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SuperTIGER (Super Trans-Iron Galactic Element Recorder) is a long-duration-balloon instrument
that completed its first Antarctic flight during the 2012-2013 austral summer, spending 55 days
at an average float altitude of 125,000 feet. SuperTIGER measured the relative abundances of
Galactic cosmic-ray (GCR) nuclei with high statistical precision and well resolved individual
element peaks from jgNe to 49Zr. SuperTIGER also made exploratory measurements of the
relative abundances up to s¢Ba. Although the statistics are low for elements heavier than 40Zr,
we present preliminary relative abundance measurements of charges Z = 41 — 56 with individual
element resolution. GCR measurements up to 40Zr 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. Our preliminary measurements of the Z = 41 — 56 range suggest the
existence of an alternative GCR source or acceleration model for Z > 40 elements. We report

progress in refining this interesting result.
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1. Introduction

Current observations point to OB associations as a major source of galactic cosmic ray (GCR)
nuclei and to supernovae (SNe) as the main GCR accelerators. OB associations host the youngest
and most massive stars which eject heavy nuclei through strong stellar winds and by exploding
as supernovae (Higdon et al. 1998[1]). Subsequent supernova shock explosions sweep up this
material, accelerating it to GCR energies(Wiedenbeck et al. 1999[2]). This acceleration is most
efficient for high rigidity particles, and so refractory elements that are more likely to be embedded
in dust grains with high mass to charge ratios are preferentially accelerated compared to volatile
elements that are rarely embedded in grains (Lingenfelter 2019[3]).
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Figure 1

Plotting the GCR source abundances relative to solar system abundances shows that the refrac-
tory elements are more abundant in the GCR flux than volatiles, but only up to iron (Figure 1a).
If, instead, we plot the GCR source abundances relative to a mix of solar system and massive star
material, the refractory preferential acceleration model holds all the way up to zirconium (Figure
1b). As this material mixture is representative of the chemical makeup of OB associations (Binns
et al. 2005[8], the fact that this mixture reveals the refractory enhancement model in the GCR
abundance data is good evidence that GCR are being accelerated by supernovae from within OB
associations. We aim to extend the SuperTIGER analysis up to barium, with atomic charge 56, to
further test this theory of GCR origin and acceleration.

2. The SuperTIGER Instrument

The SuperTIGER instrument is optimized to measure UHGCR SuperTIGER is composed of
two nearly identical, independently functioning detector stack modules, mounted side-by-side on
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the balloon-payload gondola as in Figure 2a (Binns et al. 2014[9]). In each module (Figure 2b), a
scintillating fiber hodoscope determines the trajectory of cosmic rays within the instrument. Three
acrylic scintillators (S1, 2 and 3), one silica-aerogel Cherenkov detector (C0O), and one acrylic
Cherenkov detector (C1), with indices of refraction n = 1.043 (and 1.025 in one of four half-
modules) and n = 1.49 respectively, are used in combination to determine the charge and energy of
cosmic rays.

<2 TDRSS Antennas

#  Iridium Antenna ¢ - Detector Modules S1 scintillator

H1 hodoscope
CO0 aerogel Ck
C1 acrylic Ck
S2 scintillator

H2 hodoscope

= / S3 scintillator
D 43m
(a) Technical model of the SuperTIGER payload with (b) One module of the SuperTIGER instrument ex-
both instrument modules mounted in the gondola. panded to show each detector.

Each module operates independently of the other.

Figure 2

The trajectory determined by the hodoscope is used to perform an angle correction on the
summed photomultiplier tube signals obtained by the three scintillators and two Cherenkov detec-
tors. The resulting corrected signal in each detector represents the light yield caused by a cosmic
ray particle of a given charge that passes through. In this way, for every cosmic ray event, a charge
estimate is made by each detector layer. These estimates are then used in combination during the
analysis process (Section 3) to assign charge precisely. The turn on thresholds of the two Cherenkov
detectors determine the measurement technique used to measure the charge of a cosmic ray with a
given energy. The C1 detector responds to cosmic rays that deposit at least 320 MeV/nucleon, while
the CO detector turns on at 2.3 GeV/nucleon (or 3.3 GeV/nucelon for the n = 1.025 half-module).
When a cosmic ray has energy greater than the CO threshold, C1 and CO can be used together in our
"Above-C0" method. Otherwise, either S1 or S2 is used in combination with C1 in the "Below-C0"
method.

3. Charge Assignment Method

When plotted together, the signals of these detectors form charge bands that are clearly visible
up to nickel. In order to measure ultra heavy GCR (UHGCR), we must be able to assign charge to
particles that are too scarce to form these dense charge bands.

As shown in Figure 3, we perform a cut on the C1 vs. CO cross plot (right) that simulates the
CO energy threshold. We plot all the data to the left of this "Above-C0" cut on an S vs. C1 cross
plot (left) and observe that this Below-CO data is well resolved. In this way, we are able to assign
charge with good resolution over most of the GCR energy range.
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Figure 3: A single flight day’s data is plotted in C1 vs. CO space (right). The data to the left of the blue line
is plotted in S1 vs. C1 space (left).

