z) is the contribution of isobar Z in mass A, normalized
to 1 by summing in the denominator over all the few possi-
ble isobars with mass A. Y (A, Z) is the parent independent
fission yield for thermal neutrons of the fragment of mass A
and atomic number Z.

The average nuclear charge of the fragments with mass
A, (Z,) is obtained from :

(Za) =Y, Z'Cu(Z) (14)
Z/

For mass 140 and 144, the isobaric composition is, as
explained before, strongly perturbed by the presence of a ns-
isomeric state. We observed in previous gamma-ray spec-
trometry measurements performed at Lohengrin that at high
ionic charge setting beams of these two masses are essen-
tially pure Cs [46].

One source of uncertainties on the isobaric composition
is associated to the large uncertainties on the fission yields
in JEFF-3.3 database [40]. We have estimated their impact
on the average nuclear charge and stopping power calcula-
tions for two representative cases in Mylar: with fragments
of masses A = 100 and kinetic energies E = 100 MeV and
with fragments of masses A = 139 and kinetic energies E =
69 MeV.

The fragments of mass 100 produced by the
239Pu(n,h, f) process are mainly 100y, 1007, 100Np and
100Mo with the fission yields: 0.49 + 0.12 %, 4.22 + 0.52
%, 1.50 + 0.36 % and 0.28 + 0.10 % respectively [40]. It
leads to the following isobaric proportions : 7 +2 %, 65 + 5
%, 23 +5 % and 4 + 2 %. Their theoretical stopping power
at 100 MeV in Mylar, according to the phenomenological
model developed by Knyazheva et al., ranges from 65.75 to
70.36 MeV/(mg/cm?). The average nuclear charge for this
isobaric composition, (Z ), is about 40.24 and the theoret-
ical stopping power for that composition is found to be about
67.66 MeV/(mg/cm?)g using:

—-1dE . _ -1dE
S aLW= L@ e a9

Uncertainties on (Zq,) and on the theoretical stopping
power value were estimated to be 0.06 and 0.09 MeV/(mg/cm?),
respectively, by using a Monte Carlo method that propagates
fission yields uncertainties. The uncertainty on the theoret-
ical stopping power is far much lower than our uncertainty
on the experimental value, which is 0.8 MeV/(mg/cmz).

The same calculation was performed for fragments with
masses 139. The average nuclear charge (Z,3q) is estimated
to be 54.48 and its uncertainty to be 0.07. Their theoretical
stopping power at 65 MeV is estimated to 67.34 MeV/(mg/cm?)
in Mylar (according to Knyazheva et al. model) and its un-
certainty to about 0.05 MeV/(mg/cm?). This later value is
again much lower than the experimental uncertainty (here
about 1.4 MeV/(mg/cm?)).

We then concluded that fission yield uncertainties have a
limited impact on the average nuclear charge (6(Z 4)/{Z 4) =
0.1%) and thus on the theoretical value of stopping powers.
Therefore, we neglected them in the comparisons between
data and models.

Another source of uncertainties regarding the isobaric
composition concerns a possible bias due to the energy de-
pendence. In our comparison to models, we made the hy-
pothesis that the isobaric composition (and the average nu-
clear charge) of the fragments does not vary with their ki-
netic energy. This hypothesis is justified by the use in our
measurement of a thick and quite old target, with a broad en-
ergy distribution that results from the superposition of frag-
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ments emitted from the different parts and depths of the tar-
get. This process should wash out any differences in the en-
ergy distributions of individual isotopes.

However, since there is no way to estimate properly this
process, we used the results of Schmitt et al. [41] (who mea-
sured the variation of the isobaric composition of light frag-
ments with their energy at Lohengrin with a very thin tar-
get of 23 Pu) to estimate the bias on the calculated stopping
powers of light fragments. For mass 100, if one extrapolates
that the nuclear charge varies between 40.5 (at 70 MeV) and
40.0 (at 107 MeV) and compares it to the case where the nu-
clear charge is fixed at 40.21over the same range, the bias
on the stopping power calculated according to Knyazheva et
al. ranges between -0.3 and 0.3 MeV/(mg/cm?). Such bias
is about 3 times smaller than the experimental uncertainties
of our measured stopping powers.

