The Polarized Gamma-ray Observer

Modzsi Bank Kiss & Tomi Ylinen

GLAST lunch meeting — February 16, 2006

=i : S S



Contents

PoGO — The Polarized Gamma Ray Observer
Scientific goals

The PoGO prototype

KEK beam test

SLAC double scattering experiment



PoGO — The Polarized Gamma-ray Observer (1)

Balloon-borne experiment — measure polarization from different sources at
energies 25-200 keV

International collaboration between the United States, Japan, Sweden and
France

Consists of 217 well-type phoswich detector cells (PDCs)

Each PDC consists of a hollow “slow” scintillator (230 ns), a solid “fast”
scintillator (1.8 ns) and a BGO crystal (300 ns)

Side Anti-coincidence Shield made of BGO
Field of view: 5 deg?. Effective detector area: 243 cm?
Detect 10% polarization from a 100 mCrab source in a 6 h flight



PoGO — The Polarized Gamma-ray Observer (2)

Partially contained  Fully contained Charged particle Side entering
CATIMA-TAY gamma-ray  induced gamma-ray  cammea-ray
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PoGO — The Polarized Gamma-ray Observer (3)

.rjr:r Wil 2.0 millien cu m volume Shatafilm® Balloon
iy 1786 m diomaeler
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Goodyear Airship AMERICA
Lengih: 58.5m
Volumae: 5740 cum
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A
(., Eiffel Tower, Pasis, France
Helght: 300 m

MASA balloon size

« Gondola and flight system
already developed for GRIS,
INFOCuS and ISOMAX

e Can sustain an instrument
mass of 910 kg



Scientific goals

Polarization is expected from many astrophysical objects.
* |solated pulsars and binary pulsars

« Neutron stars with strong magnetic fields

» Black hole accretion discs

« Jet-dominated active galaxies



Isolated pulsars and binary pulsars (1)

« Three major models: polar cap, caustic and outer gap
* Prime targets: the Crab pulsar, PSR B1509-58
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No. of events in 6 hour flight

No. of events in 6 hour flight

Isolated pulsars and binary pulsars (2)

Crab Pulsar Polarization: Prediction for P1
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Crab Pulsar Polarization: Prediction for P2
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« Measurements of the modulation
can distinguish between the
different models

simulations



Neutron stars with strong magnetic fields

« Surface magnetic fields of up to 10" G

» Polarization measurements will help to reconstruct the direction of
the magnetic field

* Primary targets: Her X-1, 4U 0115+63
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Accretion onto black holes

* Primary soft gamma-ray flux from multiple Compton up-scattering

« Compton reflection of primary soft gamma-ray flux expected to be

strongly polarized

* Primary target: Cygnus X-1
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Jet-dominated active galaxies

« Powerful gamma-ray emitters, powered by accretion of
galactic matter onto black holes

« Spectra contains two humps:

 one in the radio to soft gamma-ray region
(synchrotron processes)

* one in MeV/GeV band
(inverse-Compton processes)

 Polarization observed in radio through UV bands, but
nothing is known about the polarization in the X-ray/soft
gamma-ray region

* Primary targets: Mkn 501, PKS 2155-304



Gluing (1)

Hollow “slow”
plastic
scintillator

Solid “fast” &
BGO crystal plastic

scintillator




Gluing (2)

Hollow “slow” plastic scintillator

Solid “fast” plastic scintillator

BGO crystal




Covering (1)

Lead foil

Tin foil

VM2000: “multilayer birefringent VM2000
polymer reflector film”

« VMZ2000 keeps scintillation photons inside the tube
« Lead and tin foils keep charged particles and photons out of the tube



Covering (2)

The final result

Applying shrink tube...




