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CALET PAYLOAD

CGBM (Calet
Gamma Ray
Burst Monitor)

ASC
(Advanced
Stellar
Compass)

CHD (Charge
Detector)

(GPS

Receiver) MDC (Mission

Data Controller)

‘(m(;gmg TASC (Total

H;“.V
4 ) Absorption
Cal 1 s
® ! E iy Calorimeter)

CALET launch on CALET was emplaced on Japanese JEM Standard Payload

Aug. 19*, 2015 on Experiment Module — Exposed Facility Mass: 612.8 kg

Japanese H2-B (JEM-EF) port#9 on Aug. 25%, 2015 Size: 1850 mm (L) x 800 mm (W) x 1000
rocket mm (H)

Power Consumption: 507 W (max)

CALET started scientific observations on Oct. 13™, 2015. More than 4.5 billion events
collected so far.

VULCANO WORKSHOP 2024, ISCHIA FRANCESCO STOLZI




CALET INSTRUMENT

CHD-FEC PMT SCIM

' g — } CHD
MAPMT —— { Ij‘ J F I 3 . - y
VA Chip £y ' | A 30 radiation length deep calorimeter
Assembly e - - .
& Tt — i designed to detect electrons and gammas
IMC-FEC L |
: i) up to 20 TeV and cosmic rays up to 1 PeV
ad | - =y
PMT
a
g TASC-FEC : I
PD/APD
—
BASE PANEL
PWO
IMC TASC
(Charge Detector) (Imaging Calorimeter) (Total Absorption Calorimiter)
Measure Charge Particle ID, Energy,
(1 <7< 40) Tracking Dynamic range: 1 —10° MIP (1 GeV —1 PeV)
AZ/7Z = 0.15 for C, 0.35 for Fe AX at CHD = 300 pm
Geometry / Plastic Scintillator Scintillating fibers 448 x 16 (X,Y) 16 PWO logs x 12 layers (X,Y)
M ial 14 paddles x 2 layers (X,Y) 7 W layers, total thickness: 3 X Total thickness: 27 X , 1.2 N
aterl Paddle size: 32 mm x 10 mm x 450 mm Scifi Size: 1 mm® x 448 mm Log size: 19 mm x 20 mm x 326 mm
PMT + CSA (for trigger)
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TRON AND NICKEL ANALYSIS PROCEDURE

Data sample
v From November 2015 to December 2022, 2618 d, live time T = 5.3 x 10* h, ~86% total obs. time.
v Iron (nickel) statistic increased by 1.6 (1.3) times with respect to our previous publications.
v MC simulations based on EPICS 9.21 w/ DPMJET-III.
v Preliminary iron analysis also based on GEANT4 10.56 w/ FTFP_ BERT.
v Iron: improvement of charge calibration, extension of acceptance and of charge selection.
(1) Shower event selection and High Energy Trigger (HET)
Select interacting particles.
(2) Tracking with IMC
Identify the impact point and the particle’s direction.
(3) Acceptance cut
Events crossing the whole detector from the top of the CHD to the TASC bottom layer and clear from
the edges of TASCX1 by at least 2 cm (S$2 ~ 510 cm? sr).
(4) Charge consistency with CHD
Remove particles undergoing a charge-changing interaction in the upper part of the instrument.
(5) Charge selection with CHD
Iron (nickel) candidates are identified by an ellipse centered at Z = 26 (28).
(6) Background estimation
(7) Energy unfolding
(8) Systematic errors
(9) Flux measurement
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(1) HET AND SHOWER SELECTION

* For light nuclei (Z<10), only events interacting in the detector are triggered.

* For heavy nuclei, the HET threshold is far below the signal amplitude expected from a particle at
minimum ionization (MIP) and the trigger efficiency is close to 100%.

> in order to select interacting particles, a deposit larger than 2 sigmas of the MIP peak is required in at
least one of the first four layers of the TASC.

