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/wﬁm* IS COSMIC RAYS PHYSICS -
R INTRO

/ | Cosmi‘é i‘é‘}r":s (CR)-first shown to come from space
© in 7/8/19 12 by Vlctor Hess

from space‘ \ ;'-." B
X v Lo )\ \ N
- Local source (The Sﬁn)‘)and galact1c/ extra \"
\ .
galac}tm (?) sourEe ' \ ‘-, R S 0

 Lb 1 AL \ \

. fCR ph‘&sm Hpart cb HEfP (high energy physms)
studles C using their interactions with Earth

atmosphere to infer properties and origins of CR g )
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https://www.ap®torg/publications/

- psnews/201004/pWysi€shistory.cf
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http://en.wikipedia.org/wiki/Hypernova

COSMIC RAYS AND ASTROPHYSICS:

Approximate composmon of’the p:rﬂ:na y cosm1c -

ray at the energy of 1015eV ol i ! \
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%j SOURCES OF ULTRA-HIGH ENERGY

(UHE) CR
» Energy of UHECR from ~10%° up to
102! eV and above
» The large mystery today is the origin
and the nature of UHECR

» Possible sources:

* Neutron Stars

 Active Galactic Cores

* (converting dark matter into high energy
protons?)

 Hypernova Explosions (Fermi
acceleration mechanism?)

 Decay of unknown massive particles or

dark matter v
" -
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https: //WWW nas. nasa. gov/SC],4/ demos/ demo4 htm
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Due to galactlc magneuc field,
charged part1cles ldose d1rect1on to

or1g1:nl RVAN S R Ne.

gy
Trapped 1n galaxy for E<108 eV for
protons

For E>10!7 eV, all extra-galactic?

If so then anisotropy should be !
present but not found

MYSTERY OF
UHECR
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EXTENSIVE AIR SHOWER
* Discovery }gy Br&a )Rossi in

early 19?:/@{5 attrﬂf)ﬁit%d to
Pierre Auger (1938)

A phenomenon that‘allows | /

to study cosm1c ray‘s ,‘}.;;.. 1 } N
LW ORI O )
- Extensive shovver of . b d\,'a’.-‘:i\-\ A 7
B AR Electromagnetic
part1cles born 11?} hadromp \3»\ A : éompoﬁen?
\, % 5 \ ’ .
. 0\ “7“\ \ | 5

and electromag‘netac
interactions in th 4 I
atmosphere resulting from
interactions between a’ All shower components

primary particle from All compWsm a'shower disk

cosmic ray and air nuclei that can be up to few km in diameter

Ve, Muon component
. . \

Hadron component
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. Distance from core, m

Hadrons Proton, IgE/eV = 16
Muons t=0us
Electrons

e Can reconstruct using
particle density
distribution

* Need to calibrate detection
points to obtain equivalent
MIP number

« If know time and width,
additional methods can be
used (CORSIKA)



v TYPICAL DETECTOR

liquid organic

™ SYSTEM COMPONENTS

the UV light.

Composition: \ 1 m?polysterene-based scintillators & sc1nt111at1ng
Toluene

(methylbenzene) \gL)ss with PMT 1 m above
PPO (2,5-

diphenyloxazole) "1\ R - _
POPOP (LA-di- [T 3%\(1—1112_84 -30) Hamamatsu PMT (52 mm d1ameter) ’

(5-phenyl-2- . . 2 Vo miax voltage
oxazolyl)- ) REL TR\

: ) ok A\ s‘puise.ﬁse t1me .
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digi za‘\tion CREN\DTS'BOB‘ABC—_

B [ A sample of ‘ V “ ov-Vavilo : 't\‘d\wec‘t R
~ 0| organic plastic | 8 Sy N OB L ,w “mON
| scintillator under All channel /cable/line 3 ,
/ ‘ o' ~ 7 . 14 \

e

the sunlight.

