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The SuperTIGER (Super Trans-Iron Galactic Element Recorder) balloon-borne ultra-heavy Galac-
tic cosmic-ray (UHGCR) detector had successful Antarctic flights in 2012 (55 days) and 2019
(32 days). Stratospheric float altitudes varied between ~120,000 — 130,000 ft, and measurements
must be corrected for propagation through the residual ~ 0.5% atmosphere using an approach de-
veloped for the preceding TIGER instrument. Changes due to nuclear interactions are determined
iteratively starting from assumed top of the atmosphere (TOA) elemental abundances from which
instrument abundances are found by solving networks of equations for all elements with partial
and total charge-changing cross sections stepping through fine slabs of material and adjusting
the TOA abundances after each run until the predicted instrument abundances match the flight
measurements. Differential elemental atmospheric energy losses are corrected for using Geant4
simulations to find TOA minimum energies corresponding to the acrylic Cherenkov detector
threshold (~350 MeV/nuc) and scaling TOA abundances corrected for nuclear interactions with
the fraction of the integral energy spectrum for its TOA minimum energy, using the iron spectrum
for the UHGCRs.
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1. Introduction

The best single element resolution measurements of the ultra-heavy Galactic cosmic rays
(UHGCRs), 30Zn and higher charge elements, to-date have been made by the balloon-borne Su-
per Trans-Iron Galactic Recorder (SuperTIGER) instrument [7, 8, 13, 14]. SuperTIGER is over
four times the size of the predecessor TIGER instrument [5, 10, 11]. One advantage of balloon
instruments is the larger geometric acceptances that can be flown than by space missions, but
balloon-altitude measurements must be corrected for propagation through the residual atmosphere
above the balloon. These corrections include those for nuclear interactions and energy losses in the
instrument and atmosphere to derive top of the atmosphere (TOA) elemental abundances. Super-
TIGER is nearly as large an UHGCR detector as can be flown on existing stratospheric balloons, and
there is tension between detector size and weight versus higher altitude and reduced atmospheric
burden.

The UHGCRs provide insight into the origins of the Galactic cosmic rays (GCRs), how they
are accelerated, and the nucleosynthetic sources of the heavy elements. In Fig. 1 the relative
abundances of elements from H to ssBa for GCRs with energies of 2 GeV/nucleon are compared
with the Solar System (SS) abundances [6] normalized to 14Si. These two samples of Galactic
matter are nominally consistent, with most of the differences accounted for through cosmic ray
spallation between the source and detection and by acceleration efficiencies. In the GCRs we see
that ,6Fe is ~5x10° times less abundant than ;H, the UHGCRs from 3¢Zn to 4Zr are ~10° times
less abundant than »¢Fe, and the heavier UHGCRs are even more scarce still.
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Figure 1: Solar System (SS) [6] and Galactic cosmic-ray (GCR) relative abundances at 2 GeV/nuc. The
solid red line depicts average GCR data, sourced for 1<Z<2 from [12], Z=3 from [1], 4<Z<28 from [3], and
16<Z<56 from [13] normalized to 4Si. The dashed black line depicts overlapping measurements from [3]
and [13].
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2. SuperTIGER

2.1 Instruments

SuperTIGER is a supersized (~4x) version of the predecessor TIGER instrument. TIGER
was a 1.16 m square 0.57 m tall stack of four compact wavelength-shifter readout scintillator
detectors sandwiching scintillating optical fiber hodoscopes above and below silica aerogel and
acrylic Cherenkov light collection box detectors. One of two SuperTIGER modules is shown in
Fig. 2a and in an expanded view in Fig. 2b. SuperTIGER differs from TIGER in having only one
scintillator at the top of the stack above the Cherenkov detectors to reduce the material in the GCR
beam.

2.2 Flights

SuperTIGER had two successful Antarctic flights: SuperTIGER 2012 from December 8, 2012
- February 1, 2013 for 55 days with 5.38x10° ,sFe shown in Fig. 2c, and SuperTIGER 2019 from
December 15, 2019 - January 17 2020 for 32 days with 1.3x10° 5sFe shown in Fig. 2d, where the
UHGCR statistics scale with ogFe. The first TIGER and SuperTIGER flights set duration records
for zero-pressure heavy-lift stratospheric balloons, with the SuperTIGER record still standing.
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Figure 2(a): SuperTIGER Figure 2(b): Expanded Su- Figure 2(c): SuperTIGER Figure 2(d): SuperTIGER
module. perTIGER module. 2012 flight. 2019 flight.

