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Abstract
We report preliminary elemental abundance results from the 55-day long-duration-balloon flight of SuperTIGER (Super Trans-Iron Galactic
Element Recorder) during the 2012-2013 austral summer. SuperTIGER measured the relative abundances of Galactic cosmic-ray (GCR) nuclei
with high statistical precision and well resolved individual element peaks from 10 Ne to 40 Zr. SuperTIGER also made exploratory measurements of
the relative abundances up to 56 Ba. Although the statistics are low for elements heavier than 40 Zr, we present, for the first time, relative abundance
measurements of charges Z = 41 − 56 with individual element resolution. GCR measurements up to 40 Zr support a source acceleration model
where supernovae in OB associations preferentially accelerate refractory elements that are more readily embedded in interstellar dust grains than
volatiles. In addition, injection into the GCR for both refractory and volatile elements appears to follow a charge dependence consistent with their
grain sputtering cross sections. By extending the GCR measurement range past 40 Zr, we can begin to further constrain these models.
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction
The study of the Galactic Cosmic-Ray Source (GCRS) has
been pursued for over half a century and still remains an open
question in astrophysics. Measurements of GCR elemental and
isotopic abundances are made to understand the GCRS composition in order to constrain the theories of GCR origin. The
current explanation is that the majority of GCR originate within
OB associations, where many young, massive stars of spectral
type O and B reside, leading to a high rate of supernovae (SNe)
that occur in close proximity to one another (Reeves (1973),
and later Higdon & Lingenfelter (2005) and references therein).
These SNe produce shock waves that sweep up and accelerate
to GCR energies the surrounding interstellar medium (ISM) including some massive star material (MSM) produced by stellar
winds and previous SN explosions within the OB association.
The volatility model of GCR acceleration was proposed by
Epstein (1980) in which it was argued that elements likely to
form interstellar dust grains (refractory elements; those with
condensation temperatures T c > 1250 K as in Ellison et al.
(1997)) should be preferentially accelerated over those that exist primarily as interstellar gasses (volatile elements; T c < 1250
K). Because it involves magnetic reflection, diffuse shock acceleration is more efficient for particles with high rigidity. The
higher mass-to-charge ratio of interstellar dust grains gives
them a higher rigidity than the individual nuclei in interstellar gasses, allowing them to be accelerated more readily. This
theory suggests that the refractories will be enhanced relative
to the volatiles in GCR abundances measurements and that the
volatiles will follow a mass dependent enhancement trend. As
they are accelerated within grains, the refractory abundances
should not see such a mass dependence. More recently, however, Lingenfelter (2019) proposed that the apparent atomic
mass dependence seen in the refractory abundance enhancement by TIGER (Rauch et al., 2009) and SuperTIGER (Murphy et al., 2016) can actually be explained by the atomic charge
dependent sputtering of refractory elements from the surfaces
of the grains they condense into. The theory assumes that all
GCR are accelerated within dust grains and that the refractory
enhancement over the volatiles is a result of the increased likelihood that refractories will be embedded in grains. If both refractories and volatiles are accelerated within grains, the previously seen mass dependence of both GCR types is explained
instead by a sputtering probability that comes from the charge
dependent (∝ Z 2/3 ) cross sections of the grain surface elements
of charge Z with ambient H and He. This theory is demonstrated in Figure 1 from Lingenfelter (2019).
SuperTIGER (Murphy et al., 2016) made the first GCR
measurements of all the elements in the atomic charge range
30 ≤ Z ≤ 40 with individual element resolution. As described
in this paper, we have extended the SuperTIGER analysis and
report the first individual element GCR measurements of the
41 ≤ Z ≤ 56 range. We provide these abundances as they
are measured within the SuperTIGER instrument. A series of
corrections are required to account for changes in flux caused
by nuclear interactions and energy losses that occur within the
instrument, atmosphere and interstellar medium. These correc-

Fig. 1: GCRS abundances for: Engelmann et al. 1990 & Cummings et al. 2016,
1 ≤ Z ≤ 28; Rauch et al. 2009 & Murphy et al. 2016, 26 ≤ Z ≤ 40; Binns et al.
1989, 40 ≤ Z ≤ 70; Donnelly et al. 2012, Z > 70, plotted relative to a GCRS
mixture of 20% MSM (Woosley and Heger 2007) and 80% SS (Lodders 2003).
Normalized to an 1 H ratio of 1. Figure from Lingenfelter (2019).