Fitting the charge bands determines the charge dependence of the band spacing (Figure 4).
We extrapolate this dependence to the low statistics UH region above these bands. This is done
differently for the Above-C0 and Below-CO0 data sets.
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Figure 4: Left: Charge bands formed by one day of Below-CO data within one angle bin. The even bands
are fit by quadratics that are used to determine the charge-band spacing that is extrapolated to the UH region
by the simplified Tarle saturation model displayed. Right: Charge bands formed by one day of Above-CO
data within one angle bin. The iron band is fit by a quadratic modification to the displayed linear equation,
which is then used to extrapolate the charge-band spacing to the UH region.

For Above-C0, the band spacing is determined by the Z? factor in the y-intercept of the linear
equation between shown in Figure 4(right). This linear equation describes the family of lines popu-
lated by cosmic ray events that yield two pure Cherenkov signals (CO and C1), provided negligible
energy loss occurs between the two Cherenkov materials. Because this equation represents the
family of lines with separation oc Z2, it can be used to determine the charge of any particle given its
two Cherenkov signals. While the linear relationship between CO and C1 occurs for pure signals,
in reality other small light contributions are present, such as scintillation from detector materials
and additional Cherenkov from knock-on electrons. To account for residual effects, we fit the iron
band with a quadradic, and use the resulting parameters to give charge to cosmic rays, given their



SuperTIGER GCR Abundances for 30 < Z < 56 N.E. Walsh

two Cherenkov signals.

For Below-C0, scintillator saturation effects complicate the charge dependence of the band
spacing. In order to extract the charge dependence that allows us to determine the charge of a
cosmic ray given the scintillator and acrylic cherenkov signals it produces, we fit each even-charge
band (16 < Z < 28) with a quadratic, and, within each x-axis energy bin, we determine the
scintillator signal value that corresponds to the charge of each of these bands. The simplified
(dB/dx = 0) Tarle saturation model, shown in Figure 4(left), is then used to extrapolate the charge
dependence of the scintillator response up into the UH region above the Below-CO0 charge bands.

4. Obtaining GCRS Abundances

The charge histogram (Figure 5) resulting from plotting together the cosmic-ray events, with
charges assigned by either the Above-CO and Below-C0 methods described above, shows excellent
individual element resolution up to zirconium. We also see well defined even-charge peaks up to
barium. Due to very low statistics, the odd-charge peaks are particularly vulnerable to contamination
from neighboring peaks. In addition, Pd4¢ and Cdsg appear spuriously low, possibly due to a gain
matching issue currently under investigation. As such, the odd elements with Z > 40 are removed
along with Z = 46 and 48 until we can account for these effects appropriately.

The measured abundances are extracted using a multi-peak Gaussian fit, where the sigma of
each peak is allowed to vary linearly with charge. Because the resolution of odd-charge peaks will
be poor due to contamination from the more abundant even charges, we use only the sigmas of the
even charge-peaks with 16 < Z < 40 to constrain the linearity of sigma over the measured charge
range.
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Figure 5: The entire measured SuperTIGER charge range (16 < Z < 56) fit by a multi-peak Gaussian
function, with sigmas determined by a linear fit to the even-charge peak sigma values for peaks with
16 < 16 < 40.

The extracted abundances are corrected for interactions and energy losses within the instrument,
atmosphere and interstellar medium to obtain the abundances as they are at the top of the instrument
(TOLD), at the top of the atmosphere (TOA), and at the GCR source (GCRS), respectively. Comparing
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the SuperTIGER TOA abundances to that of satellite results from HEAO3 and Ariel reveals good
consistency all the way up to barium (Figure 6).
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Figure 6: SuperTIGER TOA odd-even charge pair abundances for 33 < Z < 56. Comparison to HEAO-
3&Ariel odd-even charge pairs from Binns et al. 1989[10]. Solar system abundances from Lodders 2003[4]
were also charge paired for comparison.

5. Science Implications

To test the GCR origin and acceleration model, we plot the GCR source abundances relative to
an OB association representative mix of 80% solar system and 20% massive star material (Figure 7).
While the elements up zirconium show clear separation between refractory and volatile elements,
it appears that the refractory preferential acceleration model does not hold for elements with charge
greater than 40. It looks as if the volatile elements with Z > 40 are bumped up to the refractory
enhancement line, instead of following their expected charge dependence line.

The breakdown of the refractory preferential acceleration model for elements with charge
greater than 40 suggests that there might be a different production site or acceleration mechanism
for these elements. One interesting observation is that the volatile elements in this range all have
substantial contributions from r-process production (West and Heger 2013[11]). It is possible that
there is an excess of r-process GCR for elements with Z > 40.

Binary neutron star mergers (BNSM) are known to produce vast amounts of r-process nuclei
in a single event and some binary neutron star merger production models suggest that these events
alone can account for the solar r-process abundances (Just et al. 2015[12]). It is interesting that the
binary neutron star merger r-process production appears to fall off for A = 90 (Z =~ 40), which is
the point where the GCR source model appears to change. The rarity of BNSM events compared to
that of SNe, as well as the unlikelihood for BNSM ejecta to be accelerated by nearby SNe, makes
it difficult to explain how BNSM products could be enhanced in the GCR. Further work is required
to probe this apparent change in model for GCR with Z > 40.
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Figure 7: SuperTIGER GCRS abundances plotted relative to an OB association representative mix of 80%
solar system material (Lodders 2003[4]) and 20% massive star material (Woosley and Heger 2007[7]). Odd
elements with Z > 40 are removed along with Z = 46 and 48 due to poor statistics and large systematic

uncertainties.
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