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A full solar cycle of proton and helium
measurements with the PAMELA experiment

ICRC 2021, 12-23 July 2021 Speaker: Nadir Marcelli



MIE

iy PAMELA collaboration aven o

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare TO R v E R G TA

INFN Consigli
«r INEEii'ﬁa'.‘; delle
Laboratori Nazcii;:iajlli(;it:;secaar:i RicerChe
Naples Bari Florence Frascati ieste CNR, Florence

i loffe
Physical
Technical

Institute

PusnyecKnii

OMHCTUTYI
LENIENTHE -
T1H. Jededeca

Universfity of
@ New Hampshire .
| n L WN a (-
el (M

HOORDWES INVERGITET .

External v Y &

collaboration " UNIVERSITAT 7= Moscow
SIEGEN fverenscarty KUNGL

i Qe Jf TEKNISKA St. Petersburg

% s HOGSKOLAN

ICRC 2021, 12-23 July 2021 Nadir Marcelli 2/16




?\ a payload for Antimatter matter Exploration
PaMSLa
e

and Light-nuclei astrophysics

PAMELA detector

Command / Measurement

Vernier engine installation antenna

Solar battery

Coordinate / time
synchronization antenna

Accessories module

Hardware

Pamela Research

pressurized container

Research

Instrument module hardware module

Instrument

pressurized container Cooler

~13m

Star tracker

\ Opftronic equipment

VRL (high rate datalink)
antenna /

Command / Neasurement
antenna

Infrared local
vertical reference

ICRC 2021, 12-23 July 2021

e e’ p (He,...)
TOF (81)
ANTIMA
ANTICOINCIDENGE
(CARD)
ANTICOINCIDENCE
TOF (S2) (CaT)
z
SPECTROMETER
ANTICONCIDENCE .
(CAs)
TOF (S3) —
CALORIMETER
s4
NEUTION

~470 Kg | ~360 W

Nadir Marcelli

DETECTOR

INFN
UNIVERSITA' degli STUDI di ROMA

Istituto Nazionale di Fisica Nucleare T 0 R v E R G A T A

Time-0Of-Fligth

Plastic scintillators:

- Trigger - Velocity

- Charge identification dE/dx

Magnetic spectrometer
Silicon strip + permanent
magnet:

- Trajectory track

- Sing and absolute
value of the charge

Calorimeter

Silicon Strip and tungsten:

- Electromagnetic
shower energy

- Incident e”/* energy

Neutrorn Detacior

3He gas cylinders:

- Adrons and leptons
discrimination




v VI NN
P eLaa payload for Antimatter matter Exploration S O | a r a Ct | V I ty IN FN UNIVERSITA' degli STUDI di ROMA
LA s

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare T 0 R v E R G ATA

2o bbb L b b b b b b s i, i, 260
Monthly
220 — 220
5 PAMELA data :
200 ﬁ — 200
18[}—3 ) ) 23rd 3—18[}
E 15[}—; 24th ;—16[}
% 14[}—5 5—14[}
3120— 5—12[}
5 ‘ \( 5
100 ‘ l - 100
80 -] \ I ’ [ f“ 'J 80
I -
60 | l ’ \ : — 60

4[}—; h“ "_ — 40
M LT TE

: ' 'J.l “",“ ""| “:‘h,' i-'d I

0 —rrrerrrrrees [T [T [T [T e e [T [T [T [T T e 0

1906 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Year

ICRC 2021, 12-23 July 2021 Nadir Marcelli 4/16




P elLa: B L7 Matter Exploration S O | a r a Ct | V I ty INFN UNNERSITA'degli STUDI di ROMA
PR

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare T 0 R v E R G ATA

I T T e SV i, i, - 260
1 Monthly r
] — Smoothed r
240 _ Projected _ 240
220 — 220
; PAMELA data ;
200 ﬁ — 200
180 - ) 23rd — 180
] 3 [
E 160 - 2 4th - 160
& ] :
A R -
— l r
S 120 (J L 120
= :
S i
) 100 'A — 100
80 - ‘ ‘ f” | "I 80
] | Nl C
60 ’ — 60
] q r
402 ' ‘ L 40
] ! ' ' ‘ -
20 I ‘ C 20
] g ’*‘un.l W :
L A P e e e prerr e e e T e T it 0
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

ICRC 2021, 12-23 July 2021 Nadir Marcelli 5/16




L - Flux computation anen S

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare T 0 R v E R G ATA

Nsel(Ri) . 1
AR; GF(R;) - €totar(R;) * Thive (R;)

d(R;) =

™~ : : R : : P
w ; P
5 .9 . 18f
S = o : > S W
w = w _ H : P
— o 16 beud i i .- {\. H H

Rigidity (GV)

ICRC 2021, 12-23 July 2021 Nadir Marcelli




MIE

7‘ a payload for Antimatter matter Exploration | rO t O | l f | u X‘ S I N FN sl
P el.a ight— i i UNNERSITA'degi STUDI di ROMA
w‘rand Light-nuclei astrophysics