tions are required to determine the GCR elemental abundances
as they are when accelerated from the GCRS and are yet to be
finalized and are not reported here.
2. The SuperTIGER Instrument
The SuperTIGER instrument is optimized to measure the
relative abundances of heavy and ultra-heavy Galactic cosmicray nuclei and has made single element measurements in the
charge range 10 ≤ Z ≤ 40 (Neon to Zirconium) with good
statistics and individual-element charge resolution (Murphy
et al., 2016). In addition, it is capable of making exploratory
measurements up to Z = 60 (Neodymium). During the 201213 Austral summer, SuperTIGER flew from Williams Field
Antarctica on a long duration balloon for 55 days, maintaining and average altitude of 125,000 ft. During its flight, SuperTIGER recorded over 5 million cosmic-ray iron events, ∼ 4500
events with 30 ≤ Z ≤ 40, and 212 events with 41 ≤ Z ≤ 56.

Fig. 2: Technical model of the SuperTIGER payload with both instrument modules mounted in the gondola. Each module operates independently of the other.

The SuperTIGER instrument is composed of two nearly
identical modules (Figure 2). Half of each module resembles its
predecessor, the TIGER instrument (Rauch et al., 2009), making it roughly equivalent to 4 TIGER instruments working to-
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gether. Each SuperTIGER module contains seven stacked detectors, as shown in Figure 3 (Binns et al., 2014). From top
to bottom, in each module there is a plastic scintillation detector (S1) used for charge determination and as part of the trigger coincidence, a scintillating optical fiber hodoscope plane
(H1) that detects the (x, y) position near the top of the instrument, a silica-aerogel Cherenkov detector (C0) and an acrylic
Cherenkov detector (C1) that are both used for charge and energy determination, a second scintillation detector (S2) used
for charge determination and coincidence, a second hodoscope
plane (H2) that detects the (x, y) position near the bottom of the
instrument, and a third scintillation detector (S3) used mostly
to reject particles that interacted in the instrument, but also as a
backup to S2 should it fail during flight. The signals from the S
and C detectors are used in combination to measure the charge
and kinetic energy of cosmic rays that are able to pass through
the entire stack without interacting. The H layer position measurements are used to determine the trajectory of each cosmic
ray through the instrument, allowing angle corrections and area
non-uniformity corrections to be performed.

3

is made possible by employing two complementary charge assignment techniques, one that resolves charges well for lower
GCR energies and another that does for the higher GCR energies. These charge assignment methods are both optimized to
analyze the extremely rare ultra-heavy GCR (Z ≥ 30) whose
abundances are the focus of this work. The signals from each
detector layer used for charge determination in this analysis
(S1, S2, C0 and C1), represent the angle and area corrected sum
of the pedestal subtracted, position and gain corrected PMT signals in each detector layer. Each detector signal for a given
event is then proportional to the total number of photoelectrons
emitted by the charged particle when it passed through each detector. The charge dependence of the signals from the scinitllation light detectors is roughly S ∝ Z 1.7 and, from the Cherenkov
light detectors, it is C ∝ Z 2 .

Fig. 4: A single flight day’s data is plotted in C1 vs. C0 space (right panel).
The data to the left of the blue line is plotted in S1 vs. C1 space (left panel).

Fig. 3: One module of the SuperTIGER instrument (expanded).

Signals from the photomultiplier tubes (PMTs) in each detector are read out by custom front-end electronics (FEE)
boards. The scintillator FEE boards contain fast-shaping amplifiers that enable a rough charge estimate used for establishing
charge dependent triggers. For particles that are estimated to
have charge Z & 10, the event is recorded in full on solid state
drives (SSDs) that are present on each module and buffered for
telemetry in a compressed format via the Tracking and Data
Relay Satellite System (TDRSS) when possible. Particles with
estimated charge Z & 22 are tagged as “high priority” and are
telemetered ahead of other events when TDRSS bandwidth is
available.

