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ABSTRACT

UFFO (Ultra-Fast Flash Observatory) is a space-borne observatory aims to observe
GRBs (Gamma-Ray Bursts) in X-ray and soft Gamma-ray. Thanks to the innovative
MEMS (Micro-Electronic-Mechanical-System) technology, UFFO is built to be the first
observatory ever capable to respond to GRBs within a minute in the optical range, i.e.
afterglows. Through the observation of the sub-minute afterglows, UFFO will hopefully
provide new perspectives to our understand toward the natures of Dark Bursts, Short-Hard

Bursts (SHBs), Type-1A Supernovae, and other exciting new physics.

UBAT (UFFO Burst Alert and Trigger Telescope) is the primary telescope in UFFO
responsible for the X-ray/~-ray detection, event direction decision and the triggering of op-
tical telescope SMT (Slewing-Mirror Telescope). Since UBAT determines the directions
of GRBs in the coded mask aperture camera scheme, the coded mask image resolvabil-
ity on the focal surface (FS) is crucial to the successiveness of the entire operation. The
UBAT FS includes 36 assemblies of YSO (Yttrium Oxyorthosilicate) scintillator arrays
and 64-pixels MAPMTs (Multi-Anode Photon Multiplier Tubes). The main focus of this

thesis is the calibration and the amelioration of the UBAT FS detection assemblies.

As to begin, I give a general review on GRB physics in chapter 1 with the perspective
physics of UFFO emphasized in the last section. The design of UFFO observatory is
introduced in chapter 2, breaking into the UBAT, SMT sections, and a separated section
dedicated to UBAT FS. Chapter 3 explains the experimental design and the expected result.
The instrument calibration of UBAT MAPMT is reported in chapter 4. The calibrations
of UBAT FS energy scale and image resolvability is elaborated in chapter 5. The result

failed to match the designed performance of UBAT. A specialized simulation package

XV



was then developed to further investigate the cause. The construction and indicationof
the simulation are discussed in chapter 6. I propose the Inverted-Conical Light guide (IC-
[l A

LG) based on the simulation study in chapter 7 as a possible amelioration. to _EUB"’AT FS.

Chapter 8 summaries all the works achieved in this thesis and gives the conclusion.

XVl



CHAPTER 1

GRB PHYSICS

Gamma-ray bursts (GRBs) are the brightest astronomical events ever been observed
by mankind. They are the Gamma-ray flashes originated in the deep Universe far from

our galaxy, and have traveled for almost the whole life of Universe to Earth.

1.1 BRIEF HISTORY

GRBs are the y-ray flashed originated in the deep Universe. They may last shortly as
seconds or long as hours. The v-ray photons usually arrive at Earth with energies range
from 0.1 to 10 MeV, though they may also be soft as 1 keV or hard as 10 GeV.

GRBs were firstly discovered in 1960s by the U.S. Vela satellites. Originally the Velas
were built to monitor USSR’s orbit nuclear weapon tests. On July 2", 1967, Vela III
and Vela IV detected the y-ray signal which was later regarded as the first GRB observed
in the history of mankind. Aside from its stressful connection with nuclear weapons,
scientists from Los Alamos Scientific Laboratory analyzed its spectrum and direction and
eventually concluded it’s a new astronomical phenomenon arrived the Vela with a small
zenith angle. Followed by more GRBs observed by Vela IV, V' and VI, the discovery of
GRBs was officialized with 16 confidential events in the paper Observations of Gamma-
Ray Bursts of Cosmic Origin (1973) [1]. Many different theories on the origins of GRBs
were proposed soon after.

The first defining spaceborne experiment, BATSE, was launched in 1991. With al-

most 3000 events collected during its nine-year mission, our understanding of the energy

1



1.1 Brief history

spectrum, temporal structure, the source distribution of the GRB ~-ray component, i'e.the

prompt emission, as well to the origination of GRBs was largely improved. =

During the mid 90s, the GRB “afterglow” was discovered in the X—raY/oI):tical by the
satellite experiment BeppoSAX. Since the afterglows might last for months, the GRB Co-
ordinate Network (GCN) was built so many ground-based UV-radio observatories around
the globe could follow up the triggers from satellites such as BeppoSAX and HETE-2, tar-
geted to the GRB sources and kept monitoring the signals in multi-wavelength until the
signals subsided. Until today, GCN is still coordinating the satellites and ground obser-
vatories. The multi-wavelength observation gave birth to the “Fireball scenario”, which
people now accept as the best model of the origination of GRBs. It was also form the
afterglows did scientists discover the undoubtable connection of GRBs and Supernovae
around Millennium. However, limited by the designs of the their optical detectors and the

GCN time lag, most observations in the optical started half day after the prompt emissions.

In 2004, the Swift was launched. People had finally crossed the technology barrier and
begun to accumulated the afterglows starting from the first minute. The fireball scenario
was inspected in detail. Unprecedented data were provided toward interesting topics such
as the dark bursts, the afterglows and the progenitors of Short-Hard Bursts (SHBs), the
internal/external-shocks-overlapping phase. Instead of confirming the previously-known
picture of GRBs, Swift revealed that, the nature of GRBs could be even more complicated
and divert from what people had understood before. Today, the leading experiments in
the field are the Swift(2004- ) and Fermi(2008- ). They both have the rapidity of optical

observations a few minutes after the prompt emission triggers.

Many questions remain unanswered. Does the Swift observation suggests there are
more classes of GRBs? What is the physics behind different GRB classes? Do GRBs
exhibit universal characteristics? Is there an internal/external-shocks-overlapping phase
to be observed? Can we directly determine the fireball parameters from the observation?
These questions are hopefully to be put forward in the coming era with uncultivated after-

glows lay in the first minute.



Ch.1 GRB Physics

1.2 GRB IN DIFFERENT FORMS

aft‘erg?ow '

|
There are two major components of a GRB: the prompt emission and. thé

The former indicates the y-ray component which defines the GRB; the latter 1nd1cates the
companion X-ray-radiowave signals follows the prompt emission. They are introduced

in 1.2 from the experimental point of view, the theoretical models are discussed in 1.3.

1.2.1 Prompt emission

The prompt emission of a GRB indicates its major v-ray emission and defines weather
it is classified as a GRB event. Most of our knowledge of GRB prompt emissions was
established during the BATSE era. There are three main properties of prompt emissions
we’ve learned from BATSE: the source distribution, the hardness, and the temporal struc-
ture.

Fig. 1.1 shows the distribution of 2704 BATSE events. There was no repeater nor
cluster found. The result indicated GRBs were transient phenomena and the sources could
only be galactic or cosmological [2]. In most cases, prompt emission photons have the
energies about a few hundred keV, while some events have been reported with several
GeVs. In parallel to the GeV prompt emissions, there are also events with the prompt
emissions in the soft y-ray and X-ray. Although one might intuitively classify the X-ray
components into afterglows, these events exhibit typical temporal structures of the prompt

emissions. They are now classified as the X-ray Flashes (XRFs).

Fluence, 50-300 keV (ergs cm™)

Figure 1.1: The sky map of 2704 BATSE events.
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Figure 1.2: The distributions of «,  and the peak energy in Band function. The low
energy spectra have shallower decay ~ —1, the high energy spectra have steeper decay
~ —2. The spectra break at ~ 300 keV.

The commonly accepted description of GRB energy spectra is the so-called Band func-
tion (Eqn. 1.1), which is an empirical function firstly derived from the time-integrated

energy spectra of 52 BATSE events [3].

_hw
NG = N, (hv)¥e Eo yhy < (a— B)Ey (1)
(hv)Bele=B[(a — B)Eg]*=h yhv > (a — B) Ey

Band function is also known as the power-law description. It models the spectra with two
line segments of slopes o and 5 in log-log plots connected smoothly by empirical terms.
Fig. 1.2 shows the powers «, 3 and the peak energy [4]. It shows GRBs generally have
photon energies about 102-10° keV. Many later studies have examined the Band function
with larger BATSE dataset, pulse spectra or other spectra outside of BATSE’s energy range.

Band’s broken power-law prescription is basically valid in all cases. Fig. 1.3 is a typical

GRB spectrum fit with Band function [3].

107!

Figure 1.3: The spectrum
of BATSE event GRB
911127.  The low-energy in-
dex i1s o= —0.968 £0.022,
the high-energy index s
g = —2.4274+0.07. The spec-
trum breaks at Ey = 149.5 £+ 2.1.
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of freedom 100. T
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Figure 1.4: Ty, and 6t of GRB prompt emissions.

The common measurement of GRB durations is the Tgy (or sometimes T5y), which
means the time of accumulating 90% (50%) y-photon counts starting from the first trigger.
GRBs may have very different Tggs vary from 107! to 103 sec. (Fig. 1.4). More than 80%
GRBs exhibit the “variable” light curves', which means the photons arrive at the detectors
with highly variable fluxes. And the rest simply shows the Fast-Rise-Exponential-Decay
(FRED) light curves. Examples of both kinds of the light curves are shown in Fig. 1.5 and
Fig. 1.6, respectively. The variability of a GRB is defined as Tgy/d0t, where Jt denotes the
average width of instant fluxes, i.e. the width of the light curve peaks. It can be deduced
from Fig. 1.4 the typical variabilities of GRBs may reach 1000 [6].

One of the most important discovery made by the BATSE was that, among almost 3000
GRBs observed by BATSE, there were actually two distinctive classes, the long bursts and
the short bursts. Those with Tggs greater than 2 sec. are defined as the long bursts, and
the others are defined as the short bursts. The two classes are not just distinctive in the
durations, but also in the hardnesses. Fig. 1.7 explains the short-hard/long-soft relation
[7]. It can be seen from the figure, the long bursts are 10100 times longer than the short
bursts and about half in hardness. Despite the difference between the two classes, most
GRBs pose a general hard-to-soft trend in both the variable and FRED light curves. It can

be qualitatively understood from Fig. 1.5 and Fig. 1.6, and a strict proof'is provided in [8].

lenergy-integrated photon count v.s. time
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Figure 1.5: The variable light curves of BATSE trigger 2228. The panels shown from top
to bottom are in 25-55 keV, 55-115 keV, 115-320 keV and 320-1000 ke V.
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Figure 1.6: The FRED light curves of BATSE trigger 999. The panels shown from top to
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Figure 1.7: The log-log plot of hardness ratio (HR) ver-
sus Tgp. The hardness ratio is the ratio of photon counts
in 115-320 keV to which in 55-115 keV. The squares and
circles represent the short and long bursts, respectively. The
solid line is the regression line for all the bursts, while the
dot lines are for different burst classes.

There was one famous paradox emerged from the total energy and the variability—the
compactness problem [9]. It argued that, the total energy of a prompt emission emitted
in the first few seconds (roughly the first variable peak) was about 10°!-10°3 erg, if one
took the variable time scale dt to be the “one slice” of the source material (0t X c¢), the
energy density was so high that all the photons underwent e pair productions. It led to
the conclusion that no such Gamma-ray events should had ever been seen. It was not
until scientists discovered the afterglows did the paradox was solved. The compactness

problem will be mentioned again in next subsection and throughly explained in 1.3.1.



1.2 GRB in different forms

Figure 1.8: The X-ray afterglow images of GRB 970228 and
GRB 970303 taken by BeppoSAX.

Figure 1.9: The optical afterglow images of GRB 970228
taken by HST on (a) Mar. 26" and (b) Apr. 7"

1.2.2 Afterglow

The afterglows indicate the components of GRBs lay in the wide X-ray—microwave
range. It is called because when the afterglow was firstly discovered, the signal lasted
many days after its prompt emission had ended.

The hints of the afterglows were firstly seen by ¢ from GRB 9701112 and later con-
firmed by GRB 970228, two previously unknown 2—10 keV X-ray sources showed in the
BeppoSAX’s error box 8 hours after the prompt emission triggers. It was soon proven
by GRB 970303 the X-ray source, which was decaying quickly about 400 times/day, was
indeed GRB-associated [10]. Fig. 1.8 and Fig. 1.9 show the X-ray afterglows of GRB

’The conventional naming rule of GRBs, eq. GRB 970111 means the GRB observed on Jan. 11t", 1997
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Ch.1 GRB Physics

970228 and GRB 970303 taken by BeppoSAX and the optical image of GRB 9270228
taken by Hobble Space Telescope (HST) on Mar. 26" and Apr. 7**." With thefJJelp of |
GCN, satellite optical telescopes such as William Herschel Telescope (WHT),issac New-
ton Telescope (INT) and HST could follow up the GRB triggers in about one day and
subsequently found Nebulosities on the source directions [11].

With the X-ray/optical signals obtained, the spectroscopic analysis was performed the
first time on GRB 970508 and later on many others (Fig. 1.10). It is now known that GRBs
are extremely distant cosmological phenomena and may have (observable) redshifts high

as 9, which traces back to the earliest 5% of the age of present Universe (Fig. 1.11)[12, 13].

GRB 980613 host galaxy
r z = 1.0969

[0 1] 3727
—— [Ne 1] 3869

F, (udy)

4000 5000 6000 7000 8000 9000
A (&)

Figure 1.10: The spectroscopy of GRB 980613 produced by Keck II
telescope in optical-IR. Clear signals of [O II] 3727 and [Ne III] 3869
were obtained. [12] points out a massive activity of star formation was
identified at the forming site of GRB 980613’s.
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Figure 1.11: The redshifts and the corresponding Universe ages of 260
Swift events. Note that since it’s usually challenging observing the
highly red-shifted signals, distributions of redshifts may vary signifi-
cantly from one experiment to another. Also the distributions don’t re-
flect the real population of GRBs.



1.2 GRB in different forms

To adjust for such a gigantic energy emission in a few seconds, theorigs began forelate
GRBs to violent star formations, e.q. supernovae, neutron star/black hole collisiog..sﬂ. .letcl,
around the 90s. In this case, the transiency, source compactness, and the Nebul;(_isilc“:y could
be fulfilled altogether. In 2002, Bloom et al. examined the displacements of 20.long GRBS
from their corresponding Nebulosity centets with the afterglows. The study confirmed the
GRBs were emitted from the centers. Further more, all the Nebulosities were either irreg-
ular or spiral, i.e. the signatures of newly born galaxies. In parallel with the displacement
approach, the X-ray spectroscopy also revealed the host galaxies had typical hydrogen
density of newly born galaxies [14, 15, 16, 17].

Following the triumph of BeppoSAX, HETE-2 satellite was launched in Oct., 2000.
It was built to be the first GRB satellite capable to process the trigger information and
determine the event direction on-board. The trigger information was then transmitted
to the nearest relay station on the equator and distributed through GCN. This mechanism
shortened the time lag of the follow-up optical observations from half day in the BeppoSAX
age to a few hours. The breakthrough largely boosted the field of GRB with regard to the
progenitors.

Among all the discoveries made by HETE-2, the most dramatic event occurred on
Mar. 29*%, 2003. GRB 030329 was a rather close (z=0.167) event. It was very bright
and the HETE-2 (also other GCN-follow-ups) was able to monitor the evolution of the
afterglow from the first hour for many months. Fig. 1.12 and Fig. 1.13 show both the
afterglow’s light curve and spectrum fell from typical power-law shapes in to the identical
shape of Supernova (SN) SN2003dh observed on the same day [18, 19]!* Reader may see
a clear SN spectrum emerged in the afterglow one month after GRB 030329. SN2003dh
was later classified to be a Type Ic SN like SN1998bw, which was also a long-GRB-
associated SN. GRB 030329/SN2003dh provided an indisputable first evidence that GRBs

were generated by SNe.*

3People often compare this GRB/SN event with SN1998bw, for it’s in fact the first SN aroused the idea
of GRB-SN connection. But back that time, the proposition was regarded flawed. People new usually
take GRB030329/SN2003dh to be the first direct evidence to the GRB-SN connection. Reader may find
interesting stories about the discovery of GRB-SN connection in 1.3.6.

S0 far only the long bursts have been observed with evidence of SNe being the progenitors. For the
short bursts, none of the theoretical models is directly supported by any experimental data. However, the

10
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Figure 1.12: The light curve of GRB030329 fell to SN
1998bw after 10 days.
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Figure 1.13: The spectrum of GRB030329 fell to SN 1998bw after a month.

