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Abstract

X-ray polarimetry is strong probe to clarify physical properties of astronomical objects,
such as magnetic field structure or radiation mechanism of rotation-powered pulsars. X-
ray polarimetry is awaited to be realized. However technical difficulty has been preventing
it. In order to make a breakthrough. we have been developping a Polarized Gamma-ray
Observer (PoGO). aiming at a balloon experiment in 2007/2008. PoGO utilizes anisotropy
of Compton scattering against polarized X-rays. PoGO is a well-type phoswich detector
and will realize very low backgound. We have conducted a test-beam experiment with a
PoGO protopype at the KEK on Dec. 2004.

In this thesis, I simulated the experiment at KEK using the Geant4 toolkit and esti-
mated the experimental result compared to simulated result quantitatively. As a result,
the experimental result was consistent with the simulation within an error of 10%. We
found that it is important to consider the non-linearity of light emissivity of fast scintilla-
tors, and that the dependency of the modulation factor on the incident position of X-rays
is not negligible.

In a balloon-borne experiment, we must estimate that CXB and atmospheric gamma-
ray background quantitatively. Therefore, I simulated real PoGO observations on several
objects quantitatively. Since we plan to observe the Crab pulsar, Cyg X-1, Mrk 501, I
simulated observations on them. As a result we can expect a detection of phase depen-
dency of X-ray polarization from the Crab pulsar with 3o confidence level. The simulation
showed that we can detect X-ray polarizaion from Cyg X-1 and Mrk 501 with confidence

levels of 30 and 40, if we assume 10% and 20% polarizaion, respectively.
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channel | Q[%] (70keV) | Q[%] (50keV) | Q[%)] (30keV)
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channel |  MF[%] MF[%)] MF[%)]
ch?2 40.1 £0.3 | 40.6 =04 | 41.8 £ 0.6
ch3 39.7 £ 0.3 | 41.2 4+ 04 | 40.6 £ 0.6
ch4 398 £0.3|41.04+04 | 41.2 £ 0.6
chd 39.7 £ 0.3 4024+ 04 | 404 £ 0.6
ch6 40.3 £ 0.3 [ 412 £04 | 41.6 £ 0.6
ch7 3994+ 03 | 408 £04 | 40.7 £ 0.6
gd 39.94+01 408 £0.2 | 41.1 £0.2
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30keV 50keV 70keV

channel |  MF[%] MF[%)] MF[%)]
ch?2 40.0 £ 0.3 | 41.3 +£04 | 41.1 £ 0.6
ch3 402 £ 0.3 | 41.3 +04 | 41.8 £ 0.6
ch4 404 £ 0.3 | 41.0 =204 | 41.0 £ 0.6
chd 399 £0.3|40.5+04|421 £ 0.6
ch6 399 +£03|41.3+04|41.3 £0.6
ch7 40.2 £ 0.3 | 40.7 =04 | 41.1 £ 0.6
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Npe - Energy Ratio
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| Energy Spectrum | Downward gamma (primary)
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0000000 (Thompson 1974, Imhof et al.1976, Ryan et al. 1979, Kur’yan et al.1979,
Shoenfelder et al.1980, Daniel & Stephens 1974) 00 000000000000 100g/cm?
000000000000 000O000000000000O0dy ODO0O0DODOODOOOO
0000000000000 0000000O0000y OD0D0DO0OD00OO0DOODOOO0OO0O
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O0000000000000000 (Thompson 1974) 0000000000000 0OO
Oy 0000000 (Mizuno et al.2004)0

gbobobooody O

000 TexasO Palestine 00 000000000000 2.5g/em?000000000
00000000y 000000000000000 (Shoenfelder et al. 1980, Danien &
Stephens 1974)0 000000000 38g/em?*0000000000000 58000
(Mizuno et a1.2004)0 00000 PoGOOODO0000000O0000000O00OOO0O
00 1MeV~100GeVO OO0 O0O000IMeVOOOOO0O00O0000000000 1MeV
00000000000000000000000 (0000)00000000000
00 (058)000000000000000000 1IMeVOOO0O00OOOO000OO0O
000000000000 CXBOOOOOOOO0OO0000000000000 1MeV
0000000000000000000000000000000000000000
7T0MeVOOOODOOOOOO#%(135MeV)00000000000000O000000OO
000000000000000000p+p—p+p+7, a°—~+~400000
oooooooooo

dN
E = 250.0 x E,L3*  [photons s™' m™? str™! MeV~!](30keV — 1MeV)
dN _ _ Enev
= %00xEﬁ$+&l4xwﬂ%ﬁixwp—(m0)15
[photons s™* m™? str™* MeV '] (1 — 1000MeV)
dN
E = 2.15 x 10* x B2 [photons s™' m™2 str™' MeV™!] (1 —100GeV)