The same analysis can not be performed with heavy frag-
ments because no precise measurement of the variation of
the average nuclear charge with the kinetic energy exists. On
the other hand, a good estimation of this variation can be ob-
tained from simulations with the GEF fission code [47]. This
code was tested to provide consistent nuclear charge varia-
tions with Schmitt ones [41] for fragments with masses 95,
100 and 105. GEF simulations show that the average nuclear
charge of the fragments of masses 139 (mainly composed of
I, Xe, Cs and Ba) decreases rather linearly from 55 to 54
over the large part of the kinetic energy distribution. Using
a fixed nuclear charge at 54.5 over the same range introduces
a bias in the stopping power that varies between -0.4 and 0.4
MeV/(mg/cm2). Such bias is in most cases 3 times smaller
than the experimental uncertainties on the stopping powers
of heavy fragments.

We therefore neglected any dependency of the isobaric
composition with the kinetic energy of the fragments in our
comparisons between data and models.

5.3. Stopping power comparison with models

Stopping powers were obtained for 24 masses in Mylar
and 12 masses in nickel. They are detailed in Tables 8 and
9 in Appendix B. Relative uncertainties on stopping powers
range between 0.6% and 4% and are most often dominated
by the detector instabilities detailed in subsection 4.2.

Figure 13 shows an overall comparison between our data
and 3 different models:

e the Knyazheva et al. [7] model, chosen because it has
been especially tuned for fission fragment energy loss.

e the SRIM-2013 [14] code, chosen because it is widely
used.

e the DPASS 21.06 [24] database, chosen because it is
at the state of the art for describing heavy ions energy
loss in the Bragg peak region.

For the Mylar sample (Fig. 13 top), our data are in av-
erage 5% higher than Knyazheva er al. [7], and in perfect
agreement if one select the light group fragment only (see
Fig. 16). The shape of the relative difference distribution

— T n
[ | (data- model) / data ]
355( ) J -

E model = Knyazheva B

W 30F —— modd = SRIM 2013 -
c Fl — - i
3.25: model = DPASS 21.06 {
s E
@20? -
n F ]
€ 15 -
8 C ]
O 10 —
5 =

| PN N SN R Y - = A1 g

-30 20 __-10. 0 10 30
Relative difference (%)
S A e e e AL B e e o e e B
18f— | (data - model) / data —
. 16— model = Knyazheva 3
2 q4F | — mode = SRIM 2013 | =
5 125 —— model = DPASS 21.06 ]
ok :
@10? -
2 8- =
S r 7
4= =
2 =
C:mmHmHH\HU\HH\HH\HH\:
=30 -20 -10 0 1 20 30

0
Relative difference (%)

Figure 13: Top: relative difference distribution between our

data on Mylar sample and Knyazheva et al. [7] model (black),
DPASS 21.06 [24] database (blue) and SRIM 2013 [14] (red).
Bottom: same as top for nickel sample.

with DPASS database is very similar to the shape with Knya-
zheva but shows an average discrepancy of about 10%. On
the other hand the comparison with SRIM-2013 [14] is widely
distributed from 10 to 30% without any clear trend.

For the nickel sample (Fig.13 bottom), our data are in av-
erage 7 to 8% higher than Knyazheva er al. [7]. A compar-
ison with SRIM-2013 [14] (Fig.13 bottom, red histogram)
gives a similar average value but a slightly broader distri-
bution. The comparison to DPASS 21.06 database [24] is
widely distributed from O to -30%.