As Swift and Fermi launched in 2004 and 2008, the general light curve of afterglows
people understand today has been established. Fig. 1.14 and Fig. 1.15 presents the ex-
amples from Swift and a cartoon illustrates the features [20][21]°. The light curve can be
broken down into several lower-law segments. In Fig. 1.15, following the tail of the softer

prompt emission (0), the light curve starts the steep decay of index ~ —3 in the first few

observations also set high limits to SN not being the progenitors of short bursts. Further reading can be
found in 1.3.6.
3p. 80 and the references cited therein.
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1.2 GRB in different forms

minutes (I). Then it enters the common power-law decay phase seen befofe ghe tlm&Of
Swift (IIT). The monotonic decay poses a index ~ —1, lasts for days to montl{\;aﬂ \usu—
ally faints away. It was discovered by HETE-2 sometimes intermittent X- ray fl res® (&( cur.".'
during the early time of phase III (V). Swift found that about 1/3 of its events show the
plateau before entering the common decay (II). The plateau, if seen, usually persists a few
hours with index ~ —0.5 as a prolonged luminous. In some rather clear and bright events,
instead of decaying into a undetectable dimness, a clear turning might appear at about 1
day into phase III. The turning is called the “jet break” (IV), which is now regarded as the
evidence of the collimation of GRB SN outflows. The jet-break events consist ~10% of

the Swift events.
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Figure 1.14: 37 selected afterglow light curves of Swift-XRT. The light curves are
classified by z = 4-7, 2-4, 1-2, 0-1, arranged top-left, top-right, bottom-left,
bottom-right, reflectively.

Sudden high flux of X-ray. More discussion is provided in 1.3.4
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1.3 ORIGIN OF GRB

The origin of GRBs is now understood as the Fireball scenario. It was firstly proposed
by Rees et al. in 1992 based on the observation of the prompt emission [22], and later
modified in intricate details to adjust for the clues given by the afterglow.

In the following section, I first introduce the oldest topic in the theory of GRB—the
compactness and relativicity. It is the central idea that holds the original fireball model.
The major mechanism allows the duality of prompt emission-afterglow, the Internal/External
shock scenario, is then discussed in 1.3.2. In 1.3.3, the possible dynamics gives rise to the
radiation of the prompt emission is reviewed. Then I turn to the afterglow, with the theo-
retical implications from the observations of the afterglow enumerated in 1.3.4 and discuss
the possible radiation dynamics in 1.3.5. All the effort finally condenses to the modeling

of GRB progenitors in 1.3.6.

1.3.1 Compactness and relativicity

As discussed in the end of 1.2.1, one of the famous question arose from the prompt
emission was the compactness problem. It can be understood conceptually as follow:

GRB shows a non-thermal,i.e. non-blackbody, spectrum with a significant portion in
the high energy. It implies the radiation must be observed directly from the primary emis-

sion mechanism, not from the consecutive thermal equilibrium or any collective phenom-
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1.3 Origin of GRB

ena, e.q. scattering. The active duration of the emission can be set by the Variableyifne
dt, so the size of the active region is limited by ¢ x Jt. A simple example pictuires a this
spheric shell of thickness ~ c¢dt, a galactic distance D from Earth, the ob_ser;;f_;edq‘:ﬂux I,
the typical GRB photon energy E.; the photon density n, in the active regionis estiméted

by
47D? x Fét
~ i 1.2
"~ sty X E, (12)
. Considering the Gamma photons undertake 7y — e*e™ productions, the optical depth
Tee' is roughly

Tee R Oce X COL X Ngamma = 10%° (1.3)

, where o, is the pair production cross-section®. In other word, the spectrum should have
been a massively-scattered thermal spectrum.

The fireball model solves this paradox by stating that the active region is actually
highly relativistic with respect to the Earth frame. The Lorentz factor I replaces E.,, cit
and F' with %, I'%¢c6t and %, respectively. The relativicity gives an overall I'® reduction

to the optical depth. So to acquire a reasonable optical depth less than unity, i.e.
r’>10% | T >300 (1.4)

With more and more GRBs observed with accurate redshifts and very high MeV/GeV
energies, some lower limits of I's can be set. [24] presents a sophisticated calculation
based on the idea of compactness and argues that some strong Fermi events have ['s over
1000.

The result of compactness was later supported by the observation of afterglows, which
is another impressive approach to GRB relativicity. Although it is now known GRB poses
a optical-thin spectrum because the emitting jets are highly relativistic, recent studies sug-
gest the thermal evolution of the central engine may be determined from the spectrum of

early afterglow. The physics of the afterglow is in 1.3.4 and 1.3.5.

1@ _ o5 7= —ln(M) ==z

0 Io o
8Sophisticate derivations involve QED cross-section calculation considering the distribution of the pho-

ton energy can be found in [23]
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Figure 1.16: An cartoon illustrates the cascaded internal shocks.

1.3.2 Internal/External shock scenario

The prompt emission and the afterglow are very distinct in nature. The prompt emis-
sions are highly variable, short in durations, and pose obvious strong-to-soft transitions;
while the afterglows decay smoothly, last for months, and exhibit achromatic spectral de-
cays’, i.e. decay evenly in all wavelengths.

It can be induced from the prompt emission’s variability the active region(s) is likely
to be cascaded. In fact, it was proven rigorously a continuous outflow thrust into the inter-
stellar medium (ISM) analogous to the SN remnant ejecta could only produce a continuous
light curve but the variable structure [25, 26] (see the next paragraph). To cope with the
prompt emission-afterglow duality, the Internal/External shock model proposes GRBs are
generated by SNe under special conditions. Analogous to other SNe, the magnificent
explosions make ejecta that thrust into ISM. The ejecta are named the external shocks.
As the external shock continuously plows into ISM particles, it generates the afterglow.
It’s then straightforward to have a continuously and achromatically decreasing light curve
from the continuous expansion and cooling. The Internal/External shock model states that,
what was distinct from the non-GRB-progenitor-SNe is the GRB ejecta must be much
more energetic than the normal SN ejecta, so the Lorenz factor may be high as 10273, The

ejecta is so violent that the it bursts out at the speed much faster than the speed of the sound

%except a peculiar class of GRBs called the dark bursts. The dark bursts is discussed in 1.4.4.
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1.3 Origin of GRB

and generates the cascaded shock waves inside the ejecta. It is when these’shock waves
are generated the Gamma photons burst out and produce the variable light curves:of the

LA
prompt emissions. The shock waves inside the ejecta are named the internalshocks.|

Fig. 1.16 illustrates the Internal/External shocks scenario [26, 28]. Since the ¢€jecta
moves much faster than the speed of sound, each layer of the outflow is treated to have
its own speed. The bulk and local Lorentz factors are denoted by I' and +, respectively.
The GRB emission (shock wave) starts when a faster layer catches up a slower layer from
behind. I denote the thickness of the active region, i.e. the faster layer, by L, the position

by R. The active time viewing along the radial direction is

T = 2 (1.5)

Y2
Assuming the central engine creates a spherical burst in the ejecta’s inertia frame, the
outflow is seen concentrated to an angle # ~ I'"! in the Earth frame!®. The spherical
emissions generated by the shock wave along the emission front are also seen concentrated
to Oy ~ v~ L. Seeing along the radial direction, the photon from the center of the ejecta

cone arrives earlier than which from the edge (the center and the edge of the disc in Fig.

1.16) due to its shorter light path. The angular time lag is

_ R R
Tang - ? = E (16)

If the composition of the active region (the disc) changes smoothly and continuously, each
pulse generated by the shock wave must be smoothened by the minimal time scale 7,,,,

as viewing form Earth.

Apply this observability argument to the Internal/External shock scenario, one finds
the observation of afterglows is easily satisfied by the ejecta-ISM interaction, i.e. the ex-
ternal shock, while the variable prompt emissions can only be produced by the constantly

catching-ups shock waves in the internal shocks. In the case of the external shocks, the

10Hereafter, if not mentioned, all the calculation is done in Earth frame.

16



Ch.1 GRB Physics

ejecta plows into the ISM as a whole, so L ~ R, v ~ I', and gives
‘ (=) '|

Tradi ~ Tong  (afterglow) A | ‘ql 7)

The result is nothing but the smooth light curves as seen from the afterglows. On the
contrary, the prompt-emission variability requires

Tradi < Tang =~ 5t
(prompt emission) (1.8)

Tyo = timeo fcentralengineoperation

Fig. 1.17 shows an example of Monte Carlo simulation of the internal shocks produc-
ing variable light curves based on the relativistic flow dynamics. The result implies that
the evolution of the light curve is seen only when L < Tj,,c, and the high variability is
achieved by large ~ fluctuation. Though it demonstrates the “realistic” light curves may be
reproduced with proper combinations of parameters,limited by the current computational

ability, it’s still impossible to deduce the real conditions form the observed data [27].

n ~1 n~1
d=1;y'=10 d=1;y'=10
f=1 =1/8;
y=1/(y'T) W=1/(2yT)
t M_ L, b '
0 05 1 15 0 05 1 15
tIe/(dR) tIe/(dR)
n ~0.01
P
d=ily'<d n~0.7
s dplU "33
~1/6y'T =10y~
L f=0.7
P~1/(y'T)
L QL L,
0 05 1 15 0 05 1 1.5

Figure 1.17: The Monte Carlo simulations of the internal-shock-
generated variable light curves. d = # is the ratio of the thickness to
TangC. 0y is the time of the “catching-ups” in dt. The time is scaled by
T).qq; for better comparison.
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1.3 Origin of GRB

1.3.3 Radiation mechanism of prompt emission

e

At present, no consensus on the radiation mechanism of GRB is reached ye'@; Some
possible candidates are discussed in this section. Some of them only explain‘the obser-
vation partially, and most of them are just lacking of complete data supporting due to the

incompatibilities of experiments.

Synchrotron radiation

Synchrotron radiation was the firstly-proposed, and until now, the most intuitive can-
didate of both the prompt emission and the afterglow. It arises when a charged current
moves in an magnetic field either external or self-produced. In order for the radiation
to be observed, the current is usually highly relativistic. In the modeling of GRB spectra,
there are two important parameters to be considered: the minimal energy and the hydrody-
namic cooling energy of the charge particles in the current. Usually people take electrons
as being most lightest free particle in this energy regime. The derivation introduced in this
subsection follows [21]'[29].

The typical synchrotron photon energy is given by:

hq.B
(Wsyn)obs = —=—~2T (1.9)

MeC

, which depends on the magnetic field strength B, local (the electron’s) Lorentz factor .

and is boosted into the Earth frame by I'. The radiation power in the local frame is:

4
Py = gUTcUB’yg (1.10)

, where Up = B?/8r is magnetic field energy density and o7 is the Thomson cross-

section. Since the electron carries the energy v.m.c?, it’s radiation-cooling time scale

2
YMeC 3mec

ts n\"Ye))obs = =

(boyn(e))obs = —pp— = 1o T

(1.11)

p. 137-146
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Note that it is boosted in to the Earth frame. Combining Eqn. 1.9 and Eqn. T4,

3 |2memeq. _
(tsyn(l/))obs = UiT W’/ 12 - :f (112)

This result implies the spectrum of radiation-cooled electron should obey

\hH

=

F (1) gyn O (Lagn(V))ops o v 12 (1.13)

For the low energy electrons, one consider the instantaneous synchrotron radiation
because it’s unlikely they are cooled at the finite-long radiation-cooling time scale and

being observed as an accumulated photon flux. The instantaneous spectrum follows

F(1)inst o< V3 (1.14)

up to where the radiation-cooling is valid, i.e. ¥(ys,). Note that in practice, the index 1/3
should be regarded as the upper limit of the low-energy index because its derived from the
pure instantaneous situation. It approaches —1/2 when the energy raises [30]. Since the
typical Lorentz factor distribution is governed by N(v.) ~ 7.7, where p is proportional
to the radiation power, one usually considers the minimal (non-instantaneously-emitting)
local Lorentz factor as the typical synchrotron Lorentz factor, i.e. vy, = Vyn (Ve min)- Vm

separates the instantaneous and the synchrotron radiation-cooling regimes [31].

The upper cutoff, on the other hand, yields the maximal energy for synchrotron emis-
sion. The “too” energetic electron is cooled rapidly (¢ oc P~') and can be approximated
by emitting all its energy v.m.c? at its synchrotron frequency vy, o 2. Providing

N(7e) ~ 7. P, the electron exceeds the maximal energy threshold poses

F()pya o< y7P o v P/ (1.15)

The parameter divides the slow (synchrotron) cooling and the fast cooling is set by the

current’s hydrodynamic time scale ¢, which depends on its composition. Substituting
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thya in to Eqn. 1.11 yields the cooling Lorentz factor

\iH

=

3mec [l

Yoo = 4UTUBFthyd

= (1.16)
The spectral parameters are then derived from the typical and cooling Lorentz factors.
The typical synchrotron and hydrodynamic cooling frequencies are defined by

Um = Vsyn (’Ve,min)

(1.17)

Ve,c = Vsyn(’)/e,c)
It is pointed out in [29], if the ejecta flows in the fast cooling regime, i.e. v,,, > v, the
current may radiate efficiently in y-ray. So to sum up, the spectrum considering solely the
current behavior is in the form of broken power-law: (the single particle modification is

also noted by —)

(2573 V<
F(v) o< F) maz X (Vle)%l Ve < V< Uy (1.18)
()7 (L)T <y

The equation is normalized in respect of F), ;... = F(v.). The model provides a satisfiable
description in v > v, fast cooling regime for its simply a rearrangement of the Band

function (Eqn. 1.1).

Synchrotron radiation encounters its major difficulty in the low energy, namely v < v..
The index < 1/3 is obviously in disagreement with the data [32]. Fig. 1.18 (also see
Fig. 1.2) presents the Band fit low-energy indices as of 137 BATSE events which scatter
in —3/2-1. The issue is even serious when [33, 34] point out the low energy particles
should behave more like isolated particles in the current instead of a bulk flow. In the
single particle picture, the optical depth grows when the energy rises, so the observable
radiation is reduced as v approaches v.. As a consequence, the modification lowers the
low-energy index from 1/3 to —2/3. —2/3 is called the “Synchrotron Line of Death”

which rejects 30%—50% BATSE events with « > —2/3. The —3/2 line in Fig. 1.18 is
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the lower limit of the fast-cooling regime considering the cooling inhomogeneity [29].

Together they confined the synchrotron allowable region

-3 —2
& <a< (synchrotron radiation) (1.19)

which contradicts more than 50% BATSE observation.

Inverse Compton scattering

One possible remedy to the Line of Death issue is the Inverse Compton (IC) scattering
[35]. It naturally occurs in the internal shocks since the electrons are so energetic in the
outflows. [36, 37] derive the spectrum analytically and state the result may steeper the
synchrotron model in the low energy as soft photons being struck into the undetectable

GeV-TeV region.

While the modification allows the larger as and fits to the data flexibly in the low
energy, it confronts the “energy crisis” in the high energy. The EGERT (Energetic Gamma-
Ray Experiment Telescope) and Fermi satellites have the abilities to observe GeV GRBs
and were able to set the energy upper limits to the GRB prompt emission. It turned out the
simple IC model elevated 10 times more the soft photons into the GeV region than what

was observed by EGERT and Fermi [38].
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Photospheric thermal emission

=

Another perspective toward the low-energy emission is the thermal (i.e. blaéi(body)-
emission. [39] proposes the amount of energy the central engine releases into the thermal
component may be comparable or even larger than which into the the internal shock. While
models focus on the optically-thin characteristic of the internal shock emission, the paper
suggests a thermal component directly come from the photosphere should be observed in
parallel. It should be rather bright and dominates the synchrotron radiation in the first few
seconds. It’s been demonstrated in some cases, the thermal emissions existed with high
dominances in the first 10 sec., and the model can reasonably determines the temperature

evolutions of the photospheres (Fig. 1.19) [40, 41, 42].

1.3.4 Hints from the afterglow: Reverse shock, Jet and X-ray Flare

Reverse shock

As stated in 1.3.2, the shock scenario is analogous to SN but at much higher relativicity.
It is then, according to the flow dynamics, one expects the forward shocks and the reverse
shocks take place simultaneously once the SN explosions occur [43]. The forward shock
is which I introduce in 1.3.2. Because the reverse shock is in principle less energetic than
the forward shock, due the the Lorentz boost, it is predicted to be observed in the soft
X-ray to optical shortly after the tailing of the prompt emission.

The distinctive difference between the reverse shock and the external shock-ISM in-
teraction is the reverse shock is basically the product within the intense relativistic flow.
Unlike the external shock is cooled slowly by colliding into the dilute ISM, the reverse
shock cools rapidly. The cooling timescale is set by I'"2 similar to the forward shock in
1.3.2. But since it has a smaller ", it may lasts ~ 10?>~3 seconds longer than the forward-
shock-produced prompt emission and be observed. Theories predict the reverse shocks to

generate fast decaying light curves of index —2 ~ —3 due to it’s fast cooling'?. The obser-

12]t’s -2 in a stationary region and may be close to -3 in a winded/moving region. Since the shock is in
the middle of the violent flow, the index is more likely to be —3 but not —3.
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Figure 1.19: The model used in the figure is the thermal-plus-synchrotron
model. The dotted lines are the power-law components, the soid lines are the
thermal emissions. Plots show only the low energy parts. The upper panel
shows the light curve evolutions of GRB 950624 and GRB 980306 in the first
5 sec taken by textitBATSE. Note that GRB 950624 started at 39.8 s. The
lower panel shows the indisputable evidence of the thermal emission of GRB
090902B taken by Fermi at 11 sec.
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Figure 1.20: UV-optical light curve of GRB 130427 taken
by Swift-UVOT and other ground-based observatories. The
dotted line and the dashed line represent the reverse shock
and the forward shock components, respectively.

vations of the reverse shocks in the beginnings of afterglows were reported in the events
such as GRB 990123, GRB 021211 and GRB 060111 [44, 45, 46]. Fig. 1.20 presents the
evidence of the reverse shock in Swift GRB 130427. The fast decay of index -3 is clearly

identified in the first 10 minutes [47].