3. Charge Assignment Method
SuperTIGER is designed to measure GCR events with excellent charge resolution over a broad range (∼ 320 MeV/nucleon
through ∼ 10 GeV/nucleon) of the GCR energy spectrum. This

When GCR events have energies in the instrument greater
than the Cherenkov threshold of the C0 detector (2.35
GeV/nucleon for three half modules and 3.31 GeV/nucleon for
the fourth) we are able to use a “Above-C0” charge assignment
method that utilizes the signals from both the C0 and C1 detectors. If the GCR energy is below the C0 threshold but above
the C1 threshold (∼ 320 MeV/nucleon) we use a “Below-C0”
charge assignment method, which uses the signals from two of
three of the scintillation detectors (S1 or S2) in combination
with the C1 signal. For both the Above- and Below-C0 methods, cross plots of the aforementioned signals are created, revealing well resolved charge bands that can be analyzed (Figure
4). For reference, the highest visible band is nickel (Z = 28).
The very dense band just beneath it is iron (Z = 26). A cut
that approximates the C0 turn-on threshold is made on the C1
vs. C0 cross plot. This cut separates the entire SuperTIGER
data set into two subsets that are each compatible with either
the Above- or Below-C0 methods. This is illustrated in Figure 4 where the left plot (S1 vs. C1) shows only data to the
left of the blue line drawn on the right plot (C1 vs. C0). The
left plot includes only the particles with energies below the C0
Cherenkov threshold and so the Below-C0 method is used on
these data. The Above-C0 method, then, is used on the particles to the right of the blue line drawn in the right plot that have
energies above the C0 Cherenkov threshold. Notice that the elements heavier than nickel are too scarce to form visible charge
bands. In order to measure the abundances of elements heavier
than nickel (and in particular the exceedingly rare 41 ≤ Z ≤ 56
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range), we must accurately determine the charge dependence of
the detector response using the visible charge bands and extrapolate this dependence into the UH range.
3.1. Above-C0 Charge Assignment
For cosmic-ray events with energies greater than the turnon threshold of SuperTIGER’s aerogel Cherenkov (C0) detector, the Above-C0 method for charge assignment is used. As
shown previously (Figure 4), the Above-C0 method analyzes
the well resolved charge events to the right of the cut in C1 vs.
C0 space. Because one half-module of C0 has a radiator of different refractive index (n0 = 1.025 as opposed to n0 = 1.043),
the analysis for this half-module must be done separately. Using the particle trajectories determined by the hodoscope and
the known vertical distances of the C0 radiators from the hodoscope, the location that the particle passed through the C0
radiator can be determined. The Above-C0 data subset is separated into four additional subsets based on which half-module
the particles traversed.
In the C1 vs. C0 cross plot shown in Figure 4, charge bands
form that appear to follow regularly spaced nearly straight lines.
In fact, it can be shown that, given a sample of GCR events each
yielding two pure Cherenkov signals in different radiating materials, these events should land on a family of parallel lines
(or bands) that are separated based on charge (∝ Z 2 ). In short,
only one equation that describes a single charge band is needed
to determine the equations that describe all other charge bands
formed from signals made by the same two Cherenkov detectors. To characterize this effect we examine the band for iron
nuclei, as it is the most populated sample near to the UH region
and thus gives the best extrapolation possible to the very high
charges. We scale the signal space to the iron band and find that
its shape is well fitted by a quadratic function. The charge bands
are not perfectly straight due to small contributions from scintillation in detector materials and Cherenkov emission from delta
rays in addition to the Cherenkov emission from the cosmic ray.
The quadratic fit accounts for these small contributions. Given
the functional form for the bands and the values for C0 and C1
in this scaled signal space, we can calculate the charge of all
incident particles above the C0 threshold.
To illustrate the procedure,
for each
√ of 30 angle bins, we
√
fill a cross plot with C1/26 vs. C0/26 points to create a
space that is scaled to iron (Z = 26). The square root of each
signal is used because the Cherenkov light collected is proportional to Z 2 and so the square root of the signal is proportional
to the
√ charge. The iron band is then isolated and separated into
50 C0/26 bins that span the region between the Above-C0
cut and
√ the end of the iron band. Each bin is projected onto
the C1/26 axis and the resulting
peak is fit with a Gaussian
√
function
to
find
the
mean
C1/26
value in each bin. The av√
erage
C0/26
value
is
calculated
in
each bin and the set of 50
√
√
( C0/26, C1/26) points are fit with a second order polynomial function as in Figure 5.
The iron band is fit as described above for each half-module
within every angle bin. Note that the lower C0 index halfmodule has a flatter band structure than the other half-modules.