5.4. Models adjustment to our data

In order to be able to use these data for our fission ap-
plications, where one need to cover the full range in energy
and mass associated with fission, a fit based on 2 previously
described models have been performed. The fit is bidimen-
sional, i.e. the energy and mass dependence are considered
simultaneously. The Z from our data has been determined by
taking the composition for each mass given by the JEFF-3.3
[40] fission yields as explained above, nevertheless we have
checked that taking an average Z instead has a negligible, i.e.
well below the percent level, impact on the calculated value.

The first model is based on the DPASS 21.06 library
[24], briefly described in section 2. To perform a fit starting

Th. Materna et al.: Preprint submitted to Elsevier

Page 10 of 20



CoOoO~NOUPr,WNE

Stopping power of fission fragments in Mylar and nickel foils

Knyazheva
DPASS
DPASS Scaled

1 Ll Ll ol L

E/A [MeV/u]

- dE/pdL [MeV/(mg/cm?)]
[y
o

Figure 14: Ar, Kr and Xe stopping powers on nickel data
[48] (symbols) compared to Knyazheva et al. [7] model (dot-
dashed lines) and to DPASS [24] database before (dash lines)
and after scaling to our data (solid lines)

from these tabulated values, the stopping power is calculated

by using linear interpolation from (log(E/A), Z;, p;%) ta-
1
bles.

Figure 14 shows a comparison of the DPASS 21.06 database

(dash line) with the stopping power of Ar, Kr and Xe ions
on nickel extracted from the IAEA database of experimental
data [48]. Below the Bragg peak, one can notice a signifi-
cant deviation of the DPASS database from the experimental
data. Since in this energy region the stopping power has a
nearly exponential dependence in E/A, we arbitrarily chose
to scale the DPASS database using the following equation:

dE N dE

de Scaled 1+ Sexp _Li/e
voZ,

— (16)
pdL|ppass

where N is an overall normalisation parameter and the pa-
rameter .S allows to modify the energy dependence below
the Bragg peak region. The solid line in Fig. 14 shows the
scaled stopping power using Eq. 16 fitted to reproduce our
data on nickel shown hereafter.

The second chosen model is the one developed by Knya-
zheva et al. [7] briefly described in section 2. This model
has 4 adjustable parameters per target: A associated with the
effective nuclear charge of the projectiles, Z, and 3 param-
eters ag to a, associated with the L, ;. power series expan-
sion (L%ohr to L%o ). The initial parameters for Mylar and
nickel foils are taken from [7]. These parameters are then
adjusted only by using our data on mylar and nickel, and the
resulting parameters are shown on table 3. Dot-dashed lines
in Fig. 14 show a comparison of Knyazheva et al. model re-
sults, prior to our fit, with the stopping power of Ar, Kr and
Xe ions on nickel extracted from the IAEA database of ex-
perimental data [48]. The agreement with data is excellent
in the energy region of interest for fission fragments.

Data for the nickel sample are shown in Fig. 15. Data
for light mass fragments (subset a and b) show a smooth in-
crease with mass and energy. Data for heavy mass fragments
(subset c and d) follow a similar trend. Nevertheless the stop-

ping power mass dependence is much weaker for the heavy
group, and does not seem as smooth as for the light mass
fragments group.

The best fit results for our nickel data using the Knya-
zheva model is reported in Table 3 and shown in the right
panels (b & d) of Fig. 15. The reduced y? corresponding to
this fitis y?/NDF = 50.7/41 denoting the excellent agree-
ment between our data and the fit results.

Table 3
Best fit parameters of our data using Knyazheva et al. [7]
model.

nickel Mylar
A 0.533 =+ 0.031 0.488 + 0.025
a, 1.02 + 0.13 073 + 011
a; | 0529 + 0.033 | -0.605 =+ 0.040
a, | 0066 + 0.0048 | 0.048 =+ 0.010

One may notice a strong correlation (see Table 5 between
most of the parameters, probably due to our limited region
of interest to constraint the fit.

The best fit result of our nickel data based on Eq. 16 is
given on Table 4 and shown in the left panels (a & c) of Fig.
15. The reduced y? corresponding to this fit is y>/NDF =
52.5/43 denoting the excellent agreement between our data
and the scaling adjustment.