HE Trigger Shower Event selection for Fe, Ni

IMC7+8

TASC-X1

TASC-X1 [T TASC-Y1
IO I W W IO M TASC-X2
e e s —

T TN T [ TASC-Y2
-

I [ ! DOOOO00
DDODDOO0C] B, ™eico B, DODOOOCO
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(2) (3) TRACKING WITH IMC

Tracking algorithm based on a combinatorial Kalman filter
Tracking is used to:
* Determine cosmic ray (CR) arrival direction;
* Define geometrical acceptance;
* Identify CHD paddles and IMC scintillating fibers crossed by CR particle
Tracking performance for iron and nickel:
* angular resolution : ~0.08°
* spatial resolution for the impact point on the CHD: ~180 Mm.
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(4) (5) CHARGE IDENTIFICATION

Charge Z reconstructed by measuring the ionization deposits in the CHD

v Non linear response to Z? due to the quenching effect in the

scintillators is corrected using a “halo” model.
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v In order to remove background events interacting in CHD a Charge
Consistency Cut is applied: |Z ,~Z | <1.5

v Charge resolution o, are 0.35 e and 0.39 e for Fe and Ni respectively.

10°

158.49 < E o /GeV < 251.19

Number of Events

C '1||

H
il .u.d!I!!i.!ﬁﬂn!||n!|“|!ﬂimld

| i

VULCANO WORKSHOP 2024, ISCHIA

v Iron (nickel) events are selected within an ellipse centered
at Z = 26 (28), with 20, (1.40)) and 20 _(1.40 ) wide
and Z
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BACKGROUND ESTIMATE

dN/dEdep distributions for Ni and contamination by
Co, Fe after Ni selection

- Iron g
- ‘I_l—l; - Nickel
3 - -
10° R L —
100
- i — |
10 - _
— lron 1t Nickel
— Total Contamination ; — Total Contamination
1E i
E 1 1 1 | I T | II 1 1 1 11 11 || 1 1071 | | L 111 ‘ | | 1 1 | | |
10° 10° 10° 10°
Erasc [GeV] Erasc [GeV]

Background contamination from different nuclear species misidentified as Fe (Ni) are estimated by Monte
Carlo simulation.

* Iron: total background is few percent in all energy bins.
* Nickel: ~ 1% between 10? and 10° GeV, up to 10% at 10* GeV
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(7) ENERGY UNFOLDING

* Energy unfolding is applied to correct for bin-to-bin migration effect and obtain the primary
energy spectrum

F : — 0.6
—_ r : : B S F
= r : : = (o) L .
8 | EPICS Fe - GEANT4 Fe I S | EPICS Ni .
0 " Sbins/decade _ A(Y 00 |
Ty 5 bins/decade - 3 bins/deca e‘\ \a w10
\'\("(\ m 05 -
10%E Ea\\ i
g ‘?( —0.4 L
103E —0.3 1035_
- o2 E
10° 2
E £ —0.1
| 2
7 L L L |||\|||‘ L \-0 C L IIHIH‘ T | L1 LIl I I-O 10 1 1 1 ||\|\| L L L1 |||\‘
1 _ 10 102 10° 10% 1 10 10° 10° 10* 10 10 10°
Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n]

* In the figures the color scale is associated to the probability that iron (nickel) candidates in a

given bin of kinetic energy cover different intervals of E
TASC

* EPICS and GEANT4 are used to estimate the energy response (“smearing”) matrix, applying the
same selection cuts as in the F'D analysis
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(8) SYSTEMATIC ERRORS: IRON

<  0.2F
= —
L 0.15F . 5
s B Energy-independent systematic
> — ° o °
= 0-02 = uncertainties include
<1_g 05— > live time (3.4%)
= z 13 0
?'1 = Preliminary > long-term stability (< 2%)
><_0- S | Iron EPICS | > geometrical factor (~1.6%)
0.2f—
= —
L 0.15 == Total uncertainties [ ] Statistical uncertainties
Y E Total systematic uncertainties Energy scale L i
é o 1: Charge identification  ----- Energy unfolding Energy dependent Sy stematic
i A Shower Event Beam test configuration fti :
L E Background Systematic uncertainties include
0.05~ > Charge identification
0 :— ----- “552{%225“"illlllllll““l““‘lllII;:'_='-_i.--::-.--..-..-.-.-.-:::::":=:::::::::::::-—::::| > Shower s
— > Beam test configuration
—0.05 = > Unfolding procedure
~0.1—
0450 | . . o