L

Composition:
Polyurethane
PPO (2,5-
diphenyloxazole)
POPOP (1,4-di-

(5-phenyl-2-
oxazolyl)-
benzene)
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DET' .TOR DESIGN CONSIDERATIONS
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DATA ANALYSIS

A\typmal pulse from the MIP is used for detector characterization
. The‘ pulse front - between 10% and 50% of pulse CDF
* The total duration is 10%-90% of the pulse CDF

. SD with R7723 PMT characteristics:

» pulsé front: 1. 16 + 0.40 ns.. SD contribution:
| * total durat1on 21.6 % 1.48 ns . e pulse front:~ 5 ns

— e total duration:~ 15 ns

GD characterlstlcs %
. '* pulse front 2”17 +0.13 ns
? total durat1on 5.10 + 0.67 - ‘ N
" [porresponds to,the techméal characteristics of the PMT]

Example of a typical inverted
PMT pulse (left) and its
normalized cumulative

distributioN(GDF) (right)
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DETECTOR DESIGN AND SIMULATION
[

» Various c’i'esigns : ‘"’e’re checked » Calibration tests are for single MIP

. D1f£erent PMT ]_bosmons ggteshon

. D1fferent medlum shapes

* Bottom of the medium is painted in

order to increase reflectivity
» Scintillator and glass

* PMT from the top results 1n better

uniformity (170800 R W,
« Even with Cherenkov 119“ht m\glass




GLASS DETECTOR SIMULATION

N ivistic charged particles emit only Cherenkov light while passing through
 [of ‘f‘glass Cherenkov photons are emitted in a cone at fixed opening angle
&t 2 g ang
W

: \ \gemtor particle's trajectory (zenith angles of emitted photons):
‘ ) AN
: l ! \ . N
i ' L ' '_ N ".‘ oA NN 1
/ FAO D TR YRS 0 = cos™ !
"I‘J ',.\ lu\'. \1 ) nmﬁ
) Amsotropy\ of tI’te emltted 11ghts is confirmed in simulation
| 8

-

* Due to the amsotfopy, it is necessary to.use a transformation from particle's
| ", ooordma’té systém\to\medmm s coordinate system:

. he -

\ ',f,\.’l , t*{.,’ A0RL Y ~ \ o .
);.”‘ VAV CQSQ(;osgo . cosBsing . sinBd\ ,x e ——
'8 /{ ¢‘,1 (] VL \ & —sing Eos_(p\ .0 (y)
[ A 4 ‘ & oY \\ 'sinf cos@ —sinfsing cosf/ ‘\z
(7 I ¥ Yl L ' DN ~

xf( ) . X ,
where (y ) - unit vectors in a particle's coordinate system <y> - unit

A Z
vectors\ih medium's coordinate system, 0, ¢ — progenitor pa‘rtlcle S
angles. . ~r
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DETECTOR DESIGN AND SIMULATION

/ M
;lgMT pos1t‘ion above glass results in statistically significantly higher light yield:
. 366180, 04 detected photon per MIP for ‘above’

e 3.19 i 0.03vfor ‘below’

Uniformity

. 'Uniformitir‘ increases./
saturates depending on
s A

: N .
o e 0 .
position | 1
s : . 5
[ A : _ | : %/ ndf 4.877/8
YaiR e\ { RS - po 0.1189 +0.001328
. . ‘ {, 45—, N O T Y A NN Y N B RO B Lol
i ! “ , 0 200 300 400 500 600 700 800 900

l ‘ ' PMT position, mm

2907/6

3.196 +0.1205
10.45 +3.407
0.4996 + 0.09419

* Detected photon number

# of photons/particle

decreases
12

2000 300 400 500 600 700 800 900
PMT position, mm




GLASS DETECTOR SIMULATION (CONT’D)

/ hght yield vs. zenith angle 0
/ DESHIcE
-_.g,’ 39000

‘ Light yield, number of photons

30 40 50

progenitor particle's zenith angle 8, degrees



GL SS DETECTOR SIMULATION (CONT’D)

9.663/8
1.257 £ 0.05074
0.01309+ 0.001761

W
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30 40 50
progenitor particle's zenith angle 6, degrees
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GLASS DETECTOR SIMULATION (CONT’D)

/ . 1 : ?r}i_“i-formity vs. zenith angle 0
4 .

"\‘ N

x? | ndf 3.078/9
p0O 0.5312+0.0105

UnAiformity coefficient, dimensionless

30 40 50

progenitor particle's zenith angle 8, degrees



COMPARISON OF 4 DETECTOR MODELS

1810621+426 : : 0.74+0.07

230610x480 : : 0.77x0.06 T

,V//

{'{/ﬁ 1609049+1269 : : 0.68%0.12

1892122+1376 .2T0. 0.70x0.11

| U : -
Parameters of 4 geometriessobtaines e simulation



’ UNIFORMITY ACROSS THE
SCINTILLATOR

4 Progenito/ parti lés’ 1r_11t1a1 X,y-coordinates are
R \I‘- .

dlstrlbut’éd umformly

v Zenith 9 and polar (p angles are distributed uniformly in
correspondmg ranges as well

v Isotropic light y1e1d (1mp1emented phys1cs for scintillator

Q¥ Y " etected_photons_coordin
detector 1S correct) AR \'\ Wk T Enires 398060
, ' I \ . . "___,———-—_T'——-*:" e maan X 250.6
\J i \ '_ _ B nentI . ean 239.8
v i & IR i A3 ! b P 1 RMS xy 132.1
WLy