Table 4
Best fit parameters of our data using a scaling (eq. 16) of
DPASS 21.06 library [24].

nickel Mylar
N | 1.0156 + 0.0067 | 1.0980 <+ 0.0018
S 213 + 0.10 0 (fixed)

The result of this fit is also shown as solid line in Fig 14.
One can notice that the scaling term based on our data also
allows to retrieve a good trend for the scaled DPASS library
with respect to experimental data available in the [AEA data-
base [48] for nickel. Nevertheless since Eq. 16 is purely
empirical, it can only be safely applied in our range of study
in Z (30<Z<60) and energy (0.3<E/A<1.1 MeV/u).

Data for Mylar samples (Table 8) are shown and com-
pared to Knyazheva et al. [7] fitted model in Fig. 16 and us-
ing Eq. 16 of Fig. 18. Since Mylar is a compound material
(C9HgO,) Bragg sum rule was used in model calculations,
assuming negligible compound corrections [25] for incom-
ing fission fragments. The overall trend of the data is very
similar to the one on nickel discussed above.

Figure 16 shows a comparison with Knyazheva et al. [7]
before (dash-dotted lines) and after fitting (solid lines). One
has a perfect agreement with Knyazheva et al. [7] data for
the lightest mass, and a growing deviation with increasing
mass to reach about 5% for the heavier masses. After fitting
Fig. 16(b,d) shows a perfect agreement between our data
and Knyazheva ef al. [7] model. The best fit result of our
Mylar data using Knyazheva et al. [7] modelis given in table
3. The reduced y? corresponding to this fit is y>/NDF =

Th. Materna et al.: Preprint submitted to Elsevier
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55.2/93 denoting the excellent agreement between data and
fitted results.

As in the nickel case, because of our limited range in
energy, one has a strong correlation (see table 7) between all
the fitting parameters.
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Figure 17: Stopping powers obtained in this work on Mylar
samples (symbols) for 1“°Cs and surrounding masses compared
to our fit using Knyazheva et al. [7] model (solid lines and
corresponding colors).
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Figure 17 shows the comparison between our data on
Mpylar and our best fit using Knyazheva et al. [7] model
around the mass 140. In this very limited mass region, one
may notice that the model well reproduces masses 136 and
144 but a clear discrepancy appears for mass 140. Whereas
140Cs is slightly higher but in the 1 sigma uncertainty band,
mass 140 is too low. It is not clear if this small discrepancy
comes from the data (uncorrected remaining systematic bias,
wrong assumption in the Z distribution associated with mass
140 or if the model needs some small refinements in the io-
dine to baryum region.

Figure 18 subset (a,c) shows the comparison between our
data on Mylar and the DPASS database [24] (dash-dotted
lines) and subset (b,d) after scaling using Eq. 16. Our whole
Mylar data are systematically about 10% higher than the
DPASS database [24]. So, in the fit using Eq. 16 the param-
eter .S was fixed to O since no energy dependence of scaling
seems necessary in this case. The best fit results shown in
Fig. 18 are reported in Table 4.

The reduced y? is y2/NDF = 157.5/96 indicating a
satisfactory, but not perfect, agreement between our Mylar
data and the scaled DPASS database. In particular, one can
notice in Fig. 18(b,d) that the slope in energy is system-
atically slightly higher in our data in comparison with the
scaled DPASS database.