3. Atmospheric Propagation Corrections

To compare GCR abundances measured in the instrument with measurements in space it is
necessary to first correct the abundances for the nuclear interactions and energy losses as particles
travel down through the atmosphere and within the instrument. Corrections are first made for the
propagation in the instrument, and the material above the first charge detector (top scintillator) must
be handled differently from that in the active region where interacting particles can be identified.
The material at the top of the instrument is included in the atmospheric corrections that account for
both loss and gain of each element through nuclear interactions, while within the active area of the
detector only corrections for loss are made since interaction cuts have been applied. The inactive
material above the top scintillator detectors was modeled with an equivalent depth of atmosphere
in the propagation corrections, with 1.31 g/cm? for TIGER and 0.1 g/cm? for SuperTIGER based
on the material above the top scintillator given in Table 2. Nuclear interaction probabilities and the
rate of energy loss both increase for nuclei with higher Z, where energy loss increases as Z> and
interactions increase with nuclear cross sectional area ~A%/3, where A « Z.
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3.1 Cross Sections

TIGER and SuperTIGER cannot discriminate between isotopes, so the atmospheric and in-
strument propagation corrections use total and partial charge-changing cross sections. The total
charge-changing cross sections are used to correct for nuclear interaction losses for each projectile
element in the propagation. Partial charge-changing cross sections correct for nuclear interaction
gains. Each partial cross section for a given projectile is calculated at a AZ, the change in charge
a projectile nuclei experiences. The sum of all partial charge-changing cross sections across all
AZ for a given projectile should equal the total charge-changing cross section for that projectile.

The total charge-changing cross sections are given by ~_ parameter | value
P1 21.2+0.5mb
010t(P,T) = n[Rp + Ry — (320 £ 0.05)]%, (1) p, 1.08 £ 0.15
pP3 (0.485+0.014)A GeV
where P and T refer to the projectile and target nuclei, pa 0.094 + 0.013
and Rp and Ry are their respective nuclear radii. The s 1.11 + 0.02
nuclear radii have a hard sphere fitting parameter, S, that Pe 108+ 1.6
relates to the electron radii by R,, = SR,. This parameter P (0.85 + 0.03)A GeV
is §=1.277+0.006 with a XZ =5.59 [9], which was used in X% 284
the calculation of Rp and Rr. The total charge-changing 1741

cross sections are given in Fig. 3a for the materials used in

the atmospheric propagation and instrument correction, . .

Table 1: Partial charge-changing cross sec-
tion parameters taken from Table VIII in the
paper [9].

showing the increase in the cross sections is less than
linear in Z.

The partial charge-changing cross sections are given
by
1/3 1/3
Oz (Ap, AT, K AZ) = pr(AY + A% = pa) (14 p3K)AZ| P IIAL Tpst A poson KL (9)

where Ap and A7 are the atomic masses of the projectile and target nuclei, AZ is the change in
charge of the projectile, K is the total kinetic energy of the projectile, and the parameters are given
in Table 1. For this analysis a value of K = 2A GeV was selected as representative for the TIGER
GCRs and K = 3.1A GeV was chosen for the SuperTIGER GCRs. The total charge-changing cross
sections are shown in Fig. 3a for projectile targets in the atmosphere and material in the detector.

To ensure the total charge-changing cross section for an element equals the sum of the partial
charge-changing cross sections, a weight factor was introduced to scale the partial charge-changing
cross sections. The weight factors are introduced after calculating the total charge-changing cross
section at each element using Equation 1 and the sum over AZ for each partial charge-changing
cross section from Equation 2. A scaling value is varied until the sum over AZ of the partial charge-
changing cross sections are equal to the total cross section at a given Z. The charge dependence of
the weight factor given in Fig. 4 is non-linear in charge, especially at low Z. These corrected factors
produce total and partial charge-changing cross sections for the projectile elements from ,7Ni to
40Zr for the atmospheric gas targets of 7N and gO, as shown in Fig. 3b and Fig. 3c, respectively.
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Partial Charge Changing Cross Sections on Oxygen

Total Charge Changing Cross Section Partial Charge Changing Cross Sections on Nitrogen
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Figure 3(a): Total charge-changing Figure 3(b): Partial charge-changing Figure 3(c): Partial charge-changing
cross sections of projectile nuclei on cross sections on ;4N for targets o7Co cross sections on é(’O for targets Z =
target nuclei {H, ¢C, 7N, gO, gF, 13Al, to 49Zr. 27Co to 40Zr.

and 14Si‘

3.2 Instrument and Energy Correction

Weight Factor for PCC Cross Section

The measured abundances are corrected to the top de- e e
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tector for interaction losses in the active instrument area in
TIGER [5, 10, 11] and SuperTIGER [7, 8, 13]. Corrections
for the inactive detector material above the middle of the top
scintillator radiators in TIGER and SuperTIGER are listed in
Table 2 were folded into the corrections for interactions in the
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Figure 4: Partial charge-changing

approximated as acrylic. ; X
cross section scaling for each element.