Distribution of detected photons'
progenitor particles'initial x,y-
coordinates for scintillator
detector with PMT above
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SD DETECTOR RESPONSE

cénier of SD/GD, however, particles
arnve randomly

«/ SD/is scanned across using $°Co radioactive

UNIFORMITY

® Along x=20

source along the lines x =20 cm, x = 80 - W Along x=80

- cm and two diagonals

«/ PMT dark current is subtracted
| A | 4

' ' I : ) ; : W " -
. -
. 1N ' . & A ! - ‘

) A} L ' '
» Average weight value(measure of non-

= Average weight

40 60
distance, cm

SD Detector Response
Uniformity

The size of error bars is due to
the low intensity of the rad.

Vol a .
lghllformlty) for several SDs is 0.7% o oAt was available.
NS R
- Light yield of scintillator itself is unifo £ -

across its volume; the rest is the effect
the detector shape (e.g. geometry).

T s T
-



TIME RESPONSE MEASUREMENTS

< ! ndf 5.1/5 2 Q
e sl ~ 2.2 ns rise time response
Mean 2171 + 0.001

SR SRR Sl N (10-50% of the pulse area) of
the PMT+glass

._
]
=
-

# of events
%

~ 1.7 ns pulse width is limited
by PMT, ADC characteristics
and geometry

30.7/32

19.45 = 0.1

5.103 = 0.015

a 0.6704 = 0.0202

2.8 3
time, ns

# of events

~ 8.1 ns'total time response (10-
90% of pulse area) of the |
PMT+glass -

time, ns

19



¢ PMT CALIBRATION: PE
] ‘; CALIBRATION

N L
/ ll‘T‘ A 0 . . = ¥* 7 nd 1.353/4
£ 1*& PE calibration is needed to e 8238125
’ LRI [ ] £ 30 igma__ 26.76 +2.15
s icalculate number of incident =

‘photons in PMT pulse signal during
detector operations

. -
100 150 200 250
Area

| ¢ Low light LED pulse is fed to PMT R7723 PMT single PE
| X AL : response pulse area at 1700V

:

that is connected to DAQ via short
l ! e z .
[ 5 . PN 1% . : \ g Zin 477
'\ C'a.b].Q (< ].m) ‘ “ ' ) Ihter:t:pt —138.T2i7.45:
s LR 'L Al & SRR - A Area per Valt 0.1191 + 0.004348
W, f X1\
- i A"

}

o Care is taken to ensure that

1300 1400 1500 1600 1700 1800 1900 2000

pedestal has '~ 80% of all events in* oo, v
Single PE pulsé ar®a Vs. bias

order for single photon detection ‘\;WW 99-PMT

assurance



%2/ ndf 11.47/11
pO 6380 +782.3
p1 2.298 +0.02296

PMT NON-LINEARITY

- PMT responsé sat&

I. PMT and g‘[amamatsu é388381 PIN diode responses are
measuredifor small 51ghals W1th several photons detected

.
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es for large input signals

na
(=1
(=]

II. Intensity of incident 11ght is gradually increased
' . I ; 20 40 60 80 100 120 140 160 180 200 220 240

PIN signal area, custom units

* PIN diode response is known to be linear up to 10 photons PIN signal area vs PMT
« PMT signal is starts to be nonlmear with dev1at10n 1% near signalarea

the ADC upped range 11m1t e

) 3.7+0.3

6.6+ 0.2
\ 11.3+0.2
Tngeer MARR : _ Deviation of points from linearity

Light-tight from
box generator

to ADC

Linearity holds from 1 MIP
md up to 3000 MIP for

‘glass ‘medium

Schematic of PMT linearity measurement experiment R RINICIRA=ERISE abpolnes



Resuk,10gL_PPO_REFERENCE
Resuk.0.1gL_POPOP
— Resuk.0.20L_POPOP
Resuk.0.3gL_POPOP
— Resuk.0.4qL_POPOP
Result.0.059L_POPOP
Resuk.0.04al. POPOP
- Resuk.0.03gL_POPOP

6500 Pulse Area vs PPO concentration

-

SCINTILLATO
TESTn\yG

6000 T — =88 =

5500 ] T
5000 =

4500

custom units
K

]

PMT Response,

v ‘\'

The light yiéld and /|
light emission time |

10 15
PPO concentration, g/L

20

v

Pulse width vs PPO concentration

—
D

0
300 310 320 330 340 350 360 370 330 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 40 S5

Wavelength, nm

were tested vs. PPO |
and POPOP
concentration.