To summarize, our data are in overall good agreement
(i.e. better than 10%) for both nickel and Mylar with the
Knyazheva ez al. [7] model. A small discrepancy is still ob-
served with increasing mass of the fragments. This could ei-
ther be due to a different Z assumption as a function of mass,
or to a worse mass resolution in case of the Knyazheva et al.
[7] data. After fitting, the agreement with our whole data set
is excellent. Unfortunately, this model is only valid above

0.2 MeV/u that might be problematic in case of significant
energy loss of fragments in few um foils.

6. Conclusions

Accurate energy losses have been measured for a large
range of fission fragments and incident kinetic energies in
thin Mylar and nickel foils using the Lohengrin mass separa-
tor at ILL. The samples have been characterized precisely in
thickness thanks to the alpha transmission method. As devi-
ations are observed between different calculations of the al-
pha stopping power and no uncertainty is quoted in the codes
we have decided to present our results in reference to the
well-used and validated SRIM-2013 calculation for alpha.
In such a way our results should be considered as relative to
the alpha stopping power calculated by SRIM-2013.

Many settings (A/q, E/q) of the Lohengrin spectrome-
ter were used, allowing the study for both light (6 different
masses) and heavy (18 different masses for Mylar, 6 differ-
ent masses for nickel) fission fragments. These ions were
studied over a large range in incident energies: 60-110 MeV
and 55-75 MeV for light and heavy fragments respectively.

The experimental procedure and the analysis methodol-
ogy have been extensively described. A special attention has
been paid to the uncertainty calculations and correlation ma-
trices.

Energy losses were used to calculate the stopping powers
in nickel and Mylar. For light fragments, a smooth evolution
of the stopping powers as a function of the incident velocity
is observed. For a given velocity, the energy loss increases
also smoothly with the mass. For heavy fragments, the be-
havior is quite different. As expected, the increase of the
stopping power is larger for a given mass as a function of
the velocity. But for a given velocity, the stopping power is
almost the same for different heavy masses.

Our experimental stopping power results have been com-
pared to three models: the phenomenological model of
Knyazheva et al., the DPASS 21.06 theoretical database and
the SRIM-2013 [14] code. It was found an overall good
agreement, within 10%, for the phenomenological model of
Knyazheva for both Mylar and nickel samples. To note that
our data are systematically slightly higher than the model.
DPASS 21.06 slightly underestimates (with an average of 10
% shift) the stopping power compared to our data for My-
lar and overestimate it for nickel with a larger dispersion.
SRIM-2013 [14] code slightly underestimates (with an aver-
age of 10 % shift) the stopping power for nickel and largely
underestimates it for Mylar.

In the range of our study, it validates the use of the
Knyazheva et al. and DPASS 21.06 models for accurate en-
ergy loss calculations with fission fragments until a predic-
tive model is proposed. In order to provide references, both
models parameters were fitted on our data.

The DPASS data library, with the appropriate rescaling
for nickel and Mylar, was integrated in the stopping power
libraries of GEANT4 for the purpose of the FALSTAFF col-
laboration. In addition to simulations, this library is useful

Th. Materna et al.: Preprint submitted to Elsevier
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Figure 18: Stopping powers obtained in this work on Mylar samples (symbols) for light (a,b) and heavy fragments (c,d) fitted
using Eq. 16. The dash-dotted line in (a,c) corresponds to the initial model values. Solid lines in (b,d) are the best fit of the

data.

for data analysis in order to obtain the energy at the fission
point.

Finally, while this work was intended to produce more
precise stopping power values required in the development
of fission fragment spectrometers, we believe that our re-
sults, where we used well characterized exotic nuclei as pro-
jectile, may be as well applicable for benchmarking the the-
ory on energy loss in matter.
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Correlation matrices

Table 5
Correlation matrix for our best fit on nickel data using the
Knyazheva et al. [7] model.

A a, a a,

7 1 0999 0940 -0.134
a, | 0.999 1 00953 -0.097
a, | 0940 0953 1  0.204
a, | -0.134 -0.097 0204 1

Table 6
Correlation matrix for our best fit on nickel data using a scaling
(eq. 16) of the DPASS 21.06 library [24]

N S
N 1 0.927
S | 0.927 1

Table 7
Correlation matrix for our best fit on mylar data using the
Knyazheva et al. [7] model.

A a, a a,

A 1 1 0.990 -0.885
a, 1 1 0.990 -0.887
a; | 0.990 0.990 1 -0.933
a, | -0.885 -0.887 -0.933 1

Th.