Assembling the prototype (1)

Central unit Peripheral units PMTs
(full PDC) (fast scintillator only)
c?bles

Prototype: PMTs L ]

supported from the bottom
by plastic screws <

Flight model: units held A
together with nylon strings plastic screw

PMT

end plate




Assembling the prototype (2)

olier tubes




KEK-PF beam test

KEK Photon Factory, High Energy Accelerator Research Organization

Tsukuba, Japan




Experimental setup

Vertically plane-polarized beam from
two monochromator crystals of 933Si

Intensity adjusted with metal attenuator
 Trigger rate: ~1 kHz

Beam collimated with tantalum plates
* Beam size: ~1 mm?2

Rotation
Direction

o Polarization
Vector

0 degrees




Electronics

CSA
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» Dynode output of PMT is used for spectroscopy

* Anode output of PMT is used for discrimination



Calibration

[ pulse height of a specified ADC channel [+’ /ndf 59.03 / 53
po 86.32+ 22.24
£ F p 251.8+ 4.1
3 6007 p2 48.78+ 8.76
i p3 55.26 + 76.69
z O p4 -0.04833 + 0.22412
500 p5 1.525 + 0.919
F pé 1023+ 84.5
E p? 72.31+ 21.40
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Pulse shape discrimination

Decay times Time constants of shaping amplifiers
Fast scintillator 1.8 ns Fast 50 ns
Slow scintillator 230 ns Slow 1 s
BGO ~300 ns

In the fast shaping amplifier the whole signal from the fast scintillator is
integrated. Only a small part of the signal from BGO and slow
scintillator are integrated

In the slow shaping amplifier the whole signal from all scintillators are
integrated, but the total contribution from the fast scintillator is smaller



Fast and slow outputs

BGO/slow scintillator fast scintillator

* The result is a clear |_Fast vsslowo‘n\t\put of ch1 |
separation of signals § 500 N
from fast scintillator and ﬁm
BGO/slow scintillator 2

2

%300
* Fast scintillator branch 3

wn

is chosen for analysis, 200
since the fast scintillator

is the detection part and RSN i
to avoid background and NSRS T N S R .
pile-up e e w50

Fast output pulse height



Central vs. Total energy deposition

Compton
scattering

Compton scattering in
central unit, photo-
absorbed in peripheral unit

Energy deposition Spontaneous electron emission
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« Events where one peripheral scintillator is hit are plotted



Total energy spectrum

« Events which deposited
less than a certain energy
in the central unit were
projection onto the total
energy axis

« Total energy spectrum is
fitted with a gaussian and
an exponential function

« Peak position is used to
choose events from two
dimensional plot
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Energy deposition

« Selection of the events which correspond to Compton
scattering in the central unit and photo-electric absorption

| Energy deposition |
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Modulation curves (1)

« The number of events in each scintillator plotted as a function of
rotational angle

« Ratio = the number of events in each scintillator divided by the sum
of the events in all scintillators

| 50 keV data, all angles |
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Modulation curves (2)

« The average of the events in two opposing scintillators

| 50 keV data, all angles |
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Results

« Data was taken at three different energies: 30, 50 and 70 keV
« The modulation factors are corrected for background and dead time

» The modulation factor for 100% polarized photons, M,,,, can be
calculated by dividing with the degree of polarization of the beam

« Simulation was made with Geant4 using a modified code for
polarization

Energy Deg_ree .of M, Simulated
polarization values of M,
30 keV ~0.88 ~0.348 0.399 + 0.003*
50 keV ~0.90 ~0.360 0.408 + 0.004*
70 keV ~0.90 ~0.413 0.411 £ 0.006*

*Obtained using slightly different event selection criteria



Improvements to the analysis

« Consideration of the non-linearity of fast scintillator

If the number of scintillation photons is proportional to the
energy deposition. A measurement of the linearity was
performed at KEK prior to polarization measurement.
Analysis is in progress.

* More frequent calibration

The calibration constants can change during the course of
the beam test. An analysis made by Y. Kanai indicates that
they do change.