Jet

The collimated outflow picture was firstly proposed to solve the total energy problem
[48]. It was known the total energy that SN converted into photo-emission was 1051753
erg. If one assumed the isotropic emission, GRB 9712124, at a redshift = =3.42, was
estimated to emit ~ 3 x 10°3 erg in its prompt emission alone [49]. Later GRB 990123
was estimated to have more than 10°* erg [50]. If the outflow is collimated by an angle
0, the energy budget is decreased by ~ #2. One can easily estimate the collimated angle
0 ~ 10°, about one order of magnitude (OM) larger than the relativistic collimation I'!.
In this case, the opening angle should be I'~! when the jet is in the relativistic regime and

~ 60 when it cools to sub-relativistic. A significant drop in flux, called the “jet break”,

must be observed in the from of an turning “knee” in the light curve when the jet turns
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time [days since GRB 990510]

Figure 1.21: The afterglow light curves of the bright Bep-
poSAX event GRB 990510. The clear jet break appears
equally in optical (dimand), IR (cube) and radio (circle)
about one day after the prompt trigger. The solid and hol-
low symbols mark the data of BeppoSAX and OGLE, re-
spectively.

from relativistic to sub-relativistic.

The jet break should be achromatic since it’s nothing but a change in the opening
angle. The ratio of the relativistic collimation and the jet angle, namely I'"! /0 can also
be deduced form the change of flux. As long as the Lorentz factor is given, e.q. through
the compactness approach, the jet angle can be determined. Fig. 1.21 shows the first
observation of the jet break in multiple bands one day after GRB 990510. The jet break is
an evidence of the relativicity and the jet collimation og GRB [51].

Fig. 1.22 presents a comparison of a normal GRB and an X-ray flash (XRF)"3 [21]".
Although exhibiting the similar characteristics of GRBs, XRFs are like “GRBs without the
Gamma-ray”. So far the best explanation is XRFs are the off-axis GRBs. When Earth is
not on (but somewhat close) the axes of collimation, this kind of events are not detectable

until they cool down to X-ray and widen the collimated angles. The off-axis scenario is

3Reader should be careful not do confound the X-ray flashes and the X-ray flares. An X-ray Flash indi-
cates the event which exhibits prompt-emission-like characteristics in X-ray; an X-ray Flare indicates the
intermediate strong X-ray emission during the afterglow phase. An X-ray flare has a definite corresponding
GRB but an X-ray flash doesn’t.

14p. 55 and the references cited therein.
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Figure 1.22: A comparison of GRB 980329 (left) and XRF 971019’s (right) X-ray
(top) and ~y-ray (bottom) light curves. Both events were observed by BeppoSAX.

X-ray Flare

Sometimes X-ray flares occur during the afterglow phases. Similar to XRFs, X-ray
flares are the sudden high fluxes appear only in the X-ray but not in any other bands. The
X-ray flares may last for minutes to a few hours. Examples from GRB 050528 and GRB
050730 are shown in Fig. 1.23 [53, 54]. The X-ray flares obviously follow the decay of
the afterglows and may appear after > 10* sec. The fact suggests the X-ray flares are more
probable being produced by the mechanism in related to the afterglows than which to the
prompt emissions. As the exceptionally bright X-ray flare observed with its corresponding
GRB 050528, there’s actually little room for the off-axis scenario be valid on X-ray flares.

Theorists are trying to model the X-ray flares with delayed reverse shocks, prolonged
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activity of the central engine [55], the ISM inhomogeneity [56], magneto-hydrodyﬁamic

(MHD) turbulence[57]...etc. None of the hypotheses has been strongly suppotted| yet.
4

More discussion
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Figure 1.23: The X-ray light curves of GRB 050730 (top) and GRB
050528 (bottom) taken by Swift-XRT. They demonstrate the X-ray flares
may appear frequently, follow the decays of the afterglows, and be gi-
gantic as ~ 10? times increase in rate.

1.3.5 Radiation mechanism of afterglow

Motes of the theoretical expectations of the afterglow models introduced in this sec-

tion are somewhat in discrepancies with the observations discussed in 1.2.2. It’s because

these theories were mostly developed during the late 90’s based on the primitive afterglow
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observations provided by BeppoSAX, HETE-2 and other 1°° generation aftérglow obser-
vatories. While the latest general picture of the afterglow introduced in 1.2.2 |is-alargely
improved and modified version by Swifi and Fermi. The significant proggession proyes

the research of the afterglow is still an intensively ongoing field. People are expecting

more data to unify the inconstancies of the old theories as well as develop new ones.

In this subsection, I review the theoretical implications from the afterglow’s light curve
and spectrum separately. Plus the lesson learned from the prompt emission, they eventu-

ally converge to the modeling of the GRB progenitors, which is discussed in 1.3.6.

Light curve

The general picture of the afterglow emission is illustrated by the relativistic flow
dynamics, which is mostly independent of the progenitor models [22, 43]. In the context
of the flow dynamical model, a GRB releases total energy Eq ~ 101753 erg in the time
ty, ~ Too, and the energy is imparted as the ejecta mass M,;, whose bulk Lorentz factor is
Lo~ Eo/Mejc?.

It’s expected the fireball expands fast at the beginning and starts to decelerate at the
radius rge. at the time tgee. Tqec can be approximated by where the bulk Lorentz factor
has dropped to half the initial value. Assuming the surrounding ISM is mostly hydrogen

atoms of mass m,;, and number density n.y, the swept-up-mass-energy conservation gives

Ey 47”’2@
(I'o/2)? 3

X Negt X MyC° (1.20)

With some rearrangement and substitute in the realistic numbers, one has

=2

E
Tgee ~ 8 X 107 x (=L)3 x [ (cm) (1.21)

Negt

The time in Earth frame is then

ec E 1 =3
e X (—2)5 x T (1.22)

t ec ~; <5
dec ™ 9¢(Ty/2) Newt
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Before the expansion reaches r4.., the outflow keeps sweeping up ISM particles andicon-

verts more energy into the radiation.

4 "“u ‘

[22] predicts the luminosity should grow at
L o t*  (perfect radiation conversion) (1.23)

It can be understood easily as follow: the material swept up per unit time is proportional
to the swept volume, which is 47r?; since the outflow has not yet started dissipating the
accumulated energy, its Lorentz factor, i.e. expanding velocity, stays roughly constant. So
one has the relation L oc 2 oc 2. However, if the swept-up energy is all accumulated but
not converted into the radiation, i.e. totally inefficient, the energy is proportional to the

total volume swept, which is %m“?’. So the luminosity is now
L oc t*  (totally inefficient radiation conversion) (1.24)

In both cases, the emissive luminosity peaks at 4. (t4..) and declines afterward.

Unlike in the rising phase, it’s not easy to have an universal description to the light
curve declination. Because it may depend on the thermal-dynamical process(es) taken
during the cooling, which relies on the compositions of the ejecta and ISM, 'y and tqec.

The current method dealing with the complexity is to apply a self-similar solution
L ocr9 o tTi5s (1.25)

, where g is in 3/2 (adiabatic, totally inefficient)-3 (radiative, perfectly efficient) [58, 59].

To conclude, by observing the broken-power-law rising and decay of the afterglow
light curve, one can determine the ejecta mass M,;, the radius of the photosphere rqc,
the initial Lorentz factor I'y, and induces the condition of the ejecta and ISM from the

thermal-dynamical index g.
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Spectrum

= 2

Similar to the prompt emission, it is believe a good fraction of the outﬂov:iling‘- energy
of the afterglow is converted into the magnetic field to trigger the synchrotroﬁ radiatibn,
but the detail may be rather complicated due to the the involvements of the ISM, the local
turbulences and Plasma physics. So far, there’s also no predictive analytical model and
most of the studies rely on numerical simulations with divergent assumptions of the ejecta
and the ISM.

Nevertheless, based on the almost identical concept utilized in 1.3.3. the spectrum is

expected to have the same form of Eqn. 1.18,
F, « (1.26)

The differences between Eqn. 1.18 and Eqn. 1.26 are:

1. The cooling frequency v, is omitted from Eqn. 1.18 because the energy (Lorentz
factor) distribution is much broader in the afterglow-ISM interaction. A specific

cutoff of cooling may not exist.

2. The utilization of the frequency upper bound v,;, which is governed by the Fermi
acceleration timescale'>. The ejecta doesn’t generate SN-like afterglow emission

above vy,.

3. The most distinct difference is, in the model of the prompt emission, the local
Lorentz factors are approximated by constants during the short shock periods; in the
model of the afterglow, on the other hand, the bulk Lorentz factor decreases contin-
uously with the cooling. The effect is that one may expect the decreasing Lorentz

boost shifts the peak frequency, i.e. v,,, toward the longer wavelength continuously.

SFermi acceleration is the phenomenon of the charged particles undergoing repeatedly magnetic/electric
reflections and being accelerated. It’s believed to be the primary emission mechanism of SN remnant as the
electrons are reflected in the ejecta by the magnetic fields generated by the shocks. The energy distribution
is the same used in 1.3.3, N () oc v~P.
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[60] illustrated the relativistic ejecta-synchrotron picture with some practieal assﬁmp-

tions to the parameters, €.q. spherical expansion, 7 ~ 102, adiabatic expansionstypical

|

ISM density...etc. It predicted the peak frequency is in X-ray for the first _weé_k, then de-
cays into optical, and eventually becomes the radio wave after a month. A‘few moﬁths
after the prediction, the first observation of the afterglow was made from the famous GRB
970508'¢ and provided an unquestionable evidence over a wide X-ray-radio span sup-
porting the prediction so to the external shock-ISM model (Fig. 1.24).

The spectrum poses the rising index which consists with the prediction 1/3 in the radio
wavelength. And it decays at a index —0.6 in the synchrotron cooling range (middle)
and implies p = 2.2 with the index —(p — 1)/2. Since there’s no obvious turning in the
high energy range, the emission was emitting in the slow-cooling (v,,, < 1) regime and
the whole observed high energy range belongs to the hydrodynamic cooling. The fitted
index —p/2 = —1.12 gives p = 2.24, which also agrees with the result derived from the
synchrotron cooling range [61]. The evolution of the non-extrapolated power-law index
is also presented in Fig. 1.24. Sudden drops from the synchrotron cooling index —0.6 to
the hydrodynamic cooling index —1.12 appear at about one day in the optical and later in
the IR—-radio (K-band) at about a week. The result is in consistent with the prediction of

the peak shift.

16See 1.2.2.
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Figure 1.24: top: The multi-bands afterglow spectrum of GRB 970508 observed on
May 215 (13 days). The data is fitted in the ranges of radio and X-ray (solid lines)
and extrapolated in between (dashed line). The self-absorption low-energy cutoff,
synchrotron peak, and the hydrodynamic cooling frequencies are roughly inferred
and denoted by v, < 2.5 GHz, v,,, = 86 GHz and v, < 1.6 x 10> GHz. The fitted
power-law indices are 0.44 £+ 0.07, —0.6 (extrap.) and —1.12 £ 0.04, form left to
right. bottom: The fitted power-law indices versus time in the optical (upper panel)
and the K-band (lower panel). Lines drawn are the synchrotron cooling index —0.6

and the hydrodynamic cooling index —1.12.
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1.3.6 Progenitors

Long bursts

GRB 980425 was the first GRB related to SN. Back the time, only six GRBs had
been measured by BeppoSAX with their afterglows and only two, GRB 970508 and GRB
971214, were measured with the redshifts z = 0.83 and z = 3.4, respectively. There
were two X-ray sources located in the error box of GRB 980425, one of them was later
identified to be a Type Ic Supernove—SN1998bw [62]. There were several peculiar char-
acteristics separated SN1998bw from other typical Type Ic SNe. First, it released totally
~ 10 erg, which was about ten times the energy of others [63]. Second, combining
different informations provided by spectroscopy, e.q. core composition, brightness and
Lorentz factor, [63, 49, 64] pointed out SN1998bw was likely to be a core-collapse SN
with an uniquely large outbursting velocity > 2 x 10° km/s yet released ~ 10°! erg into
the ejecta. The model’s acquired an unofficial nickname “Hypernova” from the series
of papers ever after. Though the “Hypernova” progenitor is now concurred to be mostly
correct on long bursts, GRB 980425-SN1998bw connection remained controversial in the

later 5 years due to the facts that
1. Neither the two X-ray sources in the error box was rather preferable.
2. It had non-cosmological small redshift z =0.0085.

3. The released energy was one OM larger than the common SNe, yet still one OM

short compared with the typical number > 1052 erg known at the time.
4. No optical afterglow was observed by BeppoSAX (possibly due to its dimness).

The disputation was eliminated by the detection of GRB 030329-SN2003dh!”. GRB
030329 was a truly cosmological (z =0.1685) event, and was 3 OMs stronger than GRB
980425. Moreover, with its optical afterglow obtained (Fig. 1.12 & Fig. 1.13), the un-

questionable evolution from the power-laws to the Type Ic SN signatures showed in both

17 Also see 1.2.2
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the spectrum and the light curve. The result was compared to SN1998bw andConcurred
GRB 980425 and SN1998bw was also a correct GRB-progenitor connection [18},

So far about 30 GRBs have had the afterglow spectra fell into SN signaturés, aibout 10
were directly associated to the companion SNe. All the SN-connected GRBsvate located
in z < 1.1, which is viewed as being biased by the detection efficiency drawback of high-z
signals.

Woosley made an early prediction before the afterglow era the long GRBs would only
be produced by the massive stars that were stripped from the Hydrogen envelopes, e.q.

Type I SNe or called Wolf-Rayet (WR) stars!® [65]. The argument provided were:

1. The most compact Type II SNe have the radius about 100 light seconds. When the
jets plowed outward, the (prompt) light curves should have had been smoothened

by the time scale of 100 sec. Which is obviously violated the observation ot ~1 sec.

2. The progenitor systems must generate anisotropic magnetic fields to collimate the
charged outflows. An intuitive realization was through a fast rotating system, e.q.

Type I SNe or binary systems.

The assumption of the fast rotation is regarded as the most stringent requirement that
separates the GRB-progenitors from other WR stars/binary systems. In fact, by comparing
the absence of the late-time radio emissions, it is pointed out in [66] no more than 6% Type
Ibc SNe make GRB-progenitors. The fraction is similar to which of the rotating SNe.

Today, two most favorable long burst progenitor models emerging form the Hypernova
picture are the “millisecond magnetars” and the “’collapsars”.

A Neutron star (NS) is called a millisecond magnetar when it rotates at the rate about
1 msec [67]. It possesses the energy ~ 10°? erg and the magnetic field ~ 10 G which
[68] proposes to be the necessary ingredients of generating GRBs. Magnetars are found
in younger SN remnants that are likely to be derived from the populations heavier than 30
Mg, It is worth noting that, the birthrate of the magnetars is about the same of the same

of the ordinary SNe. So again, only a small fraction of the magnetars produce GRBs.

18SNe with the Hydrogen absorption shows in the spectra are Type II.
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Figure 1.25: An example of the simulated magnetar explosion. The model has total
energy 1052 erg, magnetic field 10'® G, rotates at the rate 2 msec. and emits at 3 x 10°°
erg/sec. The left-hand panel shows the density log,,p in g/cm?; the right-hand panel
shows the velocity in v* /c. In both figures, the unit of length is GM/c?, where M is
the core mass 1.4M,.

Recent simulation studies have demonstrated that the magnetars are capable of generating
the relativistic and magnetic-collimated jets, and dissipating energy more than 10°! erg
(Fig. 1.25) [69].