(®)

o

—
o
(0}

o

S

00000000007 FEU-115
is not UV
sensitive
_The R580
PMT-is
partially

output spectrum vs | v
: | ' sensitive,
POPOP [ A A0 0

concentration was ) ' Spectral sensitivity for R580-(left) and FEU-115 (right)
R580 PMT response (area) vs POPOP

b
O \
— CATHODE \
1 RADIANT \
1 SENSITIVITY \

Pulse width, ns
00

=
n

(2]

The scintillator light

t
QUANTUM —
EFFICIENCY

QUANTUM EFFICIENCY (%)

Normalized efficiency

5
50% of area PPO, g/L

— =

400 600

accessed

g 900 i
5 L & 800 %0 5

. . 3500 3
Signal gain 2 8 8 5 o 5, 2
d d h % £ 3000 B R 70 ¢

g T A Se
epends on the %g 8355 | 5. geoo . %
PMT used. & 500 Area bAmplitos 50 £
00 150

0 15

50 ) 1 0 5 60 5 9
POPOP Concentration, mg/L %’OPO% concentrat:?on, mg?L




* CORSIKA SIMULATION FOR
STANDARD EAS DEFINITION

=]
[=]

S.

Particle density per m?
3

®

i
3
=1
fa]
=1
ey
=]
[
L
£
g
-
Zz.

o)
o

“HIH

03
Distance }rom axis, m

Area vs Distance

. CORSIKA* S|mulat|on ‘software is based on
our understandlng of HEI‘D thus simulating a
standard’ shower AR ARG

. PIots are for E= 1017 eV proton.

[01+[1]/(r"2)

* At observation level, such EAS has a single
disk with particle density decreasmg as “‘1/r-

500 600 700 800

(far) from the axis , Bisarce
- ‘\- "

23

* D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz, T. Thouw. CORSIKA: A Monte Carlo Code to Simulate
Extensive Air Showers, Forschungszentrum Karlsruhe Report FZKA (6019)



' STANDARD EAS
CHARACTER

-
.

{ TREES

g - Dis‘k"éﬁival time ~r? (used for

9

Arrival time, ns
<D <D
[=3] {31
[s:] w
w0 o
<o (=]

arrival direction determination)

. Disk passage time (e.g-width) is

growing with ~r ; |
. A YN 400 500
. g A LN - ! Distance, m
Ty
A "‘\_‘. " 2
! 22
g , N . £290 Zndi 219/18
. ' 2 = PO 0.6482 + 1.272
Pl 0.5326 +0.004507
c by A “\

e  Need time resolution <10ns™*"

- 500
‘ Distance, m
_ 24
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DATA EXAMPLES FOR STANDARD EAS |

- 1
1.0

/ W . W

£ Standard EAS'signal from
each HT detector

* Corresponds to simulation

- scintillator
- scintillator

ADC Counts

- scintillator
- scintillator
- scintillator
- scintillator
- scintillator
- scintillator

4800 5200 5400 ~ 5600
time, ns

4600




UNUSUAL EAS EXAMPLE

Event of Jan26 ’16 at He@rizon-T. Typical behavior: separation between peaks increases
with distance from axisi§

- Scintillator
- Scintillator

ADC Counts

- Scintillator
- Scintillator
- Scintillator

- Scintillator
- Scintillator

- Scintillator

Lo

5500
time, ns

n
o
(=]

] 6 - Scintillator
— 4 - Scintillator

ADC Counts

1 1 1 1 1 1 1 1 | 1
4800 5000 5200 5400

time, ns

ADC Counts

ADC Counts

[ 1 - Scintillator
— 7 - Scintillator

1 1 1 1 1 1 1 1 1 1
4800 5000 5200 5400

— 8 - Scintillator
— 3 - Scintillator

4600 4800 5000 5200 5400 5600 5800 6000 6200 6400

6600

time, ns




MODELING ATTEMPT AT UNUSUAL EVENTS BY COMBINING
SIMULATED DISKS

* To approx1mate/ respoi. S Te of a detector from arrival of two
disks separated in tlme‘and space two simulated disks

are overlaidy

» Following cases were Simuléted:

» Two disks of the same energy. falling' with delay at the
same distance from their centérs (time delay)

¢ Two disks of the same energ'y fallmg at the same time at
different distances from the1r centers (spatial separat1on)

» Two disks of d1fferent'energ1es fa111ng at, theﬂsame time at
different distances from thelr centers
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# of particles

* COMBINING SIMULATED DISKS:

Number of particles

L I
42700
Time,ns

A L Y R ‘ " Time delay between disks centers - 100
ns. . %

‘Energy of each primary — 10!? eV

u Jntlll’,r Farther from the EAS axis the disks
become wider, so combining two

| T pulses results in overlapping of the

“aosoo ' asboo azroo | desoo o ageoo - 4a00 43100 Show.er fronts.

Time,ns

| "
| |
“|‘|‘| I

.? - e
CLOSE TO THE CENTER, EACH DISK SIGNAL COULD BE" mmm HOWEVER,

HARDLY DISTINGUISHABLE MULTIPEAK EVENT CAN OCCUR FAR FROM THE CENTER

28



42500

COMBINING SIMULATED DISKS:
TIME DELAY 2

42600

T
42700

VWA M ) AR
42800

42900

AAN L Ad )
43000

- 43100

I‘ | ‘“H |
|‘ I'|| ‘ |’l||| H

| u|||
HH ‘ |\|‘\:J||||~

o -y n w £ [4,] =2} ~ @

Although at even larger distances

- from the center of the shower (>300

meters) sfgnals become separated
clearer, it happens because of low
density of particles in the shower
disk. Still, wide particle distributions

are observed as expected from disk

Width . .?_ - e

29



* COMBINING SIMULATED DISKS:
SPATIAL SEPARATION

30m + 50 m

ENERGY — 10716 EV

Number of particles

‘THE PARTICLE DENSITY SO MUCH
"HIGHER CLOSER TO THE AXIS THAT
“CONTRIBUTION OF THE SECOND DISK IS

| v v e e o | L
40500 40520 40540 40560 40580 40600

w NOT CLEARLY VISIBLE
£ 30m+ 110 m )
A EACH FIGURE SHOWS DISTANCES
§ FROM THE DISK AXIS ON THE LEFT
'g THEN FROM THE AXIS ON THE RIGHT
Z -
.? - e
< g

| .
0_..1“_1._..._|_|.L_l\Lll[tl\t{tll\{lika_A “' - i
40490 40500 40510 40520 40530 40540 40550 40560 ~
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Number of particles

42450

COMBINING SIMULATED DISKS:
SPATIAL SEPARATION

130 m + 150 m

ENERGY — 10717 EV

EVEN FAR FROM THE CENTER OF THE
SHOWER COMBINATION DOES NOT
GIVE ANY DISTINGUISHABLE PEAKS

130m + 170 m THUS, NO MULTI-PEAK BEHAVIOR CAN
BE SEEN IN THIS CASE

i TAYN. e —~, - .
42500 42650 42700



HORIZON-T UNUSUAL EVENTS INITIAL ANALYSIS

9200

Yastrebov Sc
600m Sc
UpperSc
Bunker Sc

s
10500

Time, ns

Multipeak signals at distances
far from the axis of EAS
noticeably separated in time.
For such events, pulses’ widths
and separation between pulses
can be measured.

Shown are clear separation at
600m detection point of Horizon-
T (in magenta). Analysis showed
that-typical width of pulses is
~30-50 ns with expected >500s at
such distance from axis.

Moreover, separation time

between disks increases with
distance to the shower axis.

- r o 32



CONCLUSION

- Cesm1c ray detectors need to be fast, simple and with high dynamic
range .
* ' Detector ‘pffl’lhuSual Cosmic casKades (DUCK) is in construction stage
2 Unusua'l eveuts show common features:
{ . A\ 2Ty X
f 4 narrow mult1p e pulses far from expected axis.

S . Multy peakeﬂ pulses near axis with peaks overlap

1 "° ' 'I'1me.separat1on tbetw\een pulses 1ncreases with distance from axis

:

s S1mp11e comb1nat10n of simulated disks doesn’t g1ve similar picture

* Possible explanation: mult1ple showers originating from primary
fragmentation with high transverse'momentum -
-

- '. .' .
e This mechanism can not be exmaW particle physics
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