Fig. 5: Quadratic fits to the Above-C0, C1 vs. C0 iron band for each halfmodule in module 1 (top panels) and module 2 (bottom panels).

This is due to the fact that the particles that turn on this C0 detector half-module must have velocities of at least β=1/1.025
as opposed to β=1/1.043 in the other half-modules. The range
of velocities between β=1/1.025 and β=1 is smaller than between β=1/1.043 and β=1 and so, for a given charge, the range
of C1(β) values that be achieved in the first case is smaller than
the later, giving a flatter spectrum over the signal space of the
C0 detector.
Once the normalized iron band fitting is complete for each
half-module over all angle bins, the parameters of the second
order polynomial fits are used to determine a charge for the C0
and C1 signal pairing of each event in the Above-C0 data set.
3.2. Below-C0 Charge Assignment
For cosmic-ray events with energies less than the turn-on
threshold of SuperTIGER’s aerogel Cherenkov (C0) detectors,
the Below-C0 method for charge assignment is used. As described before (Figure 4), the Below-C0 method analyzes the
unresolved charge events to the left of the cut in C1 vs. C0
space. The events to the left of this cut are in fact well resolved
in the S1 vs. C1 and S2 vs. C1 spaces used in the BelowC0 method. The weighted average of the charges derived by
the two signal combinations (S1 or S2 with C1) yields the final
Below-C0 charge assignment.
The light emitted by a scintillating material is a portion of
the energy deposited dE/dx by a charged particle traversing
the radiating material. This dE/dx is described by the BetheBloch equation and has a simple dependence on the charge of
the traveling particle (Z 2 ), but the kinetic energy dependence
of the deposited energy is much more complicated. In order to
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determine the charge dependence of the light emitted, the energy dependence must be decoupled. In addition, the saturation
of the emission sites in the scintillator, when large energy deposits are made in a small region, will decrease the expected
light yield dL/dx and cause the charge dependence of the measured signal to deviate from the Bethe-Bloch equation. This saturation effect is itself charge dependent, and so it is necessary
to model dL/dx(Z) in order to extract the charge of events. In
other words, in the Below-C0 method, the fit to a single charge
band no longer describes the shape and separation of the rest
of the bands as it could in the Above-C0 method, where the
known Z 2 dependent separation of the bands is reliable. In order to model the Below-C0 dL/dx(Z), which includes strong
energy dependence and saturation effects, we must determine
the band separation manually, requiring fits to be done on a series of charge bands.
Within each of 30 angle bins, we plot the scintillator signals
against an energy proxy, ξ = C1/Z 2 ≈ C1/S 2/1.7 , and divide the
charge bands into 50 ξ bins that each contains an equal number
of iron events. As stated above, for the Above-C0 method, it
was sufficient to fit only one charge band to assign charge to
the entire Above-C0 data set because the C1 vs. C0 band separation is a simple function of Z. For the Below-C0 method,
in order to properly account for the charge dependent effects of
scintillator saturation, we instead fit each even-charge band in S
vs. ξ space, so that we may model the more complicated charge
dependence of the band separation.

Fig. 6: Quadratic fits to the Below-C0, S vs. ξ charge bands (even charges only).
The pronounced curve of the S2 vs. ξ charge bands (right) is due to energy
losses sustained before cosmic rays reach the S2 detector near the middle of
the detector stack. This effect is not visible for the S1 vs. ξ charge bands (left)
because the S1 detector is on the very top of the detector stack.