SLAC

Measurements:
 Polarization
» Light yield

« BGO crystal comparison




Electronics (1)

Dynode
PMTs l Shaping
0,1,2,4,5,6 PRE-AMP amplifier
. Fast output A
T PRE.AMP Shap_mg D Com-
ampllfler Slow output puter
PMT 3 [H¥— bynode H{ C
(central) [ . — Anode
Discri-
- PMT-AMP minator Coincidence | |
unit
Scat. VTP PMT-AMP Discri-
scint. PMT I —L minator
Shaping
Dynode PRE-AMP amplifier




Electronics (2)

« Coincidence in scattering scintillator and central unit
triggers data acquisition of whole detector array

* Pulse height sampled at 20 MHz
= wave form analysis

* Peak values stored in separate file as well
=» smaller file size for “quick looks”



Calibration (1)

Detector array seen
from the top

Detector array seen
from the side
/ Central unit H H
/ Peripheral units

""""""" \

(59.5 keV photons)




Calibration (2)

[ calibration curve | x° / ndf 47.79 /53
pO 158.7 + 9.6
9 pl 236.4+ 1.6
S 10" = p2 45.25 + 2.58
3 = . p3 20.64 + 60.19
C Photoabsorption peak p4 -0.04501 + 0.09748
B p5 1.375 + 0.780
10% = (59'5 keV) p6 -809.8 + 123.4
= Peak p7 -56.16 + 23.06
u position
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Calibration constant:

FWHM _ 2.35p,
peak position ~—  p,

Energy resolution: AE =



Polarization (1)

Seen from the side

Source: 241Am

/ (59.5 keV photons)

Xt——

Scattering

scintillator Lead block

Step 1: Create a pglarized beam from a
source that emits unpolarized photons...

Seen from above

Scattering PMT

scintillator

Source: 241Am

/59.5 keV photons)

Xt——

Lead block



Polarization (2)

Seen from the side

Source: 241Am

/ (59.5 keV photons)

Xt——

Scattering

scintillator Lead block

The Klein-Nishina scattering cross-section: — — k
0

_2+4costO
dQ 2 ko

=» Photons more likely to scatter perpendicular to the incident polarization vector.
Lead block used to choose only photons scattering at about 90°

=» polarized beam is obtained!



Polarization (3)

Scattering
scintillator

Source: 241Am

Lead block (59.5 keV photons)

Central unit

Peripheral
units

X€t—

Seen from above

Seen from side



Polarization (4)

Spectrum from the scattering scintillator | 4?/ ndf 559.6 / 101
Constant 173.8+ 2.2
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Polarization (5)

Fast vs slow output of PMT3

intillator
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Polarization (6)

Select events where energy has been deposited in the scattering
scintillator, the center scintillator and ONE of the peripheral scintillators.

Deposited energy of ch3 vs TotE
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red lines are selected for modulation.



Polarization (7)

Am Run, Odegree v° | ndf 14.94/3

po 239.8 + 6.322
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Polarization (7)

Am Run, 90degree v* | ndf 1.02/3

p0 223.7 + 6.106
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Light yield (1)

Source: Sr

Cardboard tube (beta minus decays)

Slow scintillator inside tube
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Light yield (2)

Spontaneous electron
emission events from PMT
and noise from electronics

| Light yield measurement x* I ndf 184.6 /30
pO 310.9+7.6

pl 131.3+ 0.4

M p2 18.89 £ 0.30

Signal from °0Sr

200
150

100

50

-0100 0 100 200 300 400 500
Channel number

Energy deposition due to the Bethe-Bloch formula: -dE/dx = ...
Electrons go through about 4 mm of scintillation material.

Figure of merit: channel number, proportional to the light yield!