N =178.33 [photons/sec/m?/str] (511keV)

gbobobododdy O

00000000000y 00000 Thompson (1974), Imhof et al.(1976), Ryan et
al.(1979), Kur'yan et al.(1979) OO0 O 0O0O0O0OO0OO0ODOOOODOOOy ODDOOOOOO
0000000000000 0000 cutoff rigidity (Rey) 0000000000 cutoff
rigidity 0000000000000 O0O00O00O0O0O0O0OO0O0O0O0O000000
gooobbbbbbbbbbbbbbbbddoodooooooooooooobn
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l Energy Spectrum Vertically downward gamma (secondary)

s Schonfelder. et-al.. 1980
e NG
-
TR,
o%\
XN

107 1 10 10° 10° 10° 10°
kinetic Energy (MeV)

058 00000000y 0000000000000 25/ecm*0000000000
(Shoenfelder et al. 1980, Danien & Stephens 1974) 0 3.8g/em* 0000000000

000000000000 000000000000DO00DO0000000000 Rew
O00000b0o0ob0b00d0 R, 0DO000D0O00D0O0O0ODODOOOOOODOOY DODOO
0000000000 Ry 0O0000ORwt 3000000000000 00O (Kur'yan
et al.1979, Thompson et al.1981)0 Imhof 0 00000000 R.=3GVOOOOODOO
00000 TexasO Plestine0 000000 Rep=45GVO000O0O0O0NO Repw=4.5GV
O0000000000000000000 (Mizuno et al.2004) 00000 R.,,=3GVOO
000000000R=45GVO0 (45/3.007"3 ~0630000000000000
O0000000D0005900000001GeVODOOODOOODDOODODOONIGeV
OO000bO0bO000000y ODbO0ODbOO0OODOODOODODODO

% = 1500 x E3.yt [photons s™' m™ str™' MeV™'] (30keV — 10MeV)
j—g = 4854 x E;Ly”  [photons s™' m™? str™' MeV~'] (10 — 1000MeV)
j—g = 5.29e4 x B2 [photonss™' m™? str™! MeV™!] (1 — 100GeV)
3—1];] = 470[photons/sec/m?/str] (511keV)
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| Energy Spectrum |

Vertically upward gamma (secondary)
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gbbboodgbobobooaobn

O0510000000000000000000OD0D0OODOO0OO0OOOOOO=0000
Ooo00ooo0oooode=;0000=r00000000000000000O00y O
0000 0000000000000 O0O00O00O0ODOCOOOODOO (Thompson 1974,
Shoenfelder et al.1977)0 O O O O Schoenfelder et al.(1977) 00000000 (Mizuno et
al.2004)(0 5.11)00 O O O Schoenfelder et al.(1977) 0 2.5¢/em? 00000000000
DDDDDDD3.8g/cm2DDDDDDDDOSQS%(DDD)DDDDDDDDD 3.8/2.5
doooooooooooooooooooooo

dN 1 _ T

W g P 0053

dy 1.618260 -1 ™ ™
BT . ‘ - <0< =

10 0.3673¢ [str™] (3 <9< 2)

AN 3.2680 -1 (T

—= 0. ' —<g<o.

o) 0.02752¢ [str™7] (2 < 6 <0.6397)
dN

g = 13189+ e 2690 Istr~!] (0.6397 < 6 < gw)
dN w7

—= = 1 (e <o<

o) 6 [str™] (9#_8_7?)
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5.0 U0 XUOUOOOOOODOoOOO

5.5.1 0UO0OOO
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x (00000000)
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Do0Dbho00dbDee=0400000000000000000000 FastoQ®
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2. FastUOOOOO0OO0OO0OO0ODOODOOO1IO00000OO0OOO0OOObO0OOObOOn
000000000 100000000@O0O000000 05000 /keVOOO
O00000000000000000 1/05=20keVO00000O0O)

3. SlowOOOOOOOBottomO OO Sided BGOO Poissond OO0 O0OOO0OOOO
00000 30keVO 3keVO 3keV OO OO (Slow O 0000 OO BottomO Side O
BGOOODOOOODDOOOOODODOOOOODoOoOOoODO)

4. Slow O OO 00O, Bottom BGO, Side BGO DO UOOUOODOOOOOODOODOO
DO00000D000 FastODOOOOOO20000000000000 FastO OO
OO00oO0bOobooobooooooD 20-200keVOOOOOOoOoooooboooo

