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'Advanced Compton Telescope Sensitivity

Sensitivity goal: a factor of > 30 improvement over CGRO and INTEGRAL
e 2x 1077 yem~?s~! (30) in 10° s for narrow lines
e 10-%yem~2s7! (30) in 108 s for broad lines
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Requirements versus Feasibility of a Next Generation
| ‘Compton Telescope
E. Aprile, A. Curioni, and U. Oberlack (Columbia University)

Goal: A Compton telescope with 3 o line sensitivity of 10~ cm~2s5 ' in 10° s observing
time. Sensitivity should decrease only by a small factor for line broadening and diffuse
emission, ‘ ‘ - : )

Source detection limit: (with n o significance)

2
In L [] + \/ 1+ AafbAeﬁtObs] ~n afo

2 Aefitobs n? Aotitobs

N, = f» Aetitobs IS the number of background counts, which defines an “equivalent
background flux” f,. (The approximation holds for dominating background.)

Recipe:

¢ Increase the effective oi'eo by a factor (20-50) in efficiency x (5-10) in geometri-
cal area = several 100 over COMPTEL.

o ImproVe background reduction by a factor of z 100 over COMPTEL.
e Useaverylarge FOV (1/4—1/2 of the sky) to increase the observing time for many

sources simulfaneously. (Additional advantage: Provides a monitor for fransient
sources A la BATSE for a large fraction of the sky.)

. 5§t Compton Symposium 1999



Future Directions for a Co’m‘ptOn Teleséope at Columbia
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Xenon Phase Diagram

~ Pressure vs. Temperature
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Liquid Xenon Properties

High density and atomic number — High stopping power
Material  Density (g/cm?)  Atomic number  Aftenuation length @ 1 MeV (cm)

L Xe 3.06 54 56
Si 2.33 14 6.7
- Ge - 536 . 32 . 33
small W-value for ionization and scintillation (compared to other gases and liquids)
— High electron and photon yields | Material W-value (eV)
L Xe 15.6
Other nobel gases/liquids > 20
Si | 3.6

Ge 2.8

Small Fano factor (F = 0.041)
— Excellent energy resolution expected AE/E =< \/WF [Ey WHFx.=064eVaWFge

High electron mobility — Fast defector response
v=pE Material Electron mobility pe cm? Vs 1) Mobility of holes (ions) (cm?* V™! s

| Xe 4000 @ 195K lon mobility i < e
Si 1900 (21000 @ 77 K) A80 (11000 @ 77 K)
Ge 3800 (40000 @ 77 K) 1800 (40000 @ 77 K)
short radiation length and small diffusion constant
— Good spatial resolution for a TPC Material  Radiation length Xy (Cm)
LXe | 2.8
Si Q.4

Ge 2.3

. BenaApie  Snowmoss2001
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G;quid Xenon Imaging Telescope for 1-30 MeV Gamma-Ray Astmphy%

R 7
Elena Aprile, Reshmi Mukherjee, and Masayo Suzuki

Columbia Astrophysics Laboratory
Columbia University, New York, NY 10027

ABSTRACT

We discuss the application of a high resclution 'liquid xenon hnagiﬂg chamber as a 7-ray telescope for

medium energy astrophysics. The chamber, operated in the Time Projection Mode, will be capable to
image any ionizing event occurring within its sensitive volume. Gamma-ray events with multiple Compton
interactions will be identified as such, thus significantly enhancing the detection efficiency over a wide

‘energy range. This represents the main advantage of the proposed liquid xenon instrument over more

conventional double scatter Compton telescopes, in which stringent topological constraints Limit considerably
the acceptance. In the Compton regime, the excellent energy and position resolution of the detector, on the “
order of 3% FWHM at 1 MeV and of 250 gm RMS, respectively, will result in a 1o angular resolution of °
0.5° — 0.3° for y-ray energies of 1-20 MeV. The ambiguity in source location that characterizes the Compton
measurement can be removed for y-ray events of high enough energy to allow the reconstruction of the
direction of the Compton electron. In the pair production regime, the incoming y-ray direction can also
be uniquely determined from the reconstructed openining angle of the electron-positron pair. An effective
discrimination against charged and neutral background events is a direct consequence of the detector imaging
capability. The versatility of the liquid xenon telescope and its unique characteristics will allow a large variety
of y-ray emitting sources to be explored with high sensitivity. :

1. INTRODUCTION

Observations of the gamma-ray sky in the low and medium energy range below about 30 MeV promise

to provide a wealth of information on the nature of the source or region in which the gammae-rays are
produced. The difficult experimental problems encountered in this energy region have resulted in a slower
development than in other regions of the electromagnetic spectrum. Even though considerable progress has
been achieved during the last few years and a wealth of new information is expected from the four instruments
planned for the Gamma Ray Observatory (GRQ) mission, it is clear that improved experimental techniques
are needed for future gamma-ray observations. The application of rare gas liquids, such as xenon, promise
major advances in detector efficiency, imaging and background reduction capabilities as well as detector .
energy and spatial resolution.