SNe occasionally forms black holes (BHs). Many studies have shown that the falling-
back processes of stars heavier than 25Mproduce relativistic outflows, and are often
accompanied by highly luminous X-ray transients. The processes are called the collapsars.
As stated previously, in order to generate GRBs, one expects the Hydrogen envelops to be
evacuated beforehand for the benefit of the Gamma-ray transmission. One way to achieve
the evacuation is when the inner cores of the collapsars collapse and forms a BH in an
instant while the outer shells are still falling. Then the hydrogen envelopes are expelled
during the lag time. To ensure the lag time is sufficient for the Hydrogen to be fully
evacuated, the cores must be rotating rapidly at the comparable angular momenta of the

Magnetars. Providing the whole scenario is proceeded, GRBs may be generated [65, 70].
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Short bursts

e

It’s far greater challenging in consideration of the short bursts. Limited:b;‘-the re-
sponding times of instruments, only a dozen of the short bursts have been observed with
the afterglows. None of the observations shows direct connection to SNe. In addition
to the statistical argument of Ty, presented in 1.2.1, the result further supports the short
GRBs are physically distinct from the long GRBs. Taking into account the peak bright-
ness and the total energy, i.e. harder photons but 1-OM less energetic in total, theories
started with suggesting the short bursts may be produced by the syntheses of the radioac-
tive elements during the decompositions of the very dense and neutron-rich environments
[71, 72]. Aside from the Magnetars and Collapsars which produce longer emissions, the
intensive rotating environments can be realized by the mergers of compact objects, e.q. NS
or BH [74]. The merger of compact objects are also the possible candidate of the Type Ia
SNe, which is known as the double-degenerate (DD) model [75]. Presented in Fig. 1.26is
the latest simulation study demonstrates the process when a NS and a BH form an initial
binary system closely and become a contact rotating system with the specific angular mo-
mentum larger than a maximally rotating BH, a small fraction ~1% of the mass/energy
is thrown out and forms a magnetized rotating torus. The magnetic field is subsequently
generated along the axis of rotation of the resulting BH. It creates the environment satis-
fying the requirements given in [68], e.q. B~10'® G, E~10°! erg...etc, but still having

difficulty prolonging the jet over 50 msec. and generating realistic short bursts [76].

1.4 PERSPECTIVE PHYSICS OF UFFO

Ultra-Fast Flash Observatory (UFFO) is an innovative space-borne detector built to
be the first GRB observatory capable of responding to the UV—optical signals within one
sec. The current limit of the responding time is set by the Swift at about 100 sec. after
prompt emission triggers'®. Fine observations of the sub-minute afterglows starting from

the first second will hopefully be provided by UFFO in a few years.

19The instrumental limitation is reviewed in 2.2
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Figure 1.26: The simulated evolution of the NS-BH merger scenario. The region
colored by the noted color code presents the density in log;op (g/cm?). The green
and white lines present the magnetic field inside and outside the BH, respectively.
The panels from top-left, top-right, lower-left to lower-right are the snapshots of the
merger, before collapsing to BH, initial BH, after forming the torus, respectively
with the time noted in the corners.

In this section, I discuss four selected topics which UFFO is likely to shed great lights
on, namely the GRB standard candle proposition, the internal/external shocks unification,

the physical origin of the short bursts and the dark bursts.

1.4.1 GRBs as standard candles

Not until lately, people had accepted the 2-sec. criteria as being the only certain classi-
fication discriminating different GRBs?°. Rather than clarifying the long-and-short classi-
fication, the launch of Swift revealed an even complicated nature of GRBs from the early
afterglows.

According to the afterglow samples of Swift, GRBs may be further classified upon

20Refer to 1.2.1
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Figure 1.27: 30 selected Swifi-UVOT optical light curves. The samples are selected
with their redshifts determined. Totally 6 samples are classified as fast-rise (light
blue), 5 as slow-rise (purple), 1 in the rise class but could be fast or slow-rise (dark
blue), 12 as decay (red), and 6 as plateau (black). For better comparison, all the
light curves are corrected in the fluxes for Galactic and host system duct extinction
and are manually shifted to common z =2. The classification criteria and detail
discussions are given in the corresponding paragraph.

their early light curves, e.q. the first few minutes. Fig. 1.27 presents the classification of

the rise, the decay and the plateau types based on the criteria [77]:

» The rise type: The light curves exhibit certain rising fluxes (Foc ¢>°) at the be-
ginnings. Those peak before 100 sec. are classified as the fast-rise type, others are

classified as the slow-rise type.
+ The decay type: The light curves exhibit fast decays (Foc t<~1) at the beginnings.

* The plateau type: The light curves exhibit “plateau” features of uncertain tenden-

cies, e.q. F' oc t7%-20-1 "and last for at least one decade.

As a result, about 2/5 of the Swift samples appeared to be rising in the early stages,
e.q. t ~ 10?73 sec. About half of them showed ¢~*° fast rises and reached the peak
luminosities close to the discriminating time 100 sec. (fast-rise type), and the others rose
slowly at t~0-6 and reached the peaks around 103~* sec (slow-rise type). Besides the rise
type, about 2/5 of the samples showed roughly monotonic decays at ¢~ (decay type)

started from the first minute. In parallel with the rise- and decay- types, about 1/5 of the
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Figure 1.28: An illustration of how Type la SNe are utilized as the standard candles.
The unprocessed light curves of Type la SNe are shown in the left panel. As long
as the redshifts are determined through the spectroscopy, the luminosities can be
rescaled to the same footing, e.q. boosted to the same z, which is the case in the
right panel. Type Ia SNe exhibits a almost constant on-site magnitude which makes
them competent standard candles.

samples started with the flat “plateaus” in the first hour (plateau type) 2'. Readers may
have noticed that most of the light curves start no earlier than 102 sec., even when they
do, they are most likely to be recored with only 1 or 2 data points.

There’s a peculiar feature discovered from Fig. 1.27. While the decay (red) and the
plateau (black) types spread 2 OMs in the luminosities, the fast-rise light curves (light
blue) tend to concentrate withing 0.5 OM. This feature may remind one of the unique
character of Type Ia SNe being the z-calibrated standard candles, and the Type Ia SNe
are also the expected candidates of short-hard bursts??! Fig. 1.28 illustrates the standard
candle character of Type Ia SNe [81]. Reader may find the similarity between the light
curves of the fast-rise type and the Type Ia SNe. It is proposed in [77] GRBs might as well
serve as the standard candles, but with the great advantage over Type la SNe that GRBs
may be observed from large zs. The hint of GRBs being calibrated standard candles can be
better visualized by plotting the 12 peaks of the rise types in Fig. 1.27 (Fig. 1.29). Instead
a few outliers, the peak luminosities align with each other, which implies the emissions

pose a constant on-site luminosity.

2IRecent theories suggest the plateau feature might be the consequences of the refresh shocks or the
prolonged central engine activities. [78, 79] argue it may be caused by the wider Lorentz factor distributions
in the ejecta which prolong the energy ejections into the external shock-ISM interactions. The late-time
shocks are called the refresh shocks. Investigating the detail of the Collapsar process, [80] suggests the
falling-back of the outer layers could be delayed up to one day in certain situations and results in the delayed
energy ejection.

22Note that the samples presented here are mostly long bursts. And the long bursts’ progenitors are Type
Ibc SNe.
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Figure 1.29: The peak luminosities of the 12 rise-type light
curves, with the same color code in Fig. 1.27. The solid line
represents the best (log-)linear fit with the correlation coef-
ficient —0.97 £ 0.01; the dotted lines bound the 1o region.
Also shown in the figure are the hypothetical light curves of
GRB 070616 (faded lines), whose redshift is unknown.

More afterglow data in the early stage is urgent to further investigate the standard
candle proposition. As the fast-rise light curves peaked closely to the responding time
limit of Swift, they were mostly poorly resolved before 100 sec. What is more, there was
a significant fraction of samples were observed with only decays started from ~100 sec.
It led to the uncertainty weather they were indeed decaying monotonically or they peaked
some times before 100 sec. With the sub-minute light curves, UFFO will definitely be

capable to examine the standard candle proposition rigorously.

1.4.2 Internal/External shocks unification

In 1.3.5, I review the emission mechanism of the afterglow. Provided the complete
afterglow light curve obtained, the derivation therein suggests many essential parameters
of the central engine and the ejecta may be determined directly, e.q. masses, Lorentz fac-
tors...etc. It is also understood from the flow dynamical nature, if the X-ray—optical band

is completely external-shock dominant, one expects the light curves to be totally smooth.
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Figure 1.30: The multi-wavelength light curves of the ener-
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of end of the prompt emission, the end of the y-ray/X-ray
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Fig. 1.30 shows an obvious counter example to the theoretical expectation [82]. From
the bright event GRB 080810, a clear transition of the prompt-emission-like pattern to
the afterglow-like power-law decay was observed in 50-8000 sec. after trigger at 1 keV. It
demonstrates that during the early stage,e.q. 10*~* sec. according to the fits in Fig. 1.30, the
afterglow is actually an internal-external-shocks mixture rather than which expected by the
simple flow-dynamical picture. Swift has revealed a part of the mixture starts from ~100
sec., UFFO will further prob the entire time lapse with a much finer resolution. The result
may put on a tighter constraint to the current fireball model, verify the relativistic flow
dynamical prescription, and clarify the roles of the internal shocks, the external shocks

and the ISM in their interplay of GRBs.

1.4.3 Origination of Short-Hard Bursts

It was from the afterglows of the long bursts did the scientists discovered the connec-
tion of long GRBs to Type Ibc SNe. Now theories suggest the progenitors of the short-hard

bursts (SHBs) might be the mergers of the compact objects and point out the SN signa-
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ture may be observed following suit (See 1.3.6). However, suffering from the dimness
of SHBs plus the responding limitation of Swift, only about 10 SHBs has been gbserved.
by Swift in the X-ray—optical (~1/yr.). Even in some extremely bright cases . q GRB
090510 (Fig. 1.31 [83][84]*), the afterglows started at ~10? sec. and subsided. in about 1
day. It is suggested in [5], instead of tracing the fast subsiding SHB afterglows, future ex-
periments may also search for the early clues of the progenitors in the rather bright stages.

It is where UFFO will immediately come in handy.
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1.4.4 Dark bursts

The dark bursts were firstly proposed by BeppoSAX to address the GRBs whose af-
terglows fell only in the X-ray but not UV—optical. BeppoSAX observed the afterglows
in X-ray from more than 90% events, but only 1/3 were accompanied by UV—optical sig-
nals. By the time is was unclear if it’s due to the instrument’s limitation or the events were
indeed “dark”. HETE-2, with it’s faster response, was able to identify some fast dimming
events and temporarily concluded >90% seen-to-be-dark BeppoSAX evests were detec-
tion biased. Unexpectedly the issue resurfaced with the launch of Swifi. While the latest
limit of the dark long-soft bursts (LSBs) set at 10%—-20% roughly included the pre-Swift
expectation, with a handful of optically-valid SHBs, studies simultaneously pointed out

the first time the dark bursts might and might not exist among SHBs** [86, 87]. As a start,

23a revision to [83].

2431l SHBs were basically seemed dark before Swift
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by comparing the discrepancies between the dark SHBs and the dark LSBs] astronomers
were able to evaluate the candidate theories for the first time. Although some of'the theo-
ries were argued to be less favored by the Swift data, none has been excluded ,d'ue"'the low

statistics of the SHBs.

Several explanations have been proposed to cause the optical darkness:

1. Obscuration scenario: As some dark bursts were observed with the evidences the
host galaxies exhibited high dust extinctions, e.q. see [88], theorists are suggesting if
GRBs occur in moderately distant galaxies with high dust extinctions, the redshifted
obscured signals might lead to the results of dark bursts. Note that the obscuration
scenario predicts insignificant chromatic decays since the dusty extinction should

be achromatic and high redshifts are not necessary.

2. Intergalactic scenario: An mentioned above, the obscuration scenario has trouble
adjusting for the chromatic afterglows. Inspired by some “reddish” events such as
GRB 980329 [89], theorists have analytically derived the spectra when the highly-
redshifted (z >4) afterglows are absorbed by the intergalactic Ly-« forests and con-

cluded such events are likely to be identified as the dark bursts [90].

3. Intrinsic inefficiency: The emissions may have low intrinsic optical-conversion ef-
ficiencies and result in “truly dark” bursts. In other words, unexpected new physics
must take places in either the central engines, the ejecta, or through other mecha-

nisms.

4. Detection bias: The slow-following-up bias was obviously the main cause to the
pre-Swift dark bursts. But since the Swift has obtained the similar result as HETE-2,

the responding bias should be less important.

One way to present the discrepancy between SHBs and LSBs is by plotting the events
in the optical-X-ray fluxes correspondence plot (Fig. 1.32). According to the general fire-

ball expansion discussed in 1.3.5, assuming synchrotron radiation, a typical cooling fre-
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quency v, is expected to locate between the X-ray and the optical bands,i.e!

t~=n/2 <y, optical '\ i\ I' | W
F, o tPor o AP

tp/2 , UV =V, X-ray G om e
Considering a typical p = 2, the allowed region is bounded by the “Dark” Line (dashed)
and the X-ray dominant line (dotted) in the Fig. 1.32. 3,, < 0.5 implies inefficient fast-
cooling optical emissions and (,, > 1 implies X-ray dominant afterglows, both are not
the typical cases. Nevertheless, two notions should be emphasized; first, typically p C
[2.0,2.5], so the events above the X-ray dominant line may be reconciled by So; upper =
1.0 — 1.25; second, the events below oy jower = 0.5 are expected to have major emissions

in the IR-radio while being fastly decaying (3,, < —1) in optical [91].
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Figure 1.32: Optical-X-ray flux correlations of selected Swift
GRBs [86]. Data are selected if valid in optical. LSBs and SHBs
are marked by blue and red symbols, respectively. Three circled
events are the highly (>3.9, suffice the intergalactic scenario) red-
shifted events. Also plotted are the pro-Swift events (green), with
the dots and arrows represent the optically-valid bursts and optical
upper limits of the dark bursts. The two lines bound the region that
the cooling frequency v.. lays between X-ray and optical, which is
the common situation of afterglows. Readers should refer to the
corresponding paragraph for detail.
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One may infer from Fig. 1.32 the optical afterglow universality might exist deépiting

LSBs or SHBs. Several comments can be made from the figure:

4 ::“u ‘

1. Dark bursts’ optical fluxes should be at most 1-2 OMs smaller than the<Common

bursts.

2. Since the fireball-ball-based allowed region governs all the non-dark SHBs and
LSBs equally and discriminates the (long) dark bursts nicely, the optical afterglow

universality might exist based on the equally-valid flow dynamical fireball model.

3. 6 SHBs has been measured in optical, no dark SHBs has been discovered. It is
argued in [86] the dark bursts might not exist among SHBs. But according to the
similar points, namely 1. 2., [87] interprets it as a hint to the existence of dark SHBs.
Both papers note the arguments are inconclusive due to the facts of the low statistics
of SHBs, and the exclusive limit of luminosity of the dark SHBs should be very close

to Swift’s detection limit.

4. As the two highly redshifted events being located in the allowed region, together
with the identifications of the high Hydrogen column densities in the host galax-
ies, it is stated in the references the intergalactic scenario is less favored than the

obscuration scenario. However, the statistics is also to low to be conclusive.

UFFO is promised with the rapidity to investigate the long-standing mystery of the
dark bursts, not only in the manner of catching the bright first-second light curves, but
also guaranteeing effective data accumulation. The knowledge of the dark bursts may be
the key to the understanding of the galactic composition, cosmic dust population, and the

Universe evolution.
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CHAPTER 2

UFFO

Looking back over the history of the GRB research, the discovery of the afterglow
is unquestionably one of the most crucial ingredient boosts the progression of the field.
UFFO, as it is named, is built to be the fastest ever GRB observatory responding to the
GRB afterglows and guarantees a new frontier of Astrophysics.

In this chapter, the overview of UFFO is given in 2.1 as an opening, then the current
limitations of other experiments are reviewed in 2.2. In 2.3 and 2.4, the constructions
and operational principles of the two major detectors—UBAT and SMT, are introduced.
Finally in 2.5, as being the focus of this thesis, an elaboration on the UBAT focal surface

is provided.

2.1 OVERVIEW

Plan

In the past twenty years, experiments from BeppoSAX to the latest Swift and Fermi
have helped astronomers accumulating an appreciable deal of UV—optical data of GRBs
that brings about the developments of GRB physics, SN physics and Cosmology. Yet
limited by their choices of the mechanical designs and operation schemes, even the most
advanced ones can only aim their UV—optical telescopes to the prompt sources a few
minutes lagging behind. Through MEMS (Micro-Electrical-Mechanical System), UFFO
has overcome the “minute barrier” and is able to target its V-band telescope, stabilize it,

and begins to take data within several seconds.
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2.1 Overview

N2

UFFO is scheduled to be launched in 2014 on Russian spacecraft Lqﬁw.

be orbiting Earth every 9.6 hr. at the altitude 509 km together with qs:ra

S

BDRG (0.01-30 MeV), UHECR (ultra-high energy cosmic ray) teleséﬁéf e\

PeV), fast optical observatory SHOCK and other scientific apparatuses. Dile/tg))rt'l}épa;‘;1
load limitation of Lomonosov, the launch schedule and the MEMS mirror R&D, the MEMS-
mirror-equipped UFFO was replaced with the UFFO-pathfinder (UFFO-p) which fitted
the payload limitation and utilized the motorized slewing mirror stage (SMS) as a com-
parable demonstration of the idea of the original UFFO. Fig. 2.1 presents Lomonosov and

UFFO-p'.