102 10°
Kinetic Energy per Nucleon [GeV/n]

Y
o

Systematic uncertantines are well contained within +£10%
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(8) SYSTEMATIC ERRORS: NICKEL

>< = . .
LI_:_S 0.3 = Systematic Uncertainties [ | Statistical Uncertainties Total Uncertainties Energy-lndependent Sy stematic
= 02 uncertainties include
= 01 > live time (3.4%)
< oE > long-term stability (< 3%)

= > geometrical factor (~1.6%)
—0.1— g
= > Isotope composition (~2.2%)
X 0Bo| |
u_::’ ) E Energy scale Charge identification Nickel d
= otsf- e Energy unfolding MO model Energy-dependent systematic
i — Shower Event s Beam test configuration uncer tainties inC].u de
< o010 Background systematic
— > Charge identification
0.05 > Shower event
0.00 - > Beam test configuration
— > Unfolding procedure
—0.05 > MC model (GEANT4)
-0.10[— | |
g9 10 20 30 40 50 60 70 80 90 102 2102

Kinetic Energy per Nucleon [GeV/n]

Systematic uncertantines are contained within +10%
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(9) FLUX MEASUREMENT

CALET Iron and Nickel Flux with multiplicative factor E*°

& 5.0

<€ 030 - =
r;D.EB:—CALET Nickel Flux [88 - 240 GeV/n] '_9 45:_ ® CALET —1- statistical uncertainties [10 -1000 GeV/n]
[4}] — [1}] e . i ..
g 0.26 = i CALET I Statistical uncertainties 9 E Systematic uncertainties Total (stat.+syst.) uncertainties
" 0.24 i— Systematic uncertainties Total (stat.+syst.) uncertainties — 4.0 E_ TRACER ATIC 02 (2003) PoS ICRC2023
2022 — ¥ CRISIS(1977) ¥  Balloon (1975) - G. Minagawa 2 g5~ ¥ CRN-spacelab2 (\] 7 AMS02
qf” 0.20 ;— ¥ HEAOQ3-C2 (1979/10 - 1980/06) [} NUCLEON q.lw 2.0 = \(\0
E018 £ 30 .
= o1sE. POS ICRC2023 % ,5E- \\ =
Tour : S LI ELTTTAS RN I e
m'x 012 : w_x 20E" ﬂﬂlﬂ][:[:‘ [:]/ ,‘/5___5.-.—:——“--—-..___._,———-/*‘
“Lu u.mi— ¥ 1 + T 1.5;:&] /’_
0.08 - l} . % » o =
ome e § 1 = CALET Iron Flux
0-02:— 0'55 (EPICS MCQ)
: — 1 1 1 1 1 1 | 1 | 1 1 | 1 | 1 | | 1 | I L 1 L L L L L1l 1 L L L J L1 1 I
10 o 102 10 102 o 10°
Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n]

* N(E): bin counts of the unfolded
. N (E ) energy distribution
AEe(E)SQT * AE: energy bin width

* S(): geometrical acceptance

O(E)

e T: live time

» ¢(E): total selection efficiency
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MEASUREMENT USING GEANT4

010”

ALET iron flux: GEANT vs EPICS
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TRON SPECTRAL INDEX