OO00000000D00DO poGOODOODOODOODOODOOODOODODODODOD
0000000000 (05.12)0000000000000000DOOO00OOOOODOO
oboobobobobobooboboobobobobbooboboboboobooo
gbbogdobogobooboboobbuoobbuoobbodobbodobobobodabdg
gbodgbboobuodboobbooboobboobooobboobooboon
oboo4000000000000O00OODODODOODOODOOOO0OODOO0OO0bO
oboob20000300000000000000ODOOODOOODO0OD 4000000
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[ Scatterer vs Scatterer + Absorber
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[ Hit vs Modulation Factor © 20keV
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5.6 UUOOOODOOOO

5.6.1 UOOOOOOOOO

gbogobuodgbbdodbbodgboooboobbobuoobooobbodaboo
Wkm 00000000 3msO00000000O00OOO0OOOOOO0OOOOOO0OO
b0 Xboooboooobooobobooboobbooboooboobobooobo
gbogbobuodgboboobuoobbuodobooooobobobuoobbooboon
gbooooogn

dN
E = 9.7 x E~*! [photons/sec/cm?/keV] (20 — 200keV)

0000000000 (Toor and Seward 1974) 0000000000000 00O0O 50MeV
00 4GeVO DO COS-BOOOODOOODOOODO (Bennett et al.1977)00 O Pravdo&Serlemitsos(1981)
OO0 ~100keVOO GeV O OO0ODOOODOD-2000000000000D0O0ODODOO
OO0O000OcCcoS-BOOOO 100keVODOODOOOODOODODOOOODOODOODOOOODOO

dN

iE = 0.96 x E~*! [photons s™! cm™2 keV '] (20 — 200keV)

000000000000 0000000Q00QoOoOooD 10%000000000000
O000000000000ODODODODOD0O0O0O0OO0ODODODODOODO (DOOOOO 1CrabOO
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0)0 1/100000 (CO000 1oomCrab000)0 00000000 OODODODOOO
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OO0000000000040-50kmO000000000O00OOOPGOOODODOOO
googobuogobuoobbbbooboobobuoobbuodbobooboobon
O Texas O Palestine 0 DO D OO0OO0O0OO040km 00000000 O0OODOOODOO
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gdoboboboooboboboboooboboboboobobooobobobo
00000 100%0000000000000000

5.6.2 UUOOOOUOOOOOO

OO0boooooooooboOowmCrabd 000D oobooooboooooonDoog
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000 MF[%] | D00
2000 [242+09]| 270
24+3000 |2344+07| 330
2~4000 |226+0.7| 32
2~5000 |2094+07| 300

O 5.1: 0000 100mCrabd MFOODOO 300000000000 O0ODOODOODO
gooo

0000000000 n, 0000000 (MPD, Minimum Detectable Polarization) O O

ogdogpoogooogg
MPD — Ng /SF€A+B
SFQloOGA T
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O000000000000000Q1000 100%00000000000000000
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5.64 UUOOOOOOOOOOOOO
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gooo

Os51700b00dobbioobbboooobuooobobbo PlbobobboO P20
P1O P2O0000O0OODOOIPOOODOO 2120000000000000O00O0O0DODODO
O000000o0oooOoOoOoOoOoOoOOoOoOO0ODDOpolar cap O caustic DO OO Dyks
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& Rudak (2003) 000000000000 Oouter gapd OO0 Romani & Yadigaroglu
(1995)0000000000000outergap0 0000000000 O0O0DOOODODOO
00 (Smithet al.1988) 000 0000000000000 0OOOOOOOOOOOOO
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outer gapUcaustic UU DD DUOODODOOOO0DODOO0OODODOO0OO0OO0O0OO0O00
gbbobooooboboooobbooogn
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gboobog gogd

00O 000 |000 [deg) | 000 [000 | 000 [deg] | D00
P1(polar cap) | 0.346 30 0.80 0.654 156 0.192
P2(polar cap) | 0.298 -35 0.80 | 0.702 156 0.192
[P(polar cap) | 0.134 0 0.00 0.866 156 0.192
P1(outer gap) | 0.346 0 0.10 0.654 156 0.192
P2(outer gap) | 0.208 40 0.10 | 0.702 156 0.192
[P(outer gap) | 0.134 2 0.18 0.866 156 0.192
P1(caustic) 0.346 80 0.70 0.654 156 0.192
P2(caustic) 0.298 20 0.70 0.702 156 0.192
IP(caustic) 0.134 -50 0.10 | 0.866 156 0.192
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| azimuthal angle distribution (P1), 20<=E[keV]<=100 l polar cap

e outer gap
51150

e caustic

4—‘—‘-\‘\\\\'\

o<}

a

o
dg'l'””“““d

azimuthal angle [rad]