Among the properties which make a liguid xenon imaging chamber especially sﬁited for gamma-ray

astronomy are:

1.. High detection efficiency due to the high density (» = 3.06 g/cm®) and high atomic number (Z = 54).

2. Excellent energy resolution, ultimately sirhilar to that of germanium, '

3.

4. Excellent scintillation efficiency, comparable to that of Nal(T1) and with a fast component, ideal for

Excellent spatial resolution, ultimately a few tens of gm.

event triggering.

jIhree-dimnsional track reconstruction which allows bubble chamber like images of multiple gamma-ray

interactions.

Excellent background rejection caEabilif:y due to track imaging and to pulse shape discrimination of the

scintillation signal.

Short radiation 1ength {Leza = 2.6 cm), ideal for a compact calorimeter.

SPIE Vol.1158 EUV, X-Ray, and Garmma-Ray Instrumemation for Asrranomy'and Atomic Physics{1389%% 295
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Fig. 3. Typical ionization signals generated by cosmic ray tracks in liquid xenon at different electric fields. The solid curves are the
: result of the fit with the theoretical pulse shapes.

tire, In our data this is true down to the lowest field. et al. [23] and at 216 K and 165 K by Huang and
The results for the electron drift velocity in liquid xenon Freeman [24] are shown on the same figure. Our points

at 195 K_are shown in fig. 5 as a function of the applied at 195 K clearly lie in between the other data, and show -
electric field. The error bars include an overall sys- .
tematic uncertainty of approximately 10%. For com-
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‘XENON SCI NTILLATION
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Fici. 3. LXe emission spectrum from alpha particle excitation. The broad
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sorption lines. The amplitude relationships are arbitrary.
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TIME DEPENDENCE OF
ELECTRONS |
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_ anure 2. Scintillation light of 27Bi conversion electrons
in Jiquid xenon (a) without and (b) with an applied electric
field of 2 kV/cm (10 mV /div., 20 nsec/div.).
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Time dependence |
of Liq. Xe scintillation

- For minimum. ijonizing particles,

(1) = g + 02+ ir = Acexp(-t/71) + Apsexp(-t/135) + Accexp(-t/7,)

i1(t): decay from a singlet state of Xe % (fast)
i2(t): decay from a triplet state of Xes% (slow)
i.(t)! recombination of ions and electrons

I(t)

IO ROFSROFRRE |
= Ay 7 1(lexp(-t/ 7 1)) + Ap 7 2(1-exp(-t/T2)) + Ar 7 o (1-exp(-4/ 7 ,))
[(00) = Ay T4+ AaTr + Ar Ty
T3 =2.2n8, T, = 27ns, T, ='45ns
Aj/AQ = 0.6, (A1 T;+A2T2)/I(°°) = 0.26

= Ay = 0.0055, A, = 0.0092, A, = 0.0164
(I(e0) =1, 1 in ns)



Fast decay time: 2.2 ns for 1. eV electrons under the
electric field of 4 kV/cm,

4,3 ns for alpha-particles or fission
fragments.

Slow decay time: 27 ns for 1 Mev electrons under the
electric field of & kV/cm,

22 ns for alpha-porticles or fisslon
fragments,

Recombznotlon time 34 - 45 ns for 1 MeV electrons under nhon-
electric flEld

Ratio of the number of photons emitted from fast decay component

to those emitted from slow decay component:
0.05 for 1 MeV electrons



First Observation o} Liquid chau |
Scintillation with a Cs T phcluca-ﬂwdc.
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Fig, 2 Typucal pise height spectrym of the scintitlation light
from *'Am 5.5 McV o pamcles in solid Xe,

due 1o the lower vapor pressure, high voltage breakdown
occurred carfier than in the Hquid phase, This prevented us
from reaching high electric fields,

4. Resulls

The daia in solid Xe were oblained with the 500 nm
ihick CsT photocashode. Fig. 2 shows a typicat pulse height
specirem of the scintillation light produced in solid Xe by
the alpha pasticles, Compared lo the same data measured
in'the liquid phase at she same electric field and electronics
gain, the peak position is hngher Resulls obtained in
diffesent runs made with liquid and solid Xe are summa-
rized in Fig. 3. One can sce that the results obtained with
liguid Xe are reproducible in the dilferent runs and in good
agreemeni with our previous results {3), In the case of the
sofid, reswils are different depending on the procedure
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Fig. 4. Numbet of clectrons collected as a functinn of the electric
field from the Csl pholocsihode for 5.5 MeV “'Am alpha parti-
cles in liquid and solid Kr.