Deployed feature

UFFO pathfinder TUS tetescone

BDRG

(Gamma bHrsts camera)

Magnetometer

S & EPD\
A

trackers

—al Tus
(UHECR telescope)

Launch & Flight

direction Lomonosov
Lomonosov spacecraft & payloads atlaunch

Spacecraft for the UFFO Pathfinder

UTFFO Burst Alert &
Trigger Telescopeges
(UBAT) &

Slewing Mirror Telescope
_ (SMT)

Ritchey-Chrétien telescope™

Slewing Mirror

Figure 2.1: The schematics of Lomonosov and UFFO-p [1, 2].

'T will simply use the name UFFO hereafter.
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Ch.2 UFFO

Operation

e

UFFO triggers on GRBs and other transient X-ray to soft y-ray events ;ir;";‘--ln5_—150
keV [3]. It’s composed of two major telescopes: UBAT (UFFO Burst Alért ;and Trigger
Telescope) and SMT (Slewing-Mirror Telescope). They coordinate the full operation of
UFFO.

UBAT possesses a wide field of view (FOV) and serves as the primary trigger tele-
scope responsible for the prompt emission observation. Benefited by the coded mask
aperture camera scheme, once UBAT observes a GRB, it may determine the signal direc-
tion immediately and forwards the information to SMT for subsequent targeting. The key
feature leads to UFFO’s ultra-fast optical detection is, SMT then adjust the lightweight
SMS instantly to redirect the light path in the UV—optical telescope. Distinctive from the
previous experiments, without steering around the entire telescope to target the signal,
SMT requires merely ~ 107! sec. for the process, while performs the observation just fine

as others.

2.2 CURRENT LIMIT OF GRB OBERVATORIES’ RESPONDING

TIME

Because most of the v-ray/X-ray detectors utilize the scintillator-fast photon detector
pairs and directly trigger on the signals, the trigger-to-data-recording lags are considered
negligible. On the other hand, experiments have been struggling for almost two decades to
push the response limitations in UV—optical from days of BeppoSAX to minutes of Swift.

Some ground-based observatories such as ROTSE and TORTORA have demonstrated
rapid responses about 20 sec. But being limited by their ground-based nature (weather,
day/night...etc.) and the GCN trigger distribution time lag, [4] reports that the fast space-
borne observatories like Swif?, with its 30-cm-aperture UVOT responding at ~ 100 sec.,
is in favor of the meters-large instruments. Reader may see from Fig. 2.2, Swift-UVOT 1is
most likely starts its observation at ~ 100 sec. after prompt triggers [5]. Even when the

events start within a minute, it is seen from Fig. 1.27, the light curves usually have one or
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two data points before 100 sec.

| M
50— i — | =
B —— Observation start time -
(0502154 - DEOSIOE)
[ i Detection start time
(080318 -~ 090927
40—
30
n |
v L il
3
F L 4
= - L J
20 -
10+ . ‘ 7
G L | | ;\u | "'l""‘\'\f"ll‘\l'lfllll

10? 10°
LDg (t obs — ltrigger) (S)

Figure 2.2: Statistics of Swift’s responding time.
The vertical dashed line marks 60 sec.

The limitation of UVOT comes form the rotation of the entire instrument. The process
requires not only a nontrivial lapse (20-27 sec.) for rotation, but also the additional time

for acceleration, deceleration and stabilization, which is even longer than the rotation.

2.3 UBAT

2.3.1 Structural design

UBAT operates on the principle of coded mask aperture camera scheme similar to
Swift-BAT [6]. The main components are: the coded mask, the hopper, the FS components
and the electronics (Fig. 2.3 [3, 5]).

The coded mask is a ~ 400? mm? flat plate made with Tungsten-Tantalum alloy which
can totally stop the photons in the energy range of UBAT. It’s coded with a 64 x 64-pixels
random pattern. Seeing from the photo, there are three types of transmittances coded by
the pixels, the fully blocked, the unblocked and the Kapton tape. Fig. 2.4 illustrates the
principle of the coded mask aperture camera scheme. When a GRB appears in the FOV

of UBAT, the v/X-ray photons project the pattern of the coded mask onto FS reflecting
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Coded Mask

Hopper

Detector
(YSO + MAPMT
+ Electronics)

Figure 2.3: Schematics (top), topview (bottom left) and sideview (bot-
tom left) of UBAT.

the different transmittances of the pixels. By comparing the pre-memorized mask pattern
with the projection, UBAT can determine the direction of the event and deliver it to SMT
for secondary targeting. UBAT is designated to trigger at 70 directional accuracy. To that
end, it is required at least ~50% the coded mask pattern is projected in the FS sensitive

region. The requirement corresponds to the FOV 1.83 sr (+ < 10” accuracy).

The hopper connects the coded mask and the detector box. The separation between

the code mask and the FS is 280 mm. Tab. 2.1 summarizes the design of UBAT.
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Figure 2.4: An illustration to the prin-
ciple of the coded mask aperture cam-
era scheme. The black-and-white ma-
trix on top is the coded mask, the pro-
jection plan at the bottom is the FS,
where the blue and the red projections
represent the full projected images of
two events from the different direc-
tions. The white-lined matrix at the
center of the FS represents the cam-
era’s sensitive region and bounds the
legible parts of the projections. By
comparing the pre-loaded mask pattern
to the projections, the directions may
be discerned. Note that as the incident
angle rises, the legible fraction of the
projection decreases [7].

Width (coded mask) (mm?) 400.8x400.8

Height (mm) 365

Weight (kg) 10

Structural material W-Ta alloy

Coded mask/FS separation (mm) | 280

Coded mask number of pixels 32x32x4 quadrants
Coded mask pixel size (mm?) 5.76x5.76

FOV (sr., deg.) 1.83, +45.1° x +45.1°
Angular resolution (") <10

Table 2.1: Structural specification of UBAT.

2.3.2 Readout

UBAT celectronics reads the MAPMT (Multi-Anode Photon Multiplier Tube) charge
signals through two stages, the ASIC stage and the FPGA stage [8]. Fig. 2.5 shows an
example of the readout.

In the ASIC stage, Preamp (Pre-amplifier) integrates the charges from 8§ MAPMT
pixels in the same row and performs the Q-T transformation’>. The ASIC ships per-
form the threshold comparisons at 20 MHz and send the digitized counts-of-clocks to the

FPGA. The count is called KI, which is regarded as the ADC (analogue-to-digital count)

2Qutputting the signal whose duty time is proportional to the input charge. The Q-T transformation,
as an example, may be achieved by outputting triangular signal whose height is proportional to the input
charge.
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Figure 2.5: UBAT readout with radioactive Am?*!. The radioactivity
is collimated to the scintillator on top of pixel (5,5). One KI channel
and one PC channel are marked as illustration. The 20 keV emission
is shown at the left-handed panels, the 60 keV emission is shown at
the right-handed panels. The upper two panels are the PC readings, the
lower two panels are the KI readings. For more information, please refer

to the corresponding paragraph.

of MAPMT charge signal. For each 8 x 8-pixels MAPMT, there are 8 KI channels. In par-

allel with KlIs, the ASIC also acquires unshaped charge pulses from individual MAPMT

pixels and the last dynode (LD) to perform the PC (photon count) threshold comparisons.

It’s believed the calculation is fast enough and is suitable for single photon detection. To

summarize, each MAPMT has 8 KI channels, 64 PC channels and 1 LD channel. All

the thresholds of the 73 channels are set up independently in ASIC, and the threshold-

exceeding counts are continuously transmitted to FPGA at 50 MHz.

UBAT FPGA handles the data processing and the mask pattern identification. To avoid

the cross interference of the two tasks, they are handled by the separated DATA FPGA

and Trigger FPGA FPGA chips. DATA FPGA operates on the rate trigger scheme. It

continuously sums up all the input ADCs in each ASIC channel in the designate time
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window. At the ending of every time window, DATA FPGA stores the accumulated K1,
PC and LD counts to be a event frame. Since PCs are recorded pixel by, pixelsthe PC
frame (or simply the PC “image”) is then passed to Trigger FPGA for pre_-lo;adea coded

mask pattern comparison and the signal direction determination.’

24 SMT

The main components compose SMT are the Slewing Mirror System (SMS), the Richey-
Chretien telescope (RCT) and the Intensified Charge-Coupled Device (ICCD) readout.
When SMT receives the GRB direction triggers, SMS slews the mirror to redirect the
light to RCT. RCT observes the signals with ICCD readout in the UV—optical band. In
this section, SMT- SMS, RCT and ICCD are introduced in series. Reader may refer to [2]

for detail discussion.

2.4.1 Slewing Mirror System (SMS)

The reason the previous experiments required long time to target GRBs in UV/optical
is they steered the entire instruments. Like which mentioned in 2.2, turning the massive
telescopes around is usually a matter of hundreds kg or more. Due to the huge moments
of inertia, the processes inevitably take long times to accelerate, rotate, decelerate, and
stabilize.

What if the precess involves less than a kg or even grams? Fig. 2.6 explains the con-
cept that achieves SMT"s ultra-fast response. Instead of steering the whole telescope, SMS
slews its lightweight mirror to reflect the light path in to the stationary RCT. By means
of the optical lever, the angle of rotation is halved, so is the rotation time. Also with the
significant reduction in rotated mass, the time is also reduced in the acceleration, decel-
eration and stabilization. The active SMS concept may be further upgraded with MEMS
technology. Fig. 2.6 also presents an example of the MEMS micro-mirror array [9, 10].

The one-piece flat mirror can be upgraded to an integration of the mirror-mirrors. The

3By the time this thesis is written, the exact length of the time window is undetermined. The possible
choices are 1 msec., 100 msec. and 500 msec. The algorithm of distinguishing the truly illuminated pixels
of MAPMTs, so-called the “hit finding”, is also under development.
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Figure 2.6: Top: An illustration of targeting by redirecting the light. The blue
rectangular represents the mirror, the red dotted lines are the light paths, and the
construction at the right-hand side is the telescope. Bottom: A MEMS-engineered
micro-mirror array. On top of the array are the 300 m-across micro-mirrors (central
photo), beneath the mirrors are the 2-axes actuators (right-handed photo).

moment of inertia, in this case, should be negligibly small. Besides the impressive im-
provement in the responding time, the actuators beneath the micro-mirror may control the
movement with spectacular accuracy.

As for a trial demonstration for the ultra-fast response, UFFO-SMS equips a 15 cm-
diameter round flat mirror driven by the 2-axes motorized gimbal stage, which is expected
to be capable of sweeping over the UBAT-FOV coverage in 1sec. Fig. 2.7 shows some
photos of the SMT components. The 15 cm slewing mirror illuminates the full aperture
of RCT on-axis, ~80% off-axis, and reduces 57% weight with the honeycomb design.
The final product is only 482 g yet proven robust to survive the space mission. All mirror
surfaces are made of ZERODUR® substrate and coated with SiO, for average reflectivity
>85%.

The 2-axes gimbal stage utilizes the step motors and rotary encoders whose minimal
steps correspond to ~ 4” . The mirror is mounted on Axis-A (see Fig. 2.7), Axis-A is
mounted on Axis-B which aligns with the optical axis of RCT. Using a closed-loop control
in conjunction with the rotary encoders, the rotation control is precise to 2. Axes A and

B rotate in +66.26°——2.25° and +22.25°——21.47°, respectively (4 marks the arrowed
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Back side of
e Slewing mirror

Figure 2.7: Left: SMT-SMS honeycomb mirror. Right: 2-axes SMT-

SMS gimbal stage.
direction in Fig. 2.7). The rotation allows a full £35° sky coverage. The total mass of
SMS is 1.85 kg.

SMS requires about 1.5 sec. to slew end-to-end over the +35° sky coverage. The
absolute angular accuracy of targeting is 2.56’. Additional 340 msec. and 110 msec. are
needed to stabilize Axes-A and -B to the RCT-ICCD imaging resolution. Current SMS
takes ~1.6 sec. on average to complete the targeting procedure. Through optimizing the
motorizing algorithm (may be install before launch or on-flight), 1 sec. responding time

is expectable.

2.4.2 Richey-Chretien telescope (RCT)

Fig. 2.8 presents the SMT-RCT. SMT-RCT is equipped with a 100 mm-diameter pri-
mary mirror and a 20 mm-diameter secondary mirror, the distance between is 130 mm.
RCT has 1.14 m effective focal length and a 17" x 17" FOV. A thorough simulation and
test work were also performed to guarantee the delicate telescope is robust enough for the

space mission.

Figure 2.8: The photo of
SMT RCT with it primary
mirror (M1), secondary
mirror (M2) and ICCD
noted. The red line illus-
trates the light path.
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2.4.3 Intensified Charge-Coupled Device (ICCD)

=

ICCD is the composite photon detector deploys the intensifying micro-chanﬁel plate
(MCP) in front of the traditional CCD photon detector. Fig. 2.9 shows the échéfnatics and
photos of the MCP phosphor intensifier [11]. A photocathode is on the input window of
the intensifier to convert the incident photon to the electron*. The photoelectron is accel-
erated by an external field about 1000 V across the MCP channel. While traveling in the
MCP, the photoelectron constantly bombards the inner wall of the MCP. Since the MCP
is made of dynode materials, whenever the electron(s) strikes the wall, more secondary
electrons are emitted, as shown in the figure. After traveling through the MCP (typically
0.1-1 zm in thickness), the number of electrons is amplified by 103~*. Then the electric
current is subjected to the phosphor screen, which provides another factor of ~1000 am-
plification and turns the electrons back into CCD-detectable photons. The MCP feeds the

phosphorous photons to the CCD array pixel by pixel with the micro-channels.

-
.-@9..'.
og0®
09090 ,
e Incident photon
Photocathode
(photoelectric)

dynode
emission

Accelerating voltage

Phosphorous
screen

to CCD

Figure 2.9: An example of MCP. The micro-channels in the left-handed photo are
about 5 um in diameter. The right-handed sketch illustrates the amplification prin-
ciple of phosphorous MCP.

SMT is equipped with the ICCD sensor Kodak CCD KAI-0340. The sensitive range

is 200-650 nm. It operates in the Geiger mode® at the gain ~ 10° and can observe faint

4See 4.1 for more informations about the characters shared by MAPMTS, e.q. photocathode, photoelecton
acceleration, dynode....

3 A semiconductor is said to be in Geiger mode when a slight reverse voltage is applied to the junction.
When the forward avalanche or intensified pulse current overcomes the reverse voltage, it is registered as
one (photo-)electron pulse. The strength of a signal is measured by the number of pulses. Geiger mode is
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fps.

2.5 UBAT FOCAL SURFACE

UBAT FS is composed of 36 assemblies of the YSO scintillator arrays and MAPMTs
(Fig. 2.10). The assemblies are frequently addressed as the (UBAT FS) detection units in
this thesis. Each scintillator array is attached to MAPMT by EPO-TEK® 301-2 silicon
optical adhesive. The detection units are connected to UBAT ASIC board in a 6 X 6
arrangement. The effective area of detection is 13.82 x 13.82 cm? = 191.1 cm?.

In the following sections, I firstly introduce the YSO scintillator, then the UFFO
MAPMT, both with detail informations which are frequently mentioned through this the-

sis. The characteristics and the usage of the optical couplant is summarized in the end.

Figure 2.10: The left-handed photo presents the complete construction of UBAT FS
and the electronics. The detection units forms a 6 x 6 matrix. The four right-handed
photos, from top-left, top-right, bottom-left to bottom-right present the back side of the
scintillator, the front side of the scintillator, the MAPMT and the assembled detection
unit. Dimensions may be inferred form the reference shown.

especially suitable for weak signal detection.
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2.5.1 YSO scintillator array i/ A

R || @
The scintillator array is an 8 x 8 integration of 64 2.68 x 2.68 x 3 mm?_,Ceé uﬁT—d’éped'

Yttrium Oxyorthosilicate (YSO, Y3SiO5 : 0.2%Ce) crystal cubes. To enhance the collec-
tivity of the scintillation photons and improve the imaging quality, 200 xm 3M VM2000
dielectric mirror reflector films are attached between the crystal cubes. A 70 um VM2000
covers the entire non-MAPMT-coupling surface. The scintillator is designed to match
the pixel geometry of MAPMT; each YSO crystal cube aligns its corresponding MAPMT
pixel at the center as being coupled. Fig. 2.11 summarizes the geometry of the scintillator

array. Tab. 2.2 lists the characteristics of the YSO crystal.
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Figure 2.11: The schematics of the YSO scintillator array.
The unit is mm.