0518 P1OO0OOOOOOOOOODOOOOOOO0OOD0
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000 Q[%] 00 [rad] X2/ v
polar cap | 6.90 £ 0.71 | 0.307 £ 0.051 | 24.56/37
outer gap | 4.51 £ 0.71 | -0.357 £ 0.079 | 30.14/37

caustic | 4.06 £ 0.71 | 0.008 £+ 0.087 | 23.29/37
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000 Q[%] 00 [rad] X2/ v
polar cap | 9.60 £ 0.52 | -0.565 4+ 0.027 | 56.85/37
outer gap | 3.07 £ 0.52 | -0.456 + 0.085 | 87.09/37

caustic | 7.07 £ 0.52 | 0.079 £ 0.037 | 49.29/37
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000 Q[%] 00 [rad] X2/ v
polar cap | 4.52 £+ 0.56 | -0.555 + 0.062 | 58.10/37
outer gap | 4.45 £ 0.58 | -0.370 £+ 0.065 | 41.93/37

caustic | 3.96 £ 0.57 | -0.427 £+ 0.073 | 47.17/37

gss: IpPO0O00OODOO0ODO0ODOODLODOOODbOODOODOn
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ooo MF[%](100mCrab) | MF[%](100mCrab+BG)
0.1 000 /keV 23.6 £ 1.0 19.1 £ 0.9
0.3 000 /keV 25.0 £ 0.8 20.6 £ 0.8
0.5 000 /keV 27.9 £ 0.8 23.4 £ 0.7
0.7000 /keV 28.3 £ 0.8 24.3 £ 0.7
0.9 000 /keV 30.7 £ 0.8 26.3 £ 0.7
0.54+0.1000 /keV 274 £ 0.8 22.8 £ 0.7
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l azimuthal angle distribution (CygnusX-1 + BG), 20<=E[keV]<=200
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azimuthal angle distribution (Mrk501 + BG), 20<=E[keV]<=70 ‘
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measured gamma energy, 20<=E[keV]<=200 | [— GRB021206
102 Primary
s —— Downward
e 10 —— Upward
§| —_— - —— Total BG
§ 1 =
= _ i
810" -
x
2102
10°
10*
10°
10° F I_'_P}tj :
mSSENNE bﬁb’f L
107
10°® 5
10
energy(keV)

0 5.33: GRBo21206 0 0000000 0OOOOOODOODO GRBo2120600 0000

l azimuthal angle distribution (GRB021206 + BG), 20<=E[keV]<=200 ‘

55000
& - ]
2 r ]
= - .
- 7N
4000[- .
3000« -
C 5 ]
C x° / ndf 60.29 / 38
20001 Average 4353+10.4
: MF 0.312+0.003
1000 ]
3 =l 1 0 T2 3

azimuthal angle [rad]

0 5.34: GRB0212060 000000000000 (20-200keV)

86



gboboboooobboogobobolobbbuooooboboooobbobooon
gboogobodgbogbobodgboobbooboobbuodboobooooboon
goobb-10dddooooooooobbbobobbbooodooooooooon
O0GRBODODOOODODODODDODODODODOOODOOODODDODODOOOOO 100%0000

dN

B 0.75 x £~ [photons s ™' em ™2 keV '] (20 — 200keV)

00000000 53500 5360000MFO 34.744.1%0000~8c 0000000
O0000DO00o0ooDoboOoOoobDoO GRBo212060000DO0O0OOODOOOO
O0000000000000000000000D0000 3s00000000017.5%0
oooon

measured gamma energy, 20<=E[keV]<=200 |[— GRB

I Primary
;.10 E —— Downward
o — —— Upward
S| S —— Total BG
210
- —
St ————
O

iy
]
&

|

flux

=
e
IS

10°

i
1
!

(I A TV A 1T

10°®

%

107

m%n
5
j[F
ﬁ
I
{K

10®

-
(=]
N

energy(keV)

O 535: 0000000000 GRBODODODOODODOOOOOODO GRBOODO
goo

5.8 Active Shied O UOUOUOOOUOOoOon

OOobOo0221v00o0ooooboobogo BGOOODODbOOOOoOobobOOooboOoboOoOg
yooooooobooooboooooooobooboooobooboob BGOOO
O00000FestO0 000000000000 OO0ODbOObODbDOObDbDOObDDO
OOob0o0oooboboboo2iroobooooobobobooBGOUODOOODbDOOOOD
gboogobuodgbbooboobobuoobbogboboobgoobbooboon

87



azimuthal angle distribution (GRB + BG), 20<=E[keV]<=200 ‘
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