With the shape to each well resolved even-charge band determined for every angle bin, we are able to model the charge
band separation such that we can assign charge to particles far
above these bands, where statistics are very low. Within each ξ
bin, we fit a simplified (dβ/dx = 0) saturation model to S vs. Z
points (Figure 7) that are determined by the even-charge band
spacing in each angle-ξ bin. The simplified Tarle et al. (1979)
model used takes the form
BZ 2
,
(1)
1 + CZ 2
where S is the scintillator signal, Z is the charge of the incident
S = AZ 2 +

5

particle and A, B and C are fit parameters. The parameters of
the simplified Tarle model fits are saved for every angle-ξ bin
combination and used to create a charge surface over angle-ξ
space using bilinear interpolation. This charge surface is used
to assign charge to particles with any angle-ξ combination. This
process is done for both S1 and S2, resulting in two charge
assignments for each event in the Below-C0 data.

Fig. 7: The simplified Tarle (blue) saturation model fit to S1 vs. Z points for a
sample angle-ξ bin combination.

3.3. Measured Instrument Abundances
To obtain a final SuperTIGER instrument-level charge histogram, we combine the three charge histograms made using
the Above- and Below-C0 charge assignment methods. While
the charge assignment process described above yields well resolved histograms, these three histograms are slightly misaligned due to residual effects not captured by the correction
process. To account for this, each even charge peak with Z ≤ 40
is fit with a Gaussian function and the peak means are extracted
and plotted against their expected integer charges. These plots
are fit with linear functions that are inverted in a follow-up
charge assignment iteration to correct the charge assigned to
each particle, resulting in charge histograms with peaks aligned
to the integers. Table 1 shows the magnitude (in c.u.) of the
shift required to align charges Z = 30, 40 and 56, given parameters determined for each charge assignment method.
Z
30
40
56

Above-C0
0.02
0.17
0.42

Below-C0 (S1)
0.01
0.20
0.49

Below-C0 (S2)
-0.07
0.16
0.52

Table 1: Degree of charge shift (in c.u.) required to align representative charge
peaks Z = 30, 40 and 56.

To combine the two charge assignments performed on the
Below-C0 data, we average the charges determined by both
S1 and S2 with C1 and fill a “combined” Below-C0 histogram
with the resulting (ZS 1 + ZS 2 )/2 values. Doing this improves
the Below-C0 charge resolution while conserving the number
of particles treated by the Below-C0 method. The Above- and
Below-C0 methods each treat a separate data set, divided by the
C0 Cherenkov threshold energy. These are independent data, so

6
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the final histograms from each method are simply added to obtain a combined Above- and Below-C0 charge histogram.
In order to derive the instrument level elemental abundances,
the combined charge histogram resulting from the Above- and
Below-C0 methods is fit with a maximum likelihood, multipeak Gaussian function. The function is composed of 41 Gaussian functions, which each correspond to a charge peak in the
range 16 ≤ Z ≤ 56. The first peak position (at Z = 16) and
the peak separation are allowed to vary and the sigma of the
Gaussian peaks is assumed to vary linearly with Z. The linearity of the peak positions and sigmas, along with the final
peak amplitudes, are determined by a three-stage fitting process. First, all peak positions, sigmas and amplitudes are allowed to vary freely. The sigmas of all even-charge peaks are
plotted against charge and fit with a line. The sigma linearity
parameters are fed into the second fitting stage, where the peak
positions and amplitudes vary freely. The even-charge peak positions obtained in this second stage are plotted against charge
and fit with a line. This line determines the position of the first
peak (Z = 16) and the peak separation. Finally, with the linearity of the peak positions and sigmas determined, the fit is
performed a third time where only the peak amplitudes vary.
This fitting process yields a first peak position at Z =
16.0070 and a peak separation of 1.00005 charge units (c.u.).
The sigma values determined for peaks Z = 16, Z = 26 and
Z = 56 are 0.179, 0.185 and 0.203 c.u., respectively. The fit
result is shown in Figures 8 and 9. At last, the elemental abundances, as measured within the SuperTIGER instrument, are
determined by the area of each Gaussian peak. These abundances are listed in Table 3 along with peak fit errors, determined by the error on the area of each charge peak, and statistical errors, calculated as in Gehrels (1986). As a consistency
check, the abundances determined by the fit for 40 ≤ Z ≤ 56
are compared with the integrated histogram counts for each
element in this range. For each Z, the histogram counts are
summed between Z ± 0.5 c.u. The comparison is shown in Table 2. The fit determined abundances are very consistent with
the integrated histogram counts for each element, with the sum
of all 40 ≤ Z ≤ 56 abundances over-counting the integrated
histogram by only 1.1 particles.