Solar minimum Solar maximum
From July 2006 to December 2009 From January 2010 to February 2014
A S B R 5 R B B R 3 e ] [ T
> - * % Sepl3
Z 1 3 10°]
“2 2 Apr 09 o, Febl3
E - " ok
u_§_1|:r‘§— 30 | Augos qf” 10 Junl2
- . é -
o | < 10k Octl1
2 IR ORI MUPOR PO O OO 8 RTMPRUPOOSOOS NMOPOI: O OO 000 O O — o g
10 i E Jan 08 = :
[ ’ 5 1— Marl 1
3 | B May 07 &) 3
10 -y : Jullo
I O E i - | Oct 06 —1_l| Ll Ll
EREEHIEE NN 10"~
o ; 10 10 | 10
Kinetic Energy (GeV) Kinetic energy (GeV)
Adriani et al., 2013 - ApJ Martucci et al., 2018 - ApJ

ICRC 2021, 12-23 July 2021 Nadir Marcelli 7/16




MIE

F . ayl BRI e r atter Exploration e | u u Xe S \ degli i
#UIEI—a . . . : UNIVERSITA' degli STUDI di ROMA
7Tand LIghT nuclei ASTI’OphySICS

Solar minimum Solar maximum
From July 2006 to December 2009 From January 2010 to September 2014
3

~10% Dec09 107

> - N 0 > - Mayl4
P C : o F

9 I Apr09 £. 9 I Sepl3

2 - 2

w 10°F " wl0°F

" - LR wf Febl3
@ i Aug08 AR 7 .
o B 05 o N -

g 10F ‘ é 10F Junl2

S E Tan0f ® o Year (decimal) >< E

= f = f Octl 1
% 1 3 May07 g 1E Marll
5 =

an i et E - Jull0

10-1 1l S —— . — . 10-1 . Ll Ll
107! 1 10 107! 1 10
Kinetic energy (GeV/n) Kinetic energy (GeV/n)

N. Marcelli et al., 2020 - ApJ

ICRC 2021, 12-23 July 2021 Nadir Marcelli 8/16




iy Proton and helium fluxes aven o

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare TO R V E R G ATA

[(e]

8 2.5 /14%‘>

> \

_;2.0 /"/\/ \\ B /\h“‘\“f/

e \

; 1.5 / «‘//éi%&/\\——\ (?“g //

: A S S |

™ =S —— ——— =<

~mztls:mjo.s i\s:eﬂr—d == E
>
S

g 2.5 \ g

:; 20 A

;: 15 ! ’.

g : P ; 10°

ug- 1.0+

Jun 2006 Nov 2006 May 2007 Nov 2007 May 2008 MNov 2008 May 2009 Nov 2009 May 2010 Oct 2010 Apr2011 Oct 2011 Apr2012 Oct2012 Apr2013 Oct2013 Apr2014 Oct 2014

Date

ICRC 2021, 12-23 July 2021 Nadir Marcelli




MIE

e Proton over helium ratio R

. h ; Ul
nd right-nuclei astrophysics Istituto Nazionale di Fisica Nucleare: TOR

H 0.86-0.99 GV —— Pg=21.380+0.194  ---- P;=19.229+0.414
H 0.99-1.14 GV —— Pg=17.042+0.140  ---- P,=15.871+0.228
0l 4 1.14-1.31 GV — Pp=13.617£0.102 | -+ Py=13.330+0.174
i 1.31-1.50 GV —— Pg=11.602+0.082 ---- P;=11.837+0.135
l i 1.50-1.72 GV —— P;=10.237£0.069 === P;=10.763+0.114
22 4
L
20 A 1 JL
- L /|
18
]
I
~—
o
16 -
14
12 A
104

Jun 06 Nov 06 Apr 07 Sep 07 Mar 08 Aug 08 Jan 09 Jun 09 Dec 09 May 10 Oct 10 Mar 11 Sep 11 Feb 12 Jul 12 Dec 12 Jun 13 Nov 13 Apr 14 Oct 14

Date

ICRC 2021, 12-23 July 2021 Nadir Marcelli 10/16




iy e PrOton over helium ratio aven o

and Light—nuclei ASTI’OphySiCS Istituto Nazionale di Fisica Nucleare T 0 R v E R G ATA

Proton to Helium ratio - LIS unfolded with ¢o=400MV

PAMELA 0.86-1.14 GV
PAMELA 1.14-1.50 GV
PAMELA 1.50-1.98 GV
PAMELA 1.98-2.99 GV
PAMELA 2.99-5.20 GV
AMS-02 1.92-2.97 GV
AMS-02 2.97-5.37 GV

1.15 A

o i A

1.10 A

=T Bt
Biing N
I S e A el G Sy AR i
Sissx=== e = SRl i

-

p/He w.r.t. 2014

0.95 4 i : I

0.90 -

0.85

0.80 T T T T T T T T T T T T T T T T T T
Jun 2006 Dec 2006 Jul 2007 Feb 2008 Sep 2008 Apr 2009 MNov 2009 Jun 2010 Jan 2011 Aug 2011 Mar 2012 Oct 2012 May 2013 Dec 2013 Jul 2014 Feb 2015 Sep 2015 Apr 2016 Nov 2016 jun 2017

Date

ICRC 2021, 12-23 July 2021 Nadir Marcelli




and Light-nuclei astrophysics Istituto Nazionale di Fisica Nucleare

R S p o EP-E
R Jtr 't)_[E+ D(t)]?