followed to form the solid, For a given solid sample the
results were stable with time with a fluciuation less than a
few percenl, The light signal from solid Xe was highest
{closed squares in Fig. 3) when we condensed the xenon
gas inie solid with a LM, bath. IT the Xe gas was first
condensed into liguid with a bath of alcchol and LN,
mixlure (about — 110°C), then cooled down 1o form solid
by changing the bath to LN,, the observed light signei was
lower (closed circles in Fig. 3). Despite the variation in the
data from different solidification procedures, the measured
light signal was however always a factor of 50-100%
higher than that measured in the liguid phase. The varia-
tion in the measured photoeiectron signal is related 10 the
quality of the solid, In cur experiments, the solid structure
was always polycrystalline and in some cases with many
defects.

The encrgy resnlulmn for the light produced by ihe
alpha particles in solid Xe at the maximum applicd electric
field of 2 kV /cm, was typically 10-12%, dominated by
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The Liquid Xenon Time Projection Chamber as Compton Telescope

e A homogeneous, self-triggered
detector which combines high
detection efficiency with
calorimetry and 3D event imaging

o Xe ionization and scintillation
detected to measure energy
and spatial information
for each gamma-ray interaction
in the sensitive volume

¢ Events with multiple interactions
are identified and used for recon-
structing the incoming gamma-ray ‘ ==
energy and direction, with Compton T R R A
kinematics '

e Events with a single interaction
“and high energy charged particles
easily rejected. Background
is reduced with 3D event imaging

Amplifiers

A=

X-Y Induction Anode CoHection
Signals Signal



The Liquid Xenon Time Projection Chamber Developed at Columbia

o 24 kg active Xe mass.
e 20x20 cm? active area

e 7 cmdrift gap (21 gcm™2)
¢ 1 kV/cm electric field
e 4 UV PMTs for Xe scintillation light.

e 62+62, 100 pm, 3 mm pitch wires for X-Y lo-
calization.

.4 independent anocdes for total energy
measurement.

¢ 1 mm X-Y spatial resolution from digitized
wire signals.

e 300 ym Z spatial resolution from absolute
drift fime measurements (Mmax=35 us)

e 8.8% FWHM energy resolution at 1 MeV from
digitized anode signal(s).

s “Inactive” LXe reduced with SS spacers.

Hono Aprle  Snowmass2001



The Liquid Xenon Time Projection Chamber Cryostat
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o XeTPC insulated by a vacuum cryostat 50 cm
diameter and 35 cm high).

e Cathode HV supply and filter, PiTs and wiresHvY

- decoupling inside cryostat.

¢ Xe gas condensed and kept at desired
temperature by a controlied flow of LN, through a
copper coil.

e Vapor pressure and thus LXe femperature allowed
to vary between 1.5atm (-95°) and 2.4 atm (-91°),
Flight Dewar (20 | LN} hold time is about 40 hours.

HenaApre  Snowmass200]



Charge Signal

Charge produced in liquid xenon per 100 keV
energy deposit:

Ne =100 keV /15.6 eV ~ 6,400 e~

Electrical field adapted to focus electrons
through holes of grid and through the wire spac-
ing _

Induction signal from drifting charge on the wires
~ 75% of the charge is collected on the anodes
at a field of 1 kV/cm

Signals on wires and anodes are digitized by
5 MHz flash ADCs with 8 bit and 10 bit preci-
sion, respectively

Electronics Noise

Low noise conditions required for 3-dimensional
imaging of MeV y-rays, which interact in multiple
points within the detector.

Electronics noise level in LXeGRIT in units of
equivalent noise charge (ENC):

Wires: ~ 350 e

Anodes: ~ 850 e (higher capacitance).

LXeTPC Signal Formation and Read-Out
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Photon Scattering Angie vs.
Recoil Electron Energy

Compton Scattering Kinematics

- Cross Section vs. Photon Scattering Angle
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Slgnal Recogmtlon and Event Reconstruction -
X-IY-Wire and Anode Signals vs. Drifitime ' False Color Display of X-/Y-Wire Signals

v-ray with three interactions in the detector. - (same event)
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Anode Amplitude

qumd Xenon: the purity level inferred from '¥’Cs ~-rays data

energy Spectra for different (:ncreasmg) drift lenghts
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Dlstrlbutlons of Matched X-ere Y ere and Anode Slgnals
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Top row: Close correlation of
charge measured on matching X-
Y-wire signals and on the cor-
responding anode confirms suc-

- cessful signal recognition.