Light yield (3)

Without VM2000 inside the slow scintillator

| Light yield measurement | x° I ndf 184.6/30 | | Lightyield measurement | x° I ndf 331.6/44
PO 310.9+ 7.6 pO 333.5+6.0

£ 350 pl 131.3+ 0.4 400 pl 3155+0.5
§ p2 18.89+ 0.30 p2 33.31+0.41

g §3505_
300 -
- 300f—
250 =
- 250
200— C
- 200
150~ -
- 150
100 -
50f- soF-

N T T R VT R T- T Mo T o IR R R 250

Channel number Channel number

Top of the slow scintillator: Bottom of the slow scintillator:
Peak at channel no. 131 Peak at channel no. 315

Ratio: 131/ 315 = 0.42 = about 58% of the photons lost
when the inside of the tube is NOT covered with VM2000



Light yield (4)

With VM2000 inside the slow scintillator

|_Light yield measurement | x° I ndf 2154720 | [ Light yield measurement | 27 ndf 2054748
R p0 562.2+11.2 p0 199.2+ 4.0
e [ pl 90.29+ 0.28 2 o 3504+ 0.8
2 600 p2 16.16+0.22 |  3°7F 4253+ 0.57
S O 200

500/ 180
E 160
400 140
N 120
300 100f-
- 80f-
200 =
- 60—
100[— 40;—
- 20

0_ + 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 O_ 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

40 60 80 100 120 140 250 300 350 400 450

Channel number Channel number
Top of the slow scintillator: Bottom of the slow scintillator:
Peak at channel no. 90 Peak at channel no. 350

Ratio: 90 / 350 = 0.26 =» about 74% of the photons lost
when the inside of the tube IS covered with VM2000



Light yield (5)

Light yield from the top of the slow scintillator lower with VM2000 inside the tube.

This is expected, since light must be reflected more times to reach the PTM.
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Light yield (6)

/ Central unit

Fast scintillator

Source: 241Am

E / (59.5 keV photons)

AN

Lead block \
BGO crystal

PMT




Light yield (7)

Light yield measurement

4‘2 - | T T T T | T T T T | T T T T | T T T T | T T T T | T T
§1 L -, Without VM2000 inside tube:
O 5 5 ’ peak at ch. no. 223

_ With VM2000 inside tube:
. peak at ch. no. 275

0—|—l|11 ----- [ l|11 ----- fbonao l|1 ----- lpooadpesas I|1 ----- lpocodyoons I|1 ----- asadpoeans |'|1—

150 200 250 300 350 400
Channel number

Light yield from fast scintillator increased by about 23% with VM2000 inside the tube
=>» use VM2000 inside the slow scintillator!



BGO crystal comparison (1)

Three BGO (bismuth germanate) crystals
with differently treated surfaces

Compare light yield from fast scintillator!

Polished Etched

Ground




BGO crystal comparison (2)

Fast scintillator
with VM2000

W

Lead block \

BGO crystal Source: Z1Am

PMT

Fast scintillator irradiated with 59.5 keV photons.
Light yield from the fast scintillator measured with all three BGO crystals.

Figure of merit: channel number, proportional to the light yield!



BGO crystal comparison

SW.hex-05.4 (ground surface)

Counts
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-1956 + 345.9

-95.92 £+ 28.03
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BGO crystal comparison

SW.hex-05.5 (etched surface) 1"/ ndf 79.38/58
p0 197.2+5.4
2 = pl 276.8+ 1.3
5 C p2 50.19+ 1.73
S 250 p3 24.54+17.43
B p4 -0.04263 + 0.03926
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BGO crystal comparison

SW.hex-05.6 (polished surface) x* I ndf 68.44 /63
pO 160+ 3.3
(%2]
8 o p1 3325+1.1
c 200F p2 55.51+ 1.26
S 180 l p3 4.925+ 4.694
= | p4 -0.000765 + 0.008683
160— w;" MG p5 0.02315 + 0.02074
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BGO crystal comparison (2)

| BGO comparison
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Conclusion: Light yield from fast scintillator maximized with the polished BGO
=>» use polished BGO! (Even if it is a little more expensive...)

Polished 332.5+1.3 45.3% 0.392




The End