Gleeson, L. J. and Axford, W. |, doi:10.1086/149822

e AD from measured fluxes <R

ott 2014

(= +o) -

set 2013

mar 2013

ago 2012

—
T 1024

L - feb 2012

2]
i

| Fago 2011

0
~

IE - feb 2011
~ et
I> Fago 2010 (o
O
— - gen 2010

|

> 10! A

(0] - lug 2009

)
"& gen 2009
\

-

lug 2008

dic 2007

giu 2007

10° 4
dic 2006

T : T T giu 2006
0.5 1.0 1.5 2.0 2.5 3.0

Kinetic energy / Z [GV]

ICRC 2021, 12-23 July 2021 Nadir Marcelli 12/16



https://doi.org/10.1086/149822

MIE

P@imi‘;i‘ffﬁJJL”‘LTfSSL;?Q:“ . AD from measured fluxes LA

TOR VERGATA
—— proton
—— helium
300 4
— mean
~——- AMSp
Given A® we only need a starting @, I
VAR
< 1004 ! |‘\
3= \
<J |
o \
Sergey A. Koldobskiy et al., ‘
J.Geophys.Res.Space Phys.
—100 124 (2019) 4, 2367-2379 \\\ )
10.1029/2018JA026340 |
—200 T T T T T T T T T T T
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Date

ICRC 2021, 12-23 July 2021

Nadir Marcelli

13/16


https://doi.org/10.1029/2018JA026340

i

a Payload for Antimatter matter Exploration
and Light-nuclei astrophysics

Flux [GV™1 m~2 571 gr1]

Unfolded fluxes

Istituto Nazionale di Fisica Nucleare T

PAMELA unfolded p

¢
10*
] . & ke, L E PAMELA unfolded He
L ° . P Vvip
°
., I V1iHe
o
1033 ¢ L]
. B ko4,
.ot tre
&
°
102;
..
10' -
°
®, = 500 MV : :
.o
.o
10° 4 = *
4 . ..
° )
L ®
[ ]
10_1? :
1072 — — —
10-2 10° 10%

ICRC 2021, 12-23 July 2021

Rigidity [GV]

Nadir Marcelli

14/16

UNNERSTTAdegli STUDI di ROMA
R VERGATA




P a Payload for Antimatter matter Exploration M O ( ( ! p ( ! I a I O I o "
#UIEI—a . . . : UNIVERSITA' degli STUDI di ROMA
7Tand LIghT nuclei ASTI’OphySICS

Istituto Nazionale di Fisica Nucleare T 0 R v E R G A T A

Proton to Helium ratio - LIS unfolded with ¢o=500MV

1.20
W PAMELA 0.86-1.14 GV
@ PAMELA 1.14-1.50 GV
4 PAMELA 1.50-1.98 GV
i PAMELA 1.98-2.99 GV
1.15 - C— - i# PAMELA 2.99-5.20 GV
. | H  AMS-02 1.92-2.97 GV
| HH  AMS-02 2.97-5.37 GV
1.10 A 4
S ————
‘-‘-',-_—
4
!
[
1.05 1 vi
<t /
s /
~ i
- "'-u!
+ g
< 1.00 H £
; .; E
] 3
T ¥l {H
S B e
0.95 1 X =
0.90
0.85 A

0.80 T T T T T T T T T T T T T T T T T T
Jun 2006 Dec 2006 Jul 2007 Feb 2008 Sep 2008 Apr 2009 Nov 2009 Jun 2010 Jan 2011 Aug 2011 Mar 2012 Oct 2012 May 2013 Dec 2013 Jul 2014 Feb 2015 Sep 2015 Apr 2016 Nov 2016 Jun 2017

Date

ICRC 2021, 12-23 July 2021 Nadir Marcelli




MIE

v Conclusion i
P eLaa payload for Antimatter Mmatter Exploration O C u S I O UNIVERSITA' degli STUDI di ROMA
LA s

and Light-nuclei astrophysics

» The spectra for proton and helium-nuclei measured by the PAMELA experiment over a nearly complete solar cycle

(July 2006 — September 2014) were presented

» An indication of time dependence in the p/He ratio is observed, suggesting either a difference in the processes

involved in solar modulation effects and/or a difference in the LIS for the two species

» The force-field approximation for solar modulation was applied to relate the observed dependencies to the different

shapes of the local interstellar proton and helium-nuclei spectra

» More accurate models will be developed to have a complete picture of the cause of these dependencies
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