Materna et al.: Preprint submitted to Elsevier

Page 16 of 20



CoOoO~NOUPr,WNE

B. Stopping power tables for Mylar and nickel

Stopping power of fission fragments in Mylar and nickel foils

Table 8: Stopping power in Mylar obtained in this work, compared to the values of SRIM-2013 [14], DPASS 21.06 [23] and
the Knyazheva et al. model [7]. The last two columns show the rescaled DPASS values and the fitted Knyazheva et al. model

respectively.
Stopping power (MeV/(mg/cm?))
Mass  <Z>  Energy (MeV) This work TRIM DII;II)ASIE ’ Knyazheva gFit DPASS  Fit Knyazheva
67.9 53.8+22 493 53.6 56.4 58.8 56.1
76.3 549+15 505 54.2 57.5 59.6 57.1
85 343 84.8 586+10 514 54.7 58.3 60.1 57.7
90.8 587+13 519 55.0 58.7 60.3 58.1
97.6 61.1+13 523 55.1 59.0 60.5 58.3
62.9 563+16 51.0 54.7 57.6 60.1 57.7
71.9 587+10 524 55.9 59.3 61.3 59.4
90 36.3 80.8 60.7+1.0 534 56.7 60.6 62.2 60.6
89.8 619+08 54.1 57.2 61.5 62.8 61.4
96.1 624+ 1.1 545 57.5 62.0 63.2 61.8
103.3 622+12 548 57.7 62.4 63.4 62.2
66.4 594+1.1 515 57.0 60.3 62.6 60.8
75.9 629+10 533 58.2 62.1 64.0 62.7
95 38.3 85.3 644+10 548 59.2 63.6 65.0 64.1
94.8 652+08 559 59.8 64.6 65.7 65.0
101.5 649+12 56.6 60.2 65.2 66.1 65.5
109.0 649+13 573 60.5 65.7 66.4 66.0
69.9 633+1.1 503 59.2 62.8 65.0 63.8
79.8 663+10 523 60.6 64.8 66.6 65.9
100 40.2 89.8 67.5+1.0 54.0 61.7 66.4 67.7 67.4
99.8 683+08 554 62.5 67.6 68.6 68.6
106.8 68.1+12 56.2 62.9 68.3 69.1 69.2
73.4 66.8+10 554 61.7 65.3 67.7 66.9
83.8 69.6 +1.0 576 63.3 67.6 69.5 69.2
105 422 94.3 71.0+1.1 593 64.5 69.3 70.8 70.9
104.8 71.5+09  60.7 65.4 70.7 71.8 72.2
112.1 71.8+13 61.6 65.9 71.5 72.4 72.9
76.8 69.0+2.1 569 63.9 67.5 70.1 69.6
110 440 87.8 724+12 59.2 65.6 70.0 72.1 72.1
98.8 740+12 61.1 67.0 71.9 73.5 74.0
109.8 76.0+15 627 68.0 73.4 74.7 75.5
64.9 684+18 529 63.1 66.2 69.3 69.3
130  50.8 69.9 712+17 545 64.8 68.4 71.1 71.7
74.9 73.5+ 1.7 56.0 66.2 70.4 72.7 73.8
64.9 725+16 529 63.1 66.3 69.3 69.4
131 512 69.9 722+16 545 64.8 68.5 71.2 71.8
74.9 73.6+1.6 56.0 66.3 70.5 72.8 74.0
64.9 69.6 +2.6 529 63.2 66.4 69.5 69.6
132 51.6 69.9 723 +2.1 54.6 65.0 68.6 71.3 72.1
74.9 747 +19 56.1 66.5 70.7 73.0 74.3
55.0 645+1.1 496 59.3 61.1 65.1 63.8
61.6 67.6+0.7 522 62.1 64.8 68.1 67.9
64.9 699 +17 534 63.3 66.4 69.5 69.7
133 520 68.3 71.6+09 54.6 64.5 68.0 70.8 71.4
69.9 729+16 551 65.0 68.7 71.4 72.2
74.9 752+16 56.6 66.5 70.8 73.1 74.4
75.9 753+10 569 66.8 71.2 73.4 74.9
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Table 8 — continued from previous page

Stopping power (MeV/(mg/cm?))