Fig. 8: The entire SuperTIGER measured charge range, 16 ≤ Z ≤ 56. The
charge peaks are fit with a multi-peak Gaussian function from which the elemental abundances are extracted.

Fig. 9: SuperTIGER’s newly measured charge range, 41 ≤ Z ≤ 56, with multipeak Gaussian fit result. A linear scale is used for this low statistics region.

Z
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
SUM

NINS T
53.6
17.0
29.2
14.1
22.4
6.6
13.7
5.7
6.5
6.0
24.9
5.1
18.1
4.9
9.9
5.2
11.1
254.1

NHIS T
53
17
28
15
22
7
13
6
7
6
25
5
17
6
9
6
11
253

Table 2: Fit-determined instrument abundances for 40 ≤ Z ≤ 56 compared to
histogram counts within Z ± 0.5 c.u. for each integer charge.

4. Conclusions
For the first time, the SuperTIGER instrument has measured
GCR abundances of the atomic charge range 41 ≤ Z ≤ 56 with
individual element resolution. To obtain GCRS abundances,
these measurements must be corrected for flux changes caused
by nuclear interactions and energy losses in the instrument, atmosphere and ISM. With the necessary corrections performed,
these measurements will expand upon those made by TIGER
(Rauch et al., 2009) and SuperTIGER (Murphy et al., 2016),
which both measured GCRS abundances over the 30 ≤ Z ≤ 40
range. The results of Rauch et al. (2009) and Murphy et al.
(2016) support the OB association origin and SN shock wave
acceleration models, where refractory GCR are preferentially
accelerated compared to volatiles due to their increased likelihood to embed in interstellar dust grains. Additionally, both the
refractories and volatiles are seen to follow charge dependent
enhancement trends that can be explained by their ∝ Z 2/3 sput-
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tering cross sections, as proposed by Lingenfelter (2019). We
aim to finalize the necessary corrections to obtain new SuperTIGER GCRS abundance measurements of the 41 ≤ Z ≤ 56
range for future publication. This 16 charge unit increase in the
GCRS abundance measurement range will provide a stringent
test of the current GCR origin and acceleration models.
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Z
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

NINS T
1459490
433580
711882
583025
1227900
410107
964170
572988
985187
807506
5393040
78462
267345
4608
3057
265
429
67.5
188
43.1
97.2
41.8
131
37.1
53.6
17.0
29.2
14.1
22.4
6.6
13.7
5.7
6.5
6.0
24.9
5.1
18.1
4.9
9.9
5.2
11.1

7

±FitErr
1475
854
1069
951
1367
798
1220
947
1232
1234
2892
372
615
67.1
67.8
21.3
23.6
12.4
18.6
8.6
10.9
7.6
11.5
7.7
8.9
4.2
6.2
4.8
6.7
5.9
4.7
2.5
2.2
2.2
6.6
2.3
4.9
4.9
3.4
4.9
3.9

+GehErr
1209
659
845
765
1109
641
983
758
994
900
2323
281
518
68.9
56.3
17.3
21.7
9.2
14.7
7.6
10.9
7.5
12.4
7.1
8.3
5.1
6.4
4.8
5.7
3.6
4.7
3.4
3.5
3.4
6.0
3.3
5.3
3.2
4.1
3.3
4.3

−GehErr
1208
658
844
764
1108
640
982
757
993
899
2322
280
517
67.9
55.3
16.3
20.7
8.2
13.7
6.5
9.8
6.4
11.4
6.1
7.3
4.1
5.4
3.7
4.7
2.5
3.7
2.3
2.5
2.4
5.0
2.2
4.2
2.1
3.1
2.2
3.3

Table 3: Instrument level, combined Above- and Below-C0, elemental abundances for the range 16 ≤ Z ≤ 56 obtained from the multi-peak Gaussian fit.
Fit errors are determined by calculating the error on the area of each Gaussian
peak. Statistical errors are calculated as in Gehrels (1986).
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