Specific gravity (g/mm?) 4.45
Peak scintillation (nm) 400
Index of refraction (@ 400 nm) 1.8
Scintillation time constants (nsec.) | 35 [12]
Photon yield (y/keV) 9.2 [13]

Table 2.2: The specification of UBAT Y SO crystal.

®Items without the references mentioned are provided by the manufacture.
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2.5.2 MAPMT

e

The success of SMT targeting is sensitive to the accuracy of the event-direction deliv-

ered by UBAT. In order to determine the direction with the high accuracy, i.t’sI .crucia;l. the
UBAT FS identifies the coded mask projection in high resolution and certainty. To this
end, UBAT utilized the latest model of MAPMTs specialized for the imaging proposes in
space scientific missions. The chosen model is Hamamtsu-R11265-03-M64. 1t is devel-
oped from the widely-applied model R7600. The UFFO collaboration has demonstrated
the UFFO observatory, including the delicate MAPMTs and other optical components,
will survive the launch and the space environments. The test includes the thermal vacuum,

shock and vibration tests was performed at NSPO (National Space Project Organization),

Taiwan in August, 2011 [5].

Window geometry (mm?)

26.2 x 26.2 x 0.8

Window material

Hamamatsu UV glass

Pixel arrangement

8 X 8

Pixel size (mm?)

2.88 x 2.88

Pixel material

Hamamatsu Super-Bialkali

Pixel gapping

None

Operation high voltage (V)

900

Table 2.3: The specification of UBAT MAPMT.
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Figure 2.12: The schematics of UBAT MAPMT. The unit is mm.
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Tab. 2.3 lists the parameters of UBAT MAPMT. It has two special features:

1. UBAT MAPMT doesn’t implement any insensitive gaps between the photqﬁathode
material of each pixel. This modification of its predecessor not only, énlarges the
packing factor of the sensitive region by about 30%, but also makes the imaging
quality even on the whole surface. UBAT MAPMT is expected to have better sen-

sitivities, energy-wise and spatial-wise.

2. UBAT MAPMT equips the newly developed photocathode compound. The Quan-
tum Efficiency (QE) of the old model is ~25% at the YSO scintillation peak; the
QE of UBAT MAPMT, on the other hand, is ~35% (Fig. 2.13).
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Figure 2.13: Quantum Efficiency of Figure 2.14: The preliminary cali-
UBAT MAPMT. bration result of Am?4!.

Despite the improvements mentioned above, the preliminary tests indicated the detec-
tion unit could observe the scintillations with quite nontrivial crosstalk. Readers may refer
to the result of 60 keV Am?*! calibration presented in Fig. 2.147. When only one crystal

cube in the scintillator is illuminated by the 60 keV X-ray, the PC image shows a obvious

7copied from Fig. 2.5, discussion is given in the original figure.
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cross pattern of 1 count in the correct pixel but 2—3 counts in the nearby pix€ls. “nlits
KI histogram, although the peak occurs in the correct channel, the close by changgls both
show about 30% signal detections. Recall it was mentioned in 2.3, UBAT r_equ,:i_;re;'atileast
half the coded mask being identified in PC with perfect certainty, i.e. perfeetly. discrim-
inating the corresponding MAPMT pixels of the X-ray-photon illuminations on the FS,
so the trigger algorithm may determine the signal directions at 70 confidence level. The

signal crosstalk may significantly reduce the certainties of the mask pattern identification,

the direction calculation, and results in a catastrophic failure in the SMT operation.

2.5.3 Optical couplant

Each scintillator and MAPMT are coupled tightly by the epoxy optical adhesive EPO-
TEK® 301-2, which is specially approved for space usages by NASA and RKA. The cou-
plant has transmittance > 99% in the optical band and the refractive index 1.5115 under
living condition [14].

Throughout this thesis, all the optical components are coupled by Dow-Corning® Q2-
3067 optical grease of refractive index 1.47-1.48 in the optical band. The properties of

the optical grease can be found in [8].
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CHAPTER 3

EXPERIMENTAL DESIGN

In this chapter, the preparation work, includes the experimental environment and the
apparatus layout, is introduced in 3.1. The DAQ (data acqusition) system developed by
NuTel experiment was ultilized for the work of this thesis. The design and the calibration
of NuTel DAQ are reported in 3.2. In 3.3, an overview of the research plan is provided in
the logical sequence. Finally, the expected result of each experiment discussed in 3.3 is

estimated in 3.4.

3.1 PREPARATION

All the experiments in this thesis were conducted in the laboratory environment under
normal atmospheric pressure, 23°C and 50-53% relative humidity. Every contact interface
between the optical components, e.q. MAPMT, scintillator and light guide, was coupled

by Dow-Corning® Q2-3067 optical couplant. The couplant was 50—-100 xm in thickness.

A 25 x 25 x 180 cm?® completely light-sealed aluminum cabinet was prepared for
the experiments involved sensitive photon detectors. The interior and the fixtures were
covered by black flannel blanket to eliminate any reflections. The calibration sources,
e.g. LED, radioactive sources...etc., were situated 80—-160 cm away from the detectors.
Assuming the point-like calibration sources, the divergent angles of the illuminations were

+0.4° — £0.7° in the frontal area of UBAT detection unit.
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3.2 NuTel DAQ

3.2 NuTel DAQ AW

3.2.1 Design _;?

The DAQ system developed by NuTel experiment was ultilized in this thesis to ac-
quire the MAPMT signals. The DAQ system was composed of the analogue pre-amplifier

(Preamp) and FPGA (field-programmable gate array) data collection module (DCM) [1].

Preamp

Preamps were designed with the charge-sensitive circuits and connected to MAPMT
outputs directly. Each Premp board had 16 channels, so one 64-pixels MAPMT was han-
dled by 4 Preamps. Fig. 3.1 is the one-channel layout of Preamp circuit [2].

The 15 stage of the circuit (left-handed part in Fig. 3.1) utilized a charge-sensitive
R-C circuit and was responsible for integrating and reshaping the nanoseconds MAPMT

charge pulses. The R-C circuit integrated the charge and discharged in the form

Voo e T
(3.1)
7 = R8 x C9 ~ 18Tnsec.

The time constants of every Preamp channel were calibrated individually to 0.01 nsec.; 7

fluctuated about 10%.

(PR

Figure 3.1: The one-channel layout of NuTe/ Preamp circuit. The main
circuit (left-handed part) was a virtual-short R-C circuit with R8= 170
k(2, C9= 1.1 pF, shaping time ~ 187 nsec.
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The 2" stage (right-handed part in Fig. 3.1) utilized the differential Op-amp (dpera-
tional amplifier) and served as the noise rejection. The differential Op-amp, subtracted the
[l A

reshaped signal form the 15" stage with the common ground signal. The electfonic noise

in Preamp was less than § mV.

DCM

DCM digitized and stored the analogue Preamp signals. It was composed of 40-MHz,
32-channels cPCI FPGAs. Each DCM FPGA connected to 2 Preamps and digitized 2000
mV signal by 10 bits, i.e. 1 ADC=2 mV, 1 clock=25 nsec. The system was built to
have the maximal capacity of simultaneously taking data from up to 512 Preamp chan-
nels/MAPMT pixels (2 chassis setup) [3].

In one chassis, one DCM board served as the “Master” and regulated the others via
the daisy chain. Once a channel was trigger, the trigger requisition was passed down
sequentially to the master. The master than sent an universal data acquisition to each in
the chassis so the data in the buffer ram was transported to the hard disc. In practice, in
order to locate the trigger-time data in the buffer ram, the user should specify the time
delay of the master in the configuration file. Receiving signals took 4 clocks, sending
the universal data acquisitions tool 24 clocks. So the rewind should be 24 or 28 clocks,
depended on the trigger was issued from the master itself or the slaves, respectively. In
case the trigger threshold rejected some weak leading signals, it was suggested to rewind
2 more clocks, so the common setting of delay became 26 or 30 clocks.

To discriminate expected signals, the trigger threshold must be specified channel by
channel in the configuration file. The DCM firmware calculated the charge accumulation

in every channel every clock by

Qi :ADCZ'_l — 6725/187 X ADCI

~ADC; ; — 0.875ADC; (3.2)

, Where 1 denoted the trigger clock. Whenever ();s exceeded the designated thresholds,
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DCM boards issued triggers. In principle, if DCM observed distinctive signalsat i elock

and no additional charges came in afterward, it observed the e~=*/1%7 discharging tails in
1

later clocks and Eqn. 3.2 gave all Q4 = 0. '

One event frame of NuTel DAQ contained 8-clocks information, 200 nsec:'signal, One

could reconstruct the total accumulated signal charges by

8
Quot =Y Qi (3.3)
=1
8
=YY" ADC; — e ®/" x ADC;_, (3.4)
=1

, where 7 of each channel had been calibrated accurately. DCM firmware was imple-
mented with the approximated equation of Eqn. 3.2 for trigger identification and Eqn. 3.3
was applied in the off-line analyses. The charge reconstruction with Eqn. 3.3 was linear
in 0 mV-3250 mV. The rates of event losses were less than 2% and 6.4% at 1000 Hz and

1500 Hz total trigger rates, respectively.

3.2.2 Calibration

The DAQ pedestal, i.e. voltage biases either in Preamps or DCM, could result in non-
zero ();s when no signal was observed and biased the reconstructions when signal levels
and the pedestal were comparable. According to [4], the main cause of the pedestal was
the programmable potentiometers in DCM which caused constant biases.

The method of pedestal calibration was:

1. T Set up the trigger masks for all channels which were used by MAPMT, which

prevented the DAQ being triggered bu any spontaneous signals.

2. The DAQ was then triggered from another channel which was not connected to
MAPMT by the stable oscilloscope-generated pulses at 100 Hz. DAQ took data in
all the channels when trigged. The trigger scheme of masking all MAPMT channels
and triggering by the oscilloscope is called the external/force trigger scheme in this

thesis.
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Ch.3 Experimental Design

3. Taveraged totally 1000 triggered events (8000 pedestal readings ineach.chanfiel).to

be the calibrated pedestals. The database was implemented for pedestal sabtraction,

Qi, applied to Eqn. 3.2 and Eqn. 3.3 — Qz - pedeStal (35)

,in both the on-line trigger firmware (in integer ADCs) and the off-line analyses (in

floats).

As aresult, the pedestal in each channel ranged in 0—10 ADC and fluctuated by <1 ADC.
The calibrated ();,; showed trivial baseline deviation from 0 mV and RMS <0.5 mV in
non-triggered channels.

As reported in 3.2.1, the intrinsic noise level of Preamp was <8 mV , and the pedestal
fluctuation was less than 1 ADC. Once the pedestal calibration was carried out, I desig-
nated 5 ADC (~10 mV) to be the thresholds in all channels for all the later experiments.
The trigger scheme of DAQ being triggered freely from every channel with the threshold
5 ADC is called the self trigger scheme in this thesis. The DAQ-noise trigger rate oft the

64 MAPMT-connected channels was less than 10~2 Hz under the self trigger scheme!'.

3.3 EXPERIMENTAL METHOD

The propose of this section is to demonstrate the general logic of this study. Readers
may find the details covered in the noted chapters/sections. The method of this study is as

follow:

0. The MAPMT was firstly connected to 770V and left standing in the light-sealed
cabinet for 1 hr. to deplete the agitated electrons in the MAPMT. This treatment is

called the “baking” process in this thesis.

1. The MAPMT spontaneous emissions, so-called the dark current, were measured in
64 channels under self-trigger scheme. The signal was single-(MAPMT-)photoelectron

(PE) dominant and was regarded as the instrumental background of the study. The

When the electronics was float but connected to a MAPMT.
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3.3 Experimental method

system gain was defined as ();.;/PE. From the result I roughly estimated.the chantiel

gains of the MAPMT-DAQ system. (4.2)

4 ::“u ‘

2. The gains were accurately calibrated with the LED illumination through ;the pHOton
counting method, the gain and the number of PE (#PE) emitted in each channel were
determined by theoretical fit. The DAQ operated under the force-trigger scheme for
a better noise rejection. The calibrated gains were in consistent with the estimation
in 1. With the gains calibrated, the signals observed in the later experiments were

all converted into #PE. (4.3)

3. T attached the scintillator to MAPMT and recorded the scintillations under the self-
trigger scheme. Most of the scintillation events were identified as the cosmic ray
events and vetoed. The cosmic-ray-free signal was considered to be the detection-

unit background of this study. (5.1)

4. The energy scale of UBAT detection unit was calibrated by seven radioactive sources
in the range 8 keV—60 keV. In this experiment, a collimator was applied to guide
the X-ray photons to a central YSO cube, and the trigger scheme was self trigger but
disabling the triggers from all the non-collimated channels,i.e. data in all channels
were taken only when the central channel passed triggers. The calibration estab-
lished the photoelectron yield (#PE/keV) and the linearity of UBAT detection unit.
It also quantified the crosstalk which had been observed in the preliminary test>.

The trigger scheme is called the collimated trigger scheme in this thesis.(5.2 & 5.3)

5. To further resolve the crosstalk issue and search for the possible solutions, I con-
structed a Geant 4-based simulation package of the detection unit. The simulation
reproduced the result in 4 and indicated the reflections occurred at the MAPMT

photocathode as the cause of the crosstalk. (Ch. 6)

6. Based on the mechanism of the crosstalk resolved in the simulation, I proposed the
idea of Inverted-Conical light guide as a possible solution to the crosstalk smearing.

The purpose was to reduce the crosstalk and enhance the scintillation detection in the

2See 2.5.2
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channel correctly conjugated to the X-ray-deposited crystal cube, ¢.q.tnsthe cCentral
channel according the collimated trigger scheme. The geometry of the Inverted-
Conical Light Guide was optimized in the simulation and a test samplé:w:i's fabri-
cated. The energy/crosstalk calibration in 4 was repeated with the Inverted-Conical

Light Guide. An ameliorative result was reported. (Ch. 7)

In the following content the MAPMT pixels, their corresponding DAQ channels and
YSO cubes in the scintillator matrix are addressed as ch. (number). The naming of the 64

channels are in Fig. 3.2.

7 8 23 | 24 | 39 | 40 | 55 | 56

6 9 | 22 | 25| 38 | 4 | 54 | 57

5 10 | 21 | 26 | 37 | 42 | 53 | 58

1 1 | 20 | 27 | 36 | 43 | 52 | 59

3 12 | 19 | 28 | 35 | 44 | 51 | 60

2 13 | 18 | 29 | 34 | 45 | 50 | 61

1 14 | 17 | 30 | 33 | 46 | 49 | 62

0 15 16 | 31 | 32 | 47 | 48 | 63

Figure 3.2: The naming rule of the 64 MAPMT
channels used in this thesis.

3.4 SIGNAL YIELD ESTIMATION

The light yield of YSO crystal was 9.2 v/keV, and the attenuation was negligible at
the YSO peak frequency (400 nm). Accurate spectra implemented in the simulation is
provided in 6.1.

It was reported in [5, 6, 7] VM2000 exhibited the reflectance 0.9—0.95 . Since the
reflector/crystal cell was tiny, the scintillation photons were expected to be reflected a few
times. The reduction factor due to the reflectance of VM2000 was estimated 0.7-0.9.

The 10-mm transmittance of Q2-3067 optical grease is 73% at 400 nm [8]. Assuming
constant attenuation, the transmittance of the 100-m coupling layer was 0.73%1/10 >

0.996. The attenuation of the couplant was simply omitted.
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3.4 Signal yield estimation

The transmittance of the Hamamatsu UV-transmittance type glass windowawas ~091
[1]°. The Quantum Efficiency was ~0.35 at 400 nm. The cathode radiant sensitivity|was
omitted (>0.999). The first dynode sensitivity was estimated by the MAPMT. I:{ar;iamatsu
R8900 series, which was another descendant model of R7600 like UBAT MAPMT. The
first dynode sensitivity taken was 0.5(perimetric pixel)—0.75(central pixel) [10]. The dyn-
ode amplification was estimated by which of Hamamatsu R7600 at 800V ~ 3 x 105,

So the expected signal yield of 1 keV scintillation was estimated by

Qiot =9.2(photon yield) x 0.7(VM2000) x 0.91(glass window)

x 0.35(QE) x 0.75(1*" dynode) x 3 x 10°(dynode amp.)