Mass  <Z>  Energy (MeV) This work TRIM DPASS Knyazheva Fit DPASS Fit Knyazheva
64.9 699+16 544 63.3 66.5 69.5 69.8
134 523 69.9 729+16 56.1 65.1 68.8 71.4 72.3
74.9 750+ 1.6 57.7 66.6 70.9 73.2 74.6
64.9 70.1+14 57.0 63.5 66.6 69.7 70.1
135 529 69.9 728+ 15 59.0 65.3 69.0 71.7 72.7
74.9 752+ 1.6  60.7 66.9 71.1 73.4 75.1
59.9 669+09 572 61.6 64.1 67.6 67.4
136 534 64.9 703 +0.6 59.5 63.6 66.8 69.8 70.4
69.9 73.4+0.7 61.6 65.4 69.2 71.8 73.0
74.9 754+07 634 67.0 714 73.6 75.4
64.9 706 +1.6 60.2 63.6 66.9 69.8 70.4
137 537 69.9 728+ 1.6 623 65.4 69.3 71.8 73.1
74.9 749+16 642 67.1 71.5 73.7 75.5
59.9 67.3+16 58.0 61.6 64.2 67.7 67.5
138 54.1 64.9 71.2+15 603 63.7 66.9 69.9 70.6
69.9 73.6+15 624 65.5 69.4 71.9 73.3
59.9 68.7+15 555 61.7 64.2 67.7 67.6
139 545 64.9 722+15 577 63.7 67.0 69.9 70.6
69.9 746 +16 59.7 65.6 69.4 72.0 73.4
57.9 652+ 1.1 557 60.7 62.9 66.7 66.2
140 547 64.9 68.8+0.8 58.9 63.7 66.9 69.9 70.6
71.9 728 +10 617 66.2 70.3 72.7 74.4
54.9 65.1+09 485 59.5 61.2 65.3 64.3
140 55.0 64.9 71.7+0.7 52.6 63.8 67.1 70.1 70.9
69.9 744 +09 543 65.7 69.7 72.2 73.7
74.9 778+ 1.1 559 67.5 71.9 74.1 76.2
59.9 683+14 515 61.7 64.3 67.8 67.7
141 552 64.9 709+14 535 63.8 67.1 70.1 70.9
69.9 73.7+15 553 65.7 69.6 72.2 73.7
59.9 68.6+13 506 61.8 64.3 67.9 67.8
142 557 64.9 715+14 525 63.9 67.1 70.2 71.0
69.9 73.5+15 543 65.8 69.7 72.3 73.8
59.9 67.8+13 503 61.8 64.2 67.9 67.8
143 56.0 64.9 704 +£14 522 63.9 67.1 70.2 71.0
69.9 73.3+1.6 539 65.8 69.7 72.3 73.9
144 55.0 59.9 68.7+18 499 61.0 63.3 67.0 66.7
64.9 73.8+1.6 519 63.1 66.2 69.3 69.8
49.9 609+06 459 57.1 57.3 62.7 60.2
144 563 54.9 63.6 +0.8 48.1 59.5 60.9 65.4 64.2
59.9 67.1+0.6 50.1 61.8 64.2 67.9 67.8
64.9 702+0.8 520 63.9 67.1 70.2 71.1
54.9 63.5+18 481 59.6 60.9 65.5 64.3
145  56.8 59.9 679+ 15 50.1 61.9 64.2 68.0 67.9
64.9 70.7+15 519 64.1 67.1 70.3 71.2
54.9 63.6+13 48.1 59.7 61.0 65.5 64.4
146 573 59.9 67.9+14 50.1 62.0 64.3 68.1 68.0
64.9 70.6 +1.5 520 64.2 67.3 70.4 71.4
54.9 633+14 480 59.7 60.8 65.5 64.3
147  57.6 59.9 67.5+1.6 50.0 62.0 64.2 68.1 68.0
64.9 70.7+16 518 64.2 67.2 70.5 71.3
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Table 9: Stopping power in nickel obtained in this work, compared to the values of SRIM-2013 [14], DPASS 21.06 [23] and
the Knyazheva et al. model [7]. The last two columns show the rescaled DPASS values and the fitted Knyazheva et al. model