SPL Fit
E y
s 3.5 CB'(E} = e
= [ cALETtotalerror PoS ICRC2023 I GeV
> 3 & CALETstat error * ~ = —2.56 & 0.01(stat) = 0.03(sys)
S sl oh 2/DOF = 2.7/5
— 250 SPL fit /+, ST = %@
5o R S—" S DPL Fit
o — e
= -
o 1.5 c (G—‘E\,)y E < Ey
NL: E a(\J (D(E) = ENY [ E Ay
x 15* ‘((<x(\ & (EﬁEﬁF) (jﬁ;) E > Eﬂ]
o - 6\\
0'5:_ ?( Iron * ~ = —2.60 + 0.01(stat) + 0.08(sys)
ot . L : + x 2/DOF = 0.8/3
20 30 40 50 10 2x10 - -
Kinetic Energy per Nucleon [GeV/n] Ay = 0.29 & 0.27
. E = (428 £314) Gev/n

The significance of the fit with the DPL in the studied energy range is not sufficient to
exclude the possibility of a single power law.
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NICKEL SPECTRAL INDEX

Fit from 20 to 240 GeV/n, with a SPL

£0.25) CALET total error Po5 ICRC2023
> |
b} |
o} 0ol E CALET stat. error SPL Fit
w | —— SPLfit E \71
e - O(E)=C|———
% 0.15] 1 GeV
a -
o /% * ~ = —2.49 4 0.03(stat) £ 0.07(sys)
ol R . . x 2/DOF = 0.1/3
x -
E B [ ]
L — °
0.05 Nickel
_| | | | | | | | ‘
10 20 30 40 50 60 70 107 2%x10°

Kinetic Energy per Nucleon [GeV/n]

From 20 to 240 GeV/n the nickel flux is consistent with the hypothesis of an SPL
spectrum
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JRON TO PRIMARY ELEMENTS FLUX RATIO

Fe ratios to He, Cand O Fe ratios to He, C and O normalized at 100 GeV/n
TUE z —~0.35¢ . .
-% = FeRatios PoS/CRC2023 &/™  s%¢% | 5 I'Flux Ratios normalized at 100 GeV ros ICRC2023
fi Fe/C CALET %2/ ndf a;uasm 30.30:—
e il B e e s | o 05k, 1FE/OX1.00 $Fe/Cx0.88 ¢Fe/He x33.75
E é ; Fe/He CALET po 0.0046 + 0.0001 g : g
10_1 = ’ . 2 " P ——¢t 3¢ S m 0.20 :_ ’
3 o = ®
: PRELMNARY | 3045} amEg el
10°2L 010 3§ T
= e § S STRE PRELIMINARY
1 L] TR, . - 5w @ &g e Al s s
10 10 102 10° s 10 102 10°

Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n]

Fe/O, Fe/C and Fe/He are compatible with a constant above 100 GeV/n within errors.
= Fe, O, C follow similar propagation
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ELEMENTS FLUX RATIO

Ni ratios to He, C, O and Fe Ni ratios normalized at around 10 GeV/n
107 — 0.20—— = 5 E T
-% S 5 .1gENi Ratios normalized to the first point
o © = . . :
102 o o e & ® B ) o 0164 Ni/Fe x 1.00 $ Ni/O x 9.38 ¢ Ni/C x 9.05 ¢ Ni/He x 370.94
= F ] 0.14:—
i & 0.12F
: = B Ow B = 0.08- e o 8 3
10 I : . 0.06 ' @ # ® & & o
- PoS ICRC2023 % Ni/He - CALET $ Ni/C - CALET 0.045-
- } Ni/O - CALET # Ni/Fe - CALET o02t. PRELIMINARY oS ICRC2023
5 L 1 1 1 | 1 ! =
10 5o 107 0.00 : -1'0 : —— "']2 : -
Kinetic Energy per Nucleon [GeV/n] c :
Ry — e Kinetic Energy per Nucleon [GeV/n]
R 0O0VE- § NURSGALEY PO 0.063 + 0.001 : h :
= 0.08 Constant Fit + The Ni/Fe flux ratio is constant in all the energy range
= gg; ST N S —— + thus Ni and Fe have very similar behavior.
& 0.05 | + The present energy range of nickel flux does not allow
Z gg; to fit the Ni/* ratios with a constant above 100 GeV/n.
¥ * At low energy the Ni/O, Ni/C, Ni/He flux ratio show an
0.015-Ni/Fe ratio Pos ICRC2023 increasing trend also visible in Fe/* ratios.
0.00 &———— ' bttt :
10 10°

Kinetic Energy per Nucleon [GeV/n]-
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CONCLUSIONS

* The CR iron and nickel spectra were measured by CALET using 86 months of data collected on board
the ISS, increasing the statistics with respect to our previous publications by 1.6 and 1.3 times,
respectively (Phys. Rev. Lett. 126 (2021) 241101, Phys. Rev. Lett. 128 (2022) 131103).