1.6 x 107 C
1.1pF

~70 mV /keV (3.6)

The estimation implied the full DAQ range 3200 mV corresponded to ~50 keV. To
match the dynamic range of DAQ to the full 5-150 keV range of UBAT, 1 could adjust
the high voltage of MAPMT in 600—1000 V, which brought in another factor 0.1-10 and
made the range easily satisfied. In other word, NuTel DAQ was suitable for the calibration

of UBAT FS.

3Fig. 4-5 of the ref.
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CHAPTER 4

UBAT MAPMT - HAMAMATSU R11265

4.1 REVIEW OF CONVENTIONAL MAPMTS

MAPMT is the common abbreviation of the Multi-Anode PMT (Photomultiplier tube),
i.e. one photo-tube with many separate PMT channels. Fig. 4.1 illustrates the construction
of a typical single channel PMT [1]. PMTs are the vacuum tubes operate at the typical

high voltages ~1000 V and multiply very dull light signals to detectable charge signals.

FOCUSING ELECTRODE

SECONDARY

ELECTRON LASTDYNODE ~ STEMPIN

VACUUM

T

I (~10P™4
DIRECTION I )
OF LIGHT —|, '\ { '\

Ik - -
FACEPLATE .~ Ui ._/

: STEM
ELECTRON MULTIPLIER ANODE
(DYNODES)
PHOTOCATHODE

Figure 4.1: The schematics of a single channel PMT.

When the light illuminates MAPMT, the photons transmit through the frontal window
and trigger the photoelectric effect at the photocathode which is coded on the inner side of
the window. The typical photocathode is a tens-nanometers-thick evaporated layer of the
alloys of group-1A, 2A and 3A elements such as Sb, Rb, Cs, K, Ga...etc. These alloys are
mostly sensitive in the range of the visible light, while some are also applicable in short

IR and long UV.
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4.1 Review of conventional MAPMTs

The photoelectric efficiency of the photocathode is called the Quantum Efﬁéiency
(QE). In principle, it is a dependent of the wavelength, incident angle, polarlzatlgn of the.
illumination.! For the sake of simplification, conventional single-value QFEs | are deﬁned
upon unpolarized, normal incident lights. It is shown in Fig. 4.2 commercially-available

QEs usually peak in ~300—500 nm with the values 0.25-0.3.
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Figure 4.2: Quantum efficiencies of some commercial pho-
tocathode compounds. U452 and U552 denote the most
common types Bialkali and Multialkali, respectively. [1]

There are two methods to guide the PEs drifting through the vacuum tube and being
collected by the dynode for subsequent amplification. MAPMT may either utilizes special
structures for passive collections or actively focusing them with the external fields. While
the characteristic times of photocathode photoelectric effects are short, different collecting
mechanisms may result in distinctive MAPMT performances, e.q. pulse width, sensitive
area, linearity...etc.

Once PEs arrives at the 15 dynode, the dynode multiplies the number of the electrons
by 1-3 OM and hands them to the next dynode. The process proceeds as electrons being
multiplied and passed down through many dynode stages. Fig. 4.3 illustrates the “snow-
ball” Dynode process. One can easily imagine how gigantic the amplification would be if

the current is passed down through 10 dynodes. Also presented in Fig. 4.3 is the amplifica-

I These variables must all be specified in a realistic simulation of MAPMT. Further discussion is provided
in 6.2.
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Ch.4 UBAT MAPMT - Hamamatsu R11265
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Figure 4.3: left: A illustration of the Dynode process. The thin faded lines represent
the electron paths. right: Dynode amplifications versus applied voltages. The relation is
obviously power-law linear. [1]

tion of a single dynode stage to the applied voltage. The typical dynode is a substrate elec-
trode made of Nicole or stainless steel and coated with Alkali Antimonide(Sb)/Oxide(O).
When an electron strikes the dynode with kinetic energy F, the amplification g is de-

scribed by
Ey,

g; = sz‘/;az = k?z<?)al (41)

, where AV is the voltage subjected to the dynode and drives the electron to strike with
energy F, a is the slope of the curve in Fig. 4.3 which depends on the material nature, ¢

is the dynode stage index. So the overall amplification G can be written in

G=[la=]]KV* 4.2)

all i %

, where V' is the high voltage (HV) applied to MAPMT, K and A are the serial products
(with some rearrangements) of k; and a,;. The gain-to-HV power-law relation is shown in
Fig. 4.4. For a typical MAPMT subjected to HV ~ 1000 V divided by 10 dynode stages,
the gain of each dynode is about 5 (100V), and the overall gain is 5! ~ 1057¢. The
proportional constant X depends highly on the fabrication quality and the design of the

photocathode, it may vary by factor 3—5 among pixels of one MAPMT.
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4.1 Review of conventional MAPMTs
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Figure 4.4: The gain to HV relation of Figure 4.5: The examples of
MAPMTs. UBAT MAPMT R11265 is HPD (top) and PMT (bottom)
marked in red signal histograms.

It is important that, although QE and G may be regarded as constants as the HV is
fixed, electrons are only created/annihilated by integer many. It implies the number of
electrons after each stage obeys Poisson distribution,e.q. the number of PEs generated by
a constant light pulse obeys Poisson distribution; the overall amplification of the Dynode
process is a serial product of Poisson distributions, which may be simplified with a single
Gaussian distribution considering the gain is typically as large as 10575 [2]. In realistic
signal modeling, if the uncertainty of the Gaussian-like (dynode) process is small, the de-
tector observes well separated peaks corresponding to different numbers of PEs emitted at
the photocathode. This is usually the case of Hybrid Photon Detector (HPD) or Avalanche
Photon Detector (APD) (Fig. 4.5, top panels) [3]. On the contrary, for PMTs/MAPMTs

which utilize 10 dynode stages or more, the large uncertainty of the Dynode process leads
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Ch.4 UBAT MAPMT - Hamamatsu R11265

to a convoluted smooth signal histogram or sometimes partially separated. In weak light

situations (PE<5), one may model the signal with many Gaussian distributip@ﬁhose

f |1

|
heights are governed by a Poisson distribution (Fig. 4.5, bottom panels). Wth,ln the inci-

dent light is strong enough to stimulate more than 5 PEs, a single smooth Poisson funetion

is sufficient to fit the signal histogram [4, 5].

4.2 DARK CURRENT

The dark current of UBAT MAPMT was calibrated at 770 V. 100 k events were taken
under the self trigger scheme after 1 hr. baking (Fig. 4.6).

Most of the channels exhibited 0—2 Hz signal rates, and a few perimetric channels
near the HV power cables, namely ch. 4, ch. 7 and ch. 61, showed ~ 102 Hz signal rates.
Assuming the signal peak at 30 mV was due to the agitated electrons and was single-PE

dominant, the dynode gain of MAPMT could be roughly calculated by

30mV x 1.1 pF

~ 2 x 10° 4.
16x 100 Cje ~ 2710 (43)

It was a reasonable result and I expected the calibrated gain to be comparable to 30 mV.

= N
— b
3 500_ 43 8. 317 243 91 085 571 127 .
O L i
L 2 =
= 7018 201 212 18 106 159 074 761
400— F
r 6}0.53 296 233 201 201 042 042 .
300— 5. 063 18 137 201 042 053 |62 | |
i 4F0s53 19 159 222 095 063 041 | 2105 ;
200— C 7
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Figure 4.6: The typical dark current of UBAT MAPMT. The left-handed panel presents
the signal histogram, the right-handed panel presents the map of the trigger rates in 64
channels.

&5



4.3 Photon counting and gain calibration

4.3 PHOTON COUNTING AND GAIN CALIBRATION

=

A blue LED with similar spectrum of YSO was placed on the central line OfMAPMT
as the calibration source. At a distance 1.6 m, the divergent angle of the calibration light
was ~ +0.4°. The LED was controlled by an oscilloscope and shined 10-20 nsec. pulse
lights at 1 kHz. For each light level, i.e. pulse width, 50k events were recorded under
force trigger scheme. The external triggers were synchronized with the light pulses, so the

background triggers were completely suppressed and the true signal triggers were hardly

biased by threshold.

The number of LED photons arrived at the MAPMT was assumed constant /V since
it shined at very short pulses. Detection efficiency was also assumed to be a constant
e = QE x 15" dynode sensitivity . The probability of detecting n PEs obeyed the Poisson
distribution [3, 6]

73cathode (TL) - %S_H (44)

, where 1 is the mean #PE being detected, which could be simply taken as 1 = Ne.
The equation was generally applicable to photon detectors. When it came to MAPMT,
regarding the 10° gain, the signal histogram could also be described by a smooth Poisson

function. The signal fitter used in this study was modified from Eqn. 4.4

M:}:/G

y(x) = A x me‘“ 4.5)

The #PE being detected n was represented by /G , so = was in the DAQ unit (mV).
The factorial was replaced by the Gamma function since the “mean” #PE might not be a

integer for the factorial to be valid. The constant A was the entry height.

With Eqn. 4.5, I determined the gains (G) and mean #PEs (14) in 64 channels at different
light levels. The result is shown in Fig. 4.7. The fitted gains in every channel varied by less
than 3% at different light levels. The gains were about 30 mV/PE in the central channels,
20 mV/PE in other channels, and about 10 mV/PE in some perimetric channels. In every

channel, the calibrated gain differed by less than 3% from the dark current peak observed
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Unit: mV/PE
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Figure 4.7: left: The signal histograms of 8 different light levels, ranged from 5 to
60 PEs. The signal error bars and the fitting functions are represented by the faded
and thick black lines, respectively. right: The gain distribution of 64 channels. The
gains in the central region were about 4 times higher than those around the perimeter.
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CHAPTER 5

CALIBRATION OF UBAT FS

Since the gains had been calibrated for all the channels, signals were presented in
the unit of #PE in later experiments for better comparison. The calibrations involved the
complete construction of UBAT FS detection unit were proceeded under the collimated
trigger scheme, with the central channel ch. 27 chosen to be the collimated main channel.

The experimental background and the cosmic ray veto are discussed in 5.1. In 5.2,
the calibration of PE yield of the detection unit is reported. With the aid of the collimated
trigger scheme, I was able to calibrate the crosstalk and estimate the shares of the total

scintillation budget. The quantification of the crosstalk is elaborated in 5.3.

5.1 EXPERIMENTAL BACKGROUND

50k events were recorded by the full construction of the detection unit under the colli-
mated trigger scheme. DAQ saturations occurred at 0.49 Hz. According to the estimation
in 3.4 and substituted the gains acquired in 4.3, a ~MeV cosmic ray event was expected
to yield the signal more than 10° mV (3000 PEs), which is far beyond the range of DAQ.
So I identified the saturation events as the cosmic ray and vetoed them.

Fig. 5.1 was the cosmic-ray-vetoed self scintillation spectrum of YSO crystal. The
major peak was at the rate 31.56 Hz. The spectrum was generally in consistent in shape
to the YS0:0.3%Ce spectrum provided in [1]. Assuming the 1.3 PEs peak was the Yt-
trium/Silicon peak at 2 keV, the PE yield was ~0.7 PE/keV. The result suggested UBAT

might be able to self-calibrate the energy scale on-board with the Yttrium radioactivity.
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5.2 Energy calibration
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Figure 5.1: The observed YSO crystal self scintillation (left-handed) and a reference spec-
trum copied from [1] (right-handed). The two spectra are in agreement in 1.5-6 keV, in-
cluding the Y/Si and Ce radioactivities. But due to the low energies, it’s unlikely UBAT
FS detection unit can resolve the spectrum as clear as the reference with few PEs. The
rate-normalized MAPMT background, i.e. dark current, is also shown in the figure.

5.2 ENERGY CALIBRATION

Tab. 5.1 lists the radioactive calibration sources used in this study. The range was 8—60

241 coin whose activity was <300 mCurie!

keV. The sources were from a separated Am
and Amersham Variable X-ray Source that contained 6 non-radioactive targets stimulated

by build-in Am?%! [2]. The X-ray photon flux was estimated by, assuming isotropic decay,

70.52

7
F A><(3.7><10)><47TR2

(5.1)

Because the round collimator pinhole was 0.5 mm in radius and the distance (R) between
the sources and the scintillator was far greater, the flux was estimated by the area ratio,
and A was the radioactivities in mCurie. I intended to control the fluxes at 150-200 Hz,
which corresponded to R ~100—-120 cm at 300 mCurie. It turned out the distances gave the
fluxes were 80—100 cm. It might due to the degradation of the sources or the inefficiencies
of the detections.

The calibration sources were applied successively to the detection unit. In each run,

50k events were taken under collimated trigger scheme. The signal strengths were identi-

'l Curie= 3.7 x 10'° decay/sec.
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Ch.5 Calibration of UBAT FS

keV Ka Kﬁ
Am**! | 595 | 59.5
Tb | 44.23 | 50.65
Ba | 32.06 | 36.55
Ag | 22.10 | 24.99
Mo | 17.44 | 19.63
Rb 13.37 | 14.97
Cu 8.04 | 8.91

Table 5.1: The radioactive calibra-
tion sources utilized in this study.

fied as the fitting means of the Gaussian fits to the histogram peaks, and the fits were in the

ranges from the shallowest points between the peaks and the pedestals to the symmetric

points above the peaks. Fig. 5.2 shows the result of the calibration. Only four sources,

Am?*! (60 keV), Tb (44 keV), Ba (32 keV) and Ag (22 keV) were identified from the

signal histograms. For other sources below 20 keV, the signals only reflected the fluxes

~150 Hz, but only the source-induced pedestals were observed. The cause of the pedestal

was unclear. But by adjusting the locations of the sources, both the peaks and the pedestals

followed the changes of fluxes. So it was concluded the pedestals were induced by the

X-ray but instruments. Also shown in Fig. 5.2 is the PE yield. The PE yield was 0.72

PE/keV and linear.
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Figure 5.2: left: The signal histograms of, peaks from right to left, Am?*!, Tb, Ba and Ag.
right: The peak #PEs versus the corresponding X-ray energies. The linear fit shows the
slope 0.72 PE/keV. The error bars were taken as K,—Kg3.
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5.3 Crosstalk calibration

Some conclusions were made from the result:

1. The PE yield given by the estimation in 3.4 was about thrice of the calibrlaifi'-

2. Considering the source-induced pedestal, it may be difficult for UBAT fo deternﬁne

the X-ray energy below 18 keV from the signal spectra.

3. Although the energy may be indeterminable below 18 keV, the detection unit still
reflected significant trigger responses down to 8 keV. It was sufficient for the coded

mask aperture camera of UBAT to identify the mask pattern.

4. The calibration sources showed a linear PE-keV relation but deviated by 7.9 keV.
While it might imply a detection threshold of 7.9 keV, the linear-fit PE yield was in

consistent to which of the estimation from the Yttrium 1 keV self scintillation.

5.3 CROSSTALK CALIBRATION

I’d focused on the collimated channel in 5.2 because it will provide the GRB spectrum
of UBAT. To visualize the pattern of the coded mask clearly and determine the GRB di-
rections with accuracy, which is an even more important role of UBAT, however, relies on
the sharpnesses of the entire FS images, i.e. the discriminability of the X-ray-illuminated

and non-X-ray-illuminated channels. Fig. 5.4 explains the situation of the crosstalk. It

presents the Am?#!

and the diagonal channels (Fig. 5.3).

signals observed by the collimated channel, the alongside channels
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Figure 5.3: An illustration of | s

the channel naming. The black |,
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Ch.5 Calibration of UBAT FS
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Figure 5.4: left: The spectra of Am?*!' observed in the collimated, alongside and the diag-
onal channels. It is understood from the spectra a significant fraction of the scintillation
photons were observed by the non-collimated channels. right: The correlation plot of the
Am?*! signal of each event observed in the alongside/diagonal channels to the collimated
channel. In the crosstalk-free case, all the data points should lay on the horizontal axis.

38.2743.25,11.2240.99 and 3.13+0.26 PEs were observed in the collimated channel,
the alongside channels ., ) and the diagonal channels ., ), respectively. It’s obviously a
great fraction of the scintillation light didn’t illuminate the collimated MAPMT pixel. The

crosstalk was quantified by the Crosstalk Ratio (C'R) defined by

_ #PE observed in the ch. of discussion

- 1 52
cr #PE observed in the collimated ch. x 100% (5.2)

, €.q. CRuongsicze = 11.22/38.27 ~ 30%. The CRs in the alongside channel and the
diagonal channel were 29% and 8%, respectively. If the crosstalk in remoter channels

was omitted, one could conclude the leakage of the emitted scintillation light was about

60%, e.q.

crosstalk B (8% + 29%) x 4 060 (53)
crosstalk + collimated (8% + 29%) x 4 + 100% '

, Where the factor 4 was for the 4 alongside/diagonal channels. The result coincided with
the PE yield difference between the expectation and the calibration.?. It indicated the

crosstalk led to not just a serious drawback of detection efficiency, but even crucial, a

2See 5.2, last paragraph.
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5.3 Crosstalk calibration

smearing of the coded mask image. Fig. 5.5 shows a simulated coded mask image consid-
ering the crosstalk. One could immediately understood by comparing the expected:coded
R

mask image and the resulting one, it’s unlikely UBAT could set up a simple threshold and

discriminate the X-ray-illuminated and -non-illuminated channels of a factor=10.dynamic

range, e.q. 15-150 keV, under the rate trigger scheme.