respectively.
Stopping power (MeV/(mg/cm?))
Mass  <z>  Energy (MeV) This work TRIM DII;II)ASZE ’ Knyazheva gFit DPASS  Fit Knyazheva
72.1 263+1.0 25.0 28.7 24.8 26.9 26.9
35 343 76.3 260+08 255 29.1 253 27.5 27.5
84.8 28.1+05 264 29.8 26.1 28.4 28.5
89.0 285+0.7 269 30.0 26.4 28.8 28.9
76.3 277+06 265 30.1 26.0 28.2 28.2
90 36.3 80.8 284+06 27.0 30.6 26.5 28.8 28.8
89.8 300+05 279 31.3 274 29.9 29.9
94.3 305+06 282 31.6 27.8 30.3 30.4
80.6 294+05 27.1 31.6 27.1 29.5 29.5
95 38.3 85.3 302+06 277 32.0 27.7 30.1 30.1
94.8 31.6+05 28.8 32.9 28.6 31.3 31.3
99.5 322+06 293 332 29.1 31.8 31.8
84.8 304+05 267 329 28.2 30.7 30.6
100 402 89.8 31.5+06 273 335 28.8 314 314
99.8 33.0+05 285 344 29.8 32.6 32.7
104.8 33.7+0.7 29.1 34.7 30.3 332 332
89.0 316 +06 293 343 29.3 31.9 31.9
105 423 94.3 326+06 300 349 29.9 32.7 32.6
104.8 341+05 313 35.9 31.0 34.0 34.0
110.0 346+0.7 319 36.3 31.5 34.6 34.6
93.3 33.1+08 302 35.6 30.2 33.0 32.9
110 440 98.8 33.8+0.7 309 36.2 30.9 33.8 33.7
109.7 358+0.7 323 37.3 32.1 353 352
130 50.8 64.9 2800+0.6 245 322 25.5 27.1 27.1
74.8 29.6+0.7 264 343 27.7 29.6 29.6
64.9 283+05 245 322 25.5 27.1 27.1
131 512 69.8 295+05 255 333 26.7 284 28.4
74.8 305+06 264 343 27.7 29.6 29.6
55.0 241 +04 225 29.9 23.0 24.1 242
133 520 61.6 263+03 24.0 31.6 24.7 26.1 26.1
68.2 279+04 254 33.1 26.3 28.0 27.9
75.8 294+04 269 34.7 28.0 29.9 29.8
59.9 260+05 26.1 314 243 25.6 25.7
136 534 64.9 271+02 274 32.6 25.5 27.1 27.1
69.8 285+03 286 33.7 26.7 28.5 28.4
74.8 294+03 298 34.8 27.8 29.7 29.7
57.9 249+05 253 30.9 23.7 249 24.9
140 547 64.9 266+03 27.1 32.7 25.5 26.9 26.9
71.8 28.4+04 287 343 27.1 28.9 28.8
79.8 29.0+1.0 304 35.9 28.8 30.9 30.8
147 576 60.8 254+04 229 31.9 243 25.6 25.7
68.1 257+06 244 33.8 26.2 27.8 27.7
49.9 21.0+14 203 28.9 21.2 22.1 22.4
149 583 54.9 247+0.7 215 30.3 22.6 23.7 23.9
59.9 2600+05 226 31.7 24.0 25.2 25.3
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