Bottom row: imaging a collimated
Cs-137 beam with the LXeTPC.
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'From Laboratory Prototype to Balloon-Borne Instrument
The Liquid Xenon Gamma-Ray Imaging Telescope Collaboration

E. Aprile!, A. Curioni’, K. L. Giboni', M. Kobayashi’ U. Oberlack’,C Zhang',
S. Ventura'-?
T. Doke’, J. Kikuchi®,
E. L. Chupp? P P Dunphy?

ICofumbrc:r University, New York, USA
2INFN / University of Padua, Italy
SWaseda University, Japan
4University of New Hampshire, Durham, NH, USA
s Summer 1997 LXeGRIT first bal-

loon flight and successful oper-
ation of a LXeTPC in space.

e Spring 1999: XeGRIT stays
afloat for 11 hrs. Instrument per-
forms well despite the high data
rate from low energy events.

e Fail 2000: LXeGRIT stays afloat
for 27 hrs. TPC is operated with-
out anticoincidence gamma or
cosmic-ray shields, and with
frigger optimized to MeV. Instru-
ment performance is excellent.
On going analysis of data from
27 hrs of observations (Crab,
CygX-1, etc.) and from on
ground calibration.

Blena Aprils  Snowmass2001



'The LXeGRIT Gondola in Flight 2000 COnfiguratiOn

Detector | . Liquid Xenon TPC
Active Volume 20cm x 20cm x 7cm |
Energy Range 0.1 — 10 MeV

Energy Resolution (FWHM) 8.8% x (1MeV/E)'/2 .
Position Resolution (10) 1 mm (3 dimensions)
Angular Resolution (1o) 3° at 1.8 MeV

Field of View (FWHM) 2sr \

Effective Area (Imaging) 20 cm? @ 1 MeV

Veto Shields None

LN; Dewar 100 liter

instrument Mass, Power 2000 Ibs, 450 W
Telemetry, Onboard disks 2 x 500 kbps, 2 x 36 GB

LXeGRIT in flight 1999 configuration



X Wire #

Y Wire #

Event Imagi'ng with LXeTPC:
LXeGRIT 2000 - Flight Data - Gamma Rays

X Wira #

Y Wire #

50 100 - 150 200 i 0 50 - 100 150
Drift Time (Z} shifted by 6.2 [samples} Drift Time {Z) shifted by 6.2 [samples]



Event Imaging with LXeTPC:
LXeGRIT 2000 - Flight Data — Charged Particles

X Wire #
X Wire #

0 50 100 150 200
Drift Time (£) [samples]

Y Wire #
Y Wire #

0 - 50 100 150 200 : 0 50 100 150 200
Drift Time (2) shifted by 6.2 [samples] Drift Time (2) shifted by 6.2 [samples]



LXeGRIT
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Energy Spectra — From top to bottom, clockwise:
137Cs — 0.662 MeV: “1-step” (solid line) and “2-step” events (dashed
red line),>Na — 0.511 and 1.275 MeV: “2-step” events, #3Y - 0.898 and
1.836 MeV: "2-step” events, the source was placed about 2 m above
the TPC, Am—-Be: "2-step” events. The photopeak (4.43 MeV) and the
single escape peak (3.92 MeV) are clearly identified.

Energy Calibration and Spectral Performance |
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From top to bottom:
Energy Calibration Curve:
anode amplitude vs. energy

'Energy Resolution vs. Energy:

AEyy /E = 8.8% /TM&N/E



LXeGRIT Compton imaging performance

Reconstruction of the position of an %Y (1.8 MeV y rays)
source at distance using Compton events

Latitude [deg]

-80 -60 -40 -20 O 20 40 60
Longitude [deg]



Imagmg of an Y-88 Source on Oct. 3, 2000 with LXeGRIT on the Launchpad

2-Step Events: imagmg by “larger step first”.

3-Step Events:
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| @ LXTPC Wl“'l cl'larje g lu’ﬂH‘ readovt
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- . D event imagiug and cou.rerum-f Eackﬁwvnd
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with MQC simulations o_f iustrument's J-uf-.,-ou.ti
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New Scintillation Light Detection

1

gitivt é— r ooy The gqﬂ{ EJLE >

t collection with reduced spread to achieve
an

PMTs : Hamamatsu R6041 ( Light in TPC, Gamma Rays) |
R5900 ( Light in Surrounding Volume, Background Shield )

- Very short design

- UV guartz window

- Bialkali photocathode

- Metal case for high pressure (> 3.5 atm)

- Tested at Liquid Xenon temperature (-100 C)

- Mounted within Liquid {no absorption in additional windows

R5900 R6041
24 mm square window 45 mm dia. photo cathode
10 stage multiplier 12 stage multiplier
"Dummy Boxes" Teflon Relector
,(old design) Photo Cathodes

, ; ' ' Anode and Wire Planes
Outline of TPC (Shaping Ring)

Flaﬁge Moﬁk—Up
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