* The measurement of the iron energy spectrum was updated up to 1000 GeV/n, improving calibrations
and extending charge selection and acceptance to 510 cm? sr.

* A preliminary measurement of the iron energy spectrum was performed also using GEANT4 instead of
EPICS: the two fluxes differ up to 10% below 100 GeV/n, while above they are in pretty good
agreement.

* The preliminary fit with a DPL performed on the iron spectrum up to 1000 GeV/n do not allow to
draw a significant conclusion on a possible hardening.

* Above 20 GeV/n the nickel spectrum is consistent with the hypothesis of a SPL spectrum up to 240
GeV/n with a spectral index value Y = —2.49 + 0.08.

* The flat behavior of the nickel to iron ratio suggests that the spectral shapes of Fe and Ni are the same
within the experimental accuracy. This suggests a similar acceleration and propagation behavior.
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BEAM TEST CALIBRATION

The energy response of the TASC derived from the MC simulations was tuned using the results of a
beam test carried out at the CERN-SPS in 2015 with beams of accelerated ion fragments of 150
GeV/c/n.

* Good linearity up to maximum available beam energy (~6 TeV) between the observed TASC
energy and the primary energy.

* Fraction of particle energy released in TASC is ~20%.

* Energy resolution around 30%.

* The energy response derived from MC simulations was tuned using the beam test results.

—

> 7\\\\‘IIII|\II\‘\III

g CCE LT T T T T TS & 100+ 19 Gevinbeam E
= ossf-Energy resolution. ... T S— = [ 150GeVin beam ]
w s ; : : - E $1200- -
mﬁ_- Y SRR S—— : O — = uj_t r ]
- - H 5 5 3 i
° osf ; .................... g ...... = S S SSUVSUPES BRSSP — = 1000~ .
- I . = r
03 e s Mg Sl Ar -] r ]
3 | . S 800
0.25 ST S D - C
0.2 z'- _E 600-_ E
0.15 ;;v -E 400} n
0.1 — C
".:.__ . : 3 200~ 7
0.08 [ i s G ~= ),
D:]IJIJ]t]i]lllj]llljlflrilflrl‘rlll: 0_\\N\Ig\‘lllll\Il\‘\lll‘\\\\lll\lll\_
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000
Kinetic energy per particle (GeV) Kinetic energy per particle (GeV)

VULCANO WORKSHOP 2024, ISCHIA FRANCESCO STOLZI




CALET (PRL)

} CALET Iron (MC EPICS)
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Difference with

respect to the PRL
Phys. Rev. Lett. 126
(2021) 241101
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INTERACTIONS IN THE INSTRUMENT

Amount of material above the CHD: 2 mm thick Al cover (~ 2.2% X and 5 x 10® X )

SR
=it s
* the fraction of iron candidates tagged by O . 954 N EEE R L. . ¥ *
cC V.ILC B ' ) <
both CHD layers among those detected by - 508;_ ;
the top charge detector, was evaluated for T.c‘:ts 0'7§_
MC and FD data. S 0'6§
o 0.6
Sos- R = (CHDX & CHDY) / CHDX
> C
= 0'35_ Iron +FD
0.2
013_EI| R A
T 12F
* good level of consistency between the a 1.1 = . e
75 55—+ =& 8 - s e _ &
MC and flight data, within the errors. ' S voE , ;
Qs;T | | I N I T | | l I
10 10°
Erasc [GeV]

Total loss (~ 10%) of interacting iron events taken into account in the total efficiency.
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