detector chemical | TIGER | TIGER | ST ST

material formula | top active | top active
PET C1oHgOy4 | 0.102 0 0.025 | 0.062
PMMA CsHgO, | O 0.938 0.040 | 1.499
aluminum | Al 0.148 0.07 0.033 | 0.372
PS CgHg 0.342 1.920 0 0.388
PVT CoHjo 0.412 1.442 0.523 | 1.057
silica Si0, 0 0.586 0 0.614

Table 2: TIGER and SuperTIGER instrument materials above the middle of the first scintillator detector
(top) and in average in the active area (active) in g/cm?: polyethylene terephthalate (PET) - Mylar, polymethyl
methacrylate (PMMA) - acrylic, aluminum (Al), polystyrene (PS), polyvinyltoluene (PVT), silica SiO,.

A correction for energy losses is made by calculating the minimum energy at the top of the
atmosphere required to be above threshold in the acrylic Cherenkov detector based on the average
energy losses in detector materials and the atmosphere. The top of the atmosphere abundances
corrected for interactions in the atmosphere are then renormalized compared to »cFe based on
evaluating the normalized integral spectrum of each element derived from differential spectra [4]
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First Step ‘ Last Step ‘ Difference
115600.8876 | 115168.5385 | 0.3747 %

Table 3: The total charge abundance at the first step of the iteration compared to the final step.

for elements below ,¢Ni and scaled >¢Fe spectra for UHGCRs.
3.3 Propagation

In the atmosphere and instrument materials, the correction process tracks the charge-changing
interactions that will add to or reduce the flux of each element in passing through the material
above the active instrument. The total and partial charge-changing cross sections are used to correct
SuperTIGER measured abundances to TOA abundances. Initial TOA abundances in the model
are assumed using satellite GCR measurements from HEAO-3-C2, HEAO-3-C3, and Ariel [2, 3].
Initial TOA abundances are iterated down through slabs of material for n,..,=1000 steps. The
abundance of a projectile in a step i+1 of atmosphere is calculated using the abundance at step i and
adjusting for the losses and gains due to nuclear interactions as Ji.1 (P) = J;(P) — L;(P) + G;(P).
The loss term is given by

4 Narm
Li(P) = Ji(P)I0™* 22N s (01008 (P, N)rx + Ttor,0(P, N)ro) (3)
step
where Ngz, is the surface mole density of the atmosphere, N4 is Avogadro’s Number, 07,;(P) is
the total charge-changing cross section for a projectile P on the target with r5 and ro being the
number fractions of nitrogen and oxygen in the atmosphere, respectively. The gain term, which
produces two daughter nuclei is given by

N
(PO =Ny (0az NTN + Taz.0T0) | » )

Nstep

Gi(P) =
AZ=Z(P")=Z(P)>0

where the sum is over all AZ where the charge of a projectile P’ is greater than the charge of a
projectile P. oAz is the partial charge-changing cross section of a projectile P’ with a given AZ
from interacting with a target nuclei 7N or gO. At the final step in the propagation, the abundance
at each element is compared to the measured abundance from the active area in the detector. The
initial TOA is then adjusted and the propagation is performed again, until all initial TOA abundances
are propagated down the atmosphere to equal the instrument (TOI) abundance.

To confirm that charge is conserved in the propagation the total is calculated at each step
by multiplying the charge by the absolute abundance of each element to confirm that during the
propagation the charge is conserved. The TOA charge compared with the charge after propagation
changes by less than 0.4%, see Table 3.

4. Results and Discussions

Atmospheric nuclear interaction corrections using total and partial charge-changing cross
sections produce TOA abundances consistent with SuperTIGER raw abundances. Introducing a
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Relative Elemental Abundances
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Figure 5(a): TOA and TOI relative abundances after scaling the partial charge-
changing cross sections (blue, purple) compared with abundances without scaling
the partial charge-changing cross sections (red, purple).
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Figure 5(b): Residuals between the abundances from the scaled and unscaled charge-
changing cross sections.

weight factor for the partial charge-changing cross sections affects the propagation model leading
to different final abundances compared to the unscaled partial charge-changing cross sections.

The TOA relative abundances are shown with both the scaled and unscaled partial charge-
changing cross sections in Fig. 5a, along with the corresponding TOI abundance. The most
significant abundance changes from scaling were in Z > joNe. The residual plot comparing TOA

scaled and unscaled is seen in Fig. 5b.
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The next step in this analysis is to fully implement a Monte Carlo method to estimate systematic
uncertainties by simultaneously and randomly varying atmospheric propagation total and partial
charge-changing cross sections over Gaussian distributions with widths determined by uncertainties.
Further down the line the goal is to use simulations for a more advanced model of nuclear interactions
in the atmosphere.
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