Figure 5.5: The comparison of the scintillation detections of the expected coded mask
image (left-handed) and the simulated observation (right-handed) with CRs 0.29 and 0.08
into the alongside and the diagonal channels. The simulation presents the result in 10x10
FS channels (5x5 coded mask pixels), both figures are normalized by the channels of the
highest energy and equally scaled in the gray-scale.

96



Bibliography

[1] Zycha, E., et al. 2008, Jour. of All. and Comp., 451, 1-2, 286

[2] ML.LT. Dept. of Phys. 2007, in X-Ray Physics, from Amersham Data Sheet 11196

97



BIBLIOGRAPHY

98



CHAPTER 6

SIMULATION

To further resolve the crosstalk issue and search for possible solutions, I’ve constructed
the simulation package of the UBAT FS with GEANT4. The simulation includes the X-
ray sources, the collimator, the scintillator array, the optical couplant and the MAPMT.
Both the scintillator and the MAPMT were hybrid components composed of many dif-
ferent materials. I inspected their constructions thoroughly so I could pin point the cause
the crosstalk. The simulation doesn’t include the DAQ operation but registers the exact
coordinates of the primary PEs for off-line analysis.

Fig. 6.1 is the construction of the apparatus. There are the lead collimator, the YSO
crystal array coated by VM2000 reflector, 100 m Dow-Corning optical grease, and the
MAPMT. The constructions of the scintillator array and MAPMT are discussed in 6.1 and
6.2, respectively; other miscellaneous details on the apparatus such as the signal regis-
tration, the optical couplant...etc. are collected in 6.3. 6.4 lists the physical processes
implemented in the simulation. Finally, the simulated experimental result were presented

in the identical format of the calibration data in 6.5.
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6.1 Construction of YSO scintillator array

Lead collimator

[ VM2000

YSO crystal array "]

. H
glass window lI optical couplant

N photocathode

MAPMT casing

vacuum space
of MAPMT

Figure 6.1: The side view (left-handed) and the 3D screen shot (right-handed) of the
simulation. The green lines scattered in the 3D screen shot represent the paths of the
scintillation photons generated by one 60 keV X-ray photon. It can be seen a non-
trivial amount of the scintillation photons may travel into non-collimated channels.

6.1 CONSTRUCTION OF YSO SCINTILLATOR ARRAY

YSO crystal

The schematics of the crystal cubes is in Fig. 2.11. 2.68 x 2.68 x 3(thickness) mm?

YS0:0.2%Ce crystal cubes were arranged as an 8 x 8 matrix. All the elements needed
by the YSO compound were acquired from GEANT4’s material bank. The scintillation
spectrum implemented is shown in Fig. 6.2. In spite of many papers had reported the YSO
posing it’s peak emission at 420 nm, the spectrum utilized here was provided by the crystal
manufacturer whose peak was at ~400 nm [1, 2]. An wavelength-independent absorption
length 50 cm was used in the range of Fig. 6.2. The absorption length corresponded to

—2% flux/cm. The refractive index of YSO was 1.80.

3M VM2000 reflector

At the beginning the reflectance of VM2000 was assumed perfect, i.e. > 0.999, but it
was later realized from the performance of the simulation, e.q. unrealistic CR, interminable
runtime. .., the amount of the crosstalk could be sensitive to the reflectance.

Since VM2000 was widely applied by many experiments, the calibration data could
be obtained easily. The reflectance was mostly reported as a wavelength-independent

constant in 0.89-0.99, e.q. [3], which was unacceptably inaccurate considering the purpose
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Figure 6.2: The YSO scintillation spectrum provided by the manu-
facturer. The peak wavelength of scintillation was 400 nm.
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Figure 6.3: The reflectance of VM2000 copied from [4].
The “new” one was implemented by the simulation.

of simulating the crosstalk. These reflectance was calibrated by referring to an “almost
prefect” standard AlO diffusive reflector built in the spectrometer. [4] had demonstrated
the simulation of a scintillation detector is sensitive to the reflectance of the crystal coating.

The reason of the standard-reference-based calibration being inaccurate were

1. The coatings usually had the comparable or slightly higher reflectances than the
standard “perfect” AlO,. The little differences between the reflectances to be cali-

brated and the reference led to significant uncertainties.

2. If the coatings were the specular type, the calibration results could be highly setup
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6.1 Construction of YSO scintillator array

(light path) dependent. This was also the case of VM2000.

the simulation (Fig. 6.3).
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Figure 6.4: Reflected laser profiles of the reflectors. All shown by the angular distributions
focus at 50°. The samples are A: VM2000, B: Aluminum foil, C: TiO; paint, D: 3 layers
of Teflon® tape, E: Tvvek® paper, F: Lumirror®.

[5] provided a detail study on the peculiarities of some widely used reflectors. Fig. 6.4

lists the reflected laser beam profiles of the reflectors. It can be seem VM2000 was the

most specular one among all, and the beam refracted ~ 15°. The specularity was modeled

by the GLISUR model built in GEANT4 Optical Photon Process. The surface roughness

was described by o = cos(6), where 6 was the open angle of the specular spike of the

point source (see Fig. 6.5) [6]. In the case of VM2000,

cos '(a) ~ 15° = a = 0.97

(6.1)

The dielectric multilayer reflectors like VM2000 were constructed with layers of ~0.5

pm thick polymer foils of two different refractive indices, usually ny ~ 1.9/ny ~ 1.7 or
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Figure 6.5: A complete modeling of the reflective surface including the dif-
fuse lobe, the specular spike and the specular lobe. When a point-like parallel
light illuminates the surface, the reflection appears to have the focused com-
ponent and the smeared component. The focused component is called the
specular spike. The isotropic and anisotropic smeared components are called
the diffuse lobe and the specular lobe, respectively.
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Figure 6.6: The construction of the multilayer reflector. When the light travels
from the large-refractive-index foil to the one with smaller refractive index,
total reflection occurs. The reflector is made of the two polymer foils sand-
wiching each other. Note that only p-polarized light is reflected.
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6.2 Construction of UBAT MAPMT

n; ~ 1.5/ny ~ 1.3 (Fig. 6.6) [7]. Whenever the photon traveled from nj to_ns at angles
2, 60°, total reflection occurred. The probability of a photon traveling (1 pMm=isto the
reflector (one layer of both materials) was about 7%'. It corresponded to _thé abé'omtion
length

e~ 100/ Lavs = 0.07 = Lps ~ 15um 6.2)

One could actually see the light through the 10 4m VM2000 foil bare-eyed. The simulation
indeed showed the scintillation photons could penetrate the reflector in to the neighboring
crystal cells and enhanced the crosstalk. This was the reason the original scintillator array

coated with 10 pum VM2000 was replaced by the current design.

6.2 CONSTRUCTION OF UBAT MAPMT

Glass window

Hamamatsu R11265 had a 0.8 mm-thick frontal glass window made of Hamamatsu
UV-transmitted type glass. It had the refractive index 1.53, constant absorption length
about 10 cm (~ —10%/cm) at the wavelength longer than 250 nm. While being a rather
simple component, the glass window was one of the key component led to the crosstalk.
Because the MAPMT inner space behind the glass window was vacuum, total reflection
occurred at the glass-vacuum interface. Although the scintillator (n~ 1.8) and the glass
window (n~ 1.5) were well coupled by the optical couplant, the photons frequently en-
countered difficulties penetrating the glass-vacuum window to be the signals. On the con-
trary, when they were reflected, they were likely to be detected by the nearby channels as
the crosstalk. Fig. 6.7 presents a snapshot of the simulation. The total reflections occurred

at the glass-vacuum boundary can be seen.

Photocathode

The photocathode was a ~ 20 nm thick film of Bealkali metal evaporated on to the

inner (vacuum) side of the glass window. It looked transparent from some angles and

'Tt’s not 60°/90° = 1/3 because the illumination was not isotropic.
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gla:ss—vacuum T i
interface

(photo-cathode)

Figure 6.7: The side-view snapshots of the simulations. Three cases are presented:
a) no light guide (LG), the original design of the detection unit, b) with a traditional
focusing LG, c¢) with a Inverted-Conical LG. The green lines represent the photon
paths. It can be seen in the figures the total reflections occurred frequently at the
glass-vacuum boundary, and most of the reflections became the crosstalk. The paths
at the left-hand side of the boundary represent the photons weren’t absorbed by
(and penetrated) the photocathode. By comparing the three cases, it’s obvious the
Inverted-Conical light guide suppressed the crosstalk.

metallic otherwise. In classical electrodynamics, the reflectance (R) and the absorbance
(A) of a thick metal depended on the complex refractive indeces of the mediums and both
were the dependences of the incident angle. It’s known the electromagnetic (EM) wave
could only travel a few “skin depths” into the metal before being fully absorbed. In other
word, R and A exhausted the 100% probability of the fate of the photon. On the other
hand, when the metal had the thickness comparable to the wavelength, it’s possible the
EM wave could travel through the film-like metal. In this case, one must consider R the
transmittance (T) to determine the accurate A [8].

The dielectric_metal optical boundary model prepared in GEANT4? required the users
to verify R and A of the metallic object as two constants explicitly. As which elaborated
in the previous section, the model was obviously insufficient to the end of simulating
the angular dependency of the photocathode, for the simulated crosstalk and the signal
strength were naturally sensitive to R and A, respectively. I constructed a new model of
the optical boundary in the source library of GEANT4 Optical Photon Process to describe
the R, T and A of the film-like metals. The model was named dielectric_filmMetal. 1t
required the user to verify the real refractive indices of the dielectric mediums sandwiched

the metallic film, the complex refractive index of the film metal, and the thickness of the

2ver. 4.9.5, the recommended production version until May, 2013.

105



6.2 Construction of UBAT MAPMT

metallic film. All the refractive indices could be set as lookup tables depended o the

wavelengths.

>\l 1

The analytical prescription of the metallic film to the photocathode had bé.ien.:ciiem__on-
strated in some works [9, 10]. Considering the usage of MAPMT, the parametersrequired
were the thickness of the photocathode, the refractive indices of the glass window (R),
the photocathode (C) and the vacuum (R). The classical EM equations utilized by the

dielectric_filmMetal model were

T93 + r34€29

ANO) = —— 6.3
CLR( ’ ) 1+ 7’237‘34621‘5 ( )
togtsse®®
ANO) = ——————— 6.4
CLT( ) ) 1+ 7“237”3462“5 ( )
where
nisin(6;) = n;sin(6;) (Snell’'s Law) (6.5)

. nicos(0ig)) — njcos () (6.6)
Y nyeos(Big)) + njcos(0a)) .

Lo 2n;cos(6;) 6.7)
Y nyeos(Biy) + njcos(0a) )
2mdn’
5= ”A”S cos(6s) (6.8)

, where d denoted the thickness of the photocathode, n’s denoted the refractive indices, and
0’s denoted the propagating angles with respect to the normal direction of the interfaces,
i.e. Z axis in Fig. 6.7. The medium originated the scintillation photons, the glass window,
the photocathode and the vacuum space were denoted by the lower indices i(j) =1, 2, 3
and 4, respectively”.

ny = nyn + ik, (photocathode) (6.9)

Eqn. 6.6 and Eqn. 6.7 were for the p-polarized wave; for the s-polarized wave, one needed

3[9] used i = 1 to denote the scintillator and neglected the coupling medium of the scintillator and
the glass window. But based on the derivation provided in [8], it’s better regarded : = 1 as the optical
couplant contacting the glass window. In this simulation, ¢ = 1 was taken to be the optical couplant, the
scintillation photons were originated in the YSO crystal region and the angles in the optical couplant region
were calculated by the Snell’s Law.
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to use indices noted in the parentheses. The reflectance could be calculated by

= '1‘1‘_(-

Ryp(X.0) = |aj|? \(IEXS )

Considering the Fresnel reflection coefficient between the scintillator and the glass win-
dow,
_sin(Ql — 02)—

F,(\,60) = sl (6.11)

_tCLTL(el — 92)_ 2

E,(\0) = | ————= 6.12
p( ’ ) _tcm(91 -+ 02)_ ( )
, the overall reflectance was then
R,,(1—F,,)?
R (X, 0) = F, 2P w4 6.13

8,p< ) ) P + 1— Fs,pR&p ( )
Assuming even polarization generated by the scintillator crystal,

O 1 O (o}

Also considering the Fresnel reflection between medium 1 and 2, the nonzero photocath-

ode transmittance was calculated by

n4c0s(04) | spia
T = ——|a’ A

5710()\79) HQCOS(QQ)‘GT (6 5)

Tsp(1—Fsyp)

tot _ dsp 5P
T (A 6) = =2 o (6.16)

1

70, 6) = 10, 6) + T2, 0)] (6.17)

This equation permitted the photon penetrating the photocathode shown in Fig. 6.7. Fi-

nally, the photon absorbance of the photocathode was simply

AN, 0) = 1 — RY(\,0) — TH(), 0) (6.18)
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Figure 6.8: The fitted real (n;, left panel) and imaginary (k;, right panel) refractive
indices of Hamamatsu Bialkali. The solid curves represent the best fits, and the
dotted curves bound the 20 allow regions. The data points are plotted with 1o error
bars.

It’s justified in [9, 10] by fitting the experimental data with Eqn. 6.14 and Eqn. 6.18,
the complex refractive index and the thickness of the photocathode could be determined
nicely, and the angular-dependent PE signal strength was proportional to the number of
photon absorbed by the photocathode. The refractive index and the evaporated thickness
(20.0 nm) of Hamamatsu Bialkali material were determined in [9] (Fig. 6.8) and were
implemented in the simulation of UBAT FS. Plugging other parameters required by the

equations, Fig. 6.9 shows the A, R and T of the photocathode model of UBAT simulation.
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Figure 6.9: The left panel shows the angular-dependent absorbance, transmittance
and reflectance of UBAT photocathode assuming n, = 1.475, ny = 1.53, ng =
2.28 + 1.707, ny, = 1.0, A = 400 nm and d= 20 nm. Here the “typical” numbers
presented as an example are of the scintillation peak of YSO. Also shown in the
right panel is the result from dielectric_metal model with the same parameters.
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The critical angle of T was governed by the total reflection angle of the"mediums
sandwiching the photocathode, e.q. 41.8° of the glass and the vacuum in the p@senting
case. It was demonstrated in Fig. 6.9, if the dielectric _metal model was utilized iﬁ?étead of
the dielectric_filmMetal, the signal strength (A) would be overestimated by about 100%,
the crosstalk (R) would be underestimated by about 75%. Without the aid of dielec-
tric_filmMetal, the simulation was incapable to describe the crosstalk phenomenon and

CR was trivially small.

6.3 CONSTRUCTION OF SIGNAL RECORDING AND OTHER

COMPONENTS

The signal was registered by the position when the scintillation photon was absorbed
at the photocathode. The MAPMT-pixel-wise signal strength was then obtained by identi-
fying which pixel the position belonged to and accumulating all the photons generated by
one X-ray photon deposition. The simulation package accumulated all the X-ray events,
no trigger mechanism was presumed. In each run, 1000 successful events were recorded.
e.q. not terminated by the collimator. The corresponding number of the scintillation pho-

tons was about 1000 x 60 keV x 9.2 y/keV ~ 10°%~s.

The lead collimator was identical to which applied during the experiment. The X-ray
photons were generated on the center line of the collimated channel, 100 cm above the

241 and shooted on the detection unit

scintillator surface. They had 60 keV energy as Am
with the divergent angle £0.05°. The X-ray illumination covered a concentric area of the

the collimating pinhole with 1.8 times radius.

The optical couplant was assumed to be a 100 pum layer of Dow-Corning Q2-3067
of n=1.47-1.48. The 100 pm transmittance provided by its manufacture is in Fig. 6.10,

which was actually negligible at the thickness.
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Figure 6.10: The 100 pum transmittance con-
verted from the data sheet of Dow-Corning Q2-
3067 assuming constant attenuation.

6.4 PHYSICAL PROCESS

>Nt

The physical processes enabled from GEANT4 Physical Process were the optical pro-

cess, the low energy EM processes and the decay processes. Tab. 6.1 lists all the particles

and the processes enabled. In the practical situation, the 60 keV photon only triggered the

photoelectric effect or sometimes Compton scattering in the YSO crystal, then the ioniza-

tion occurred so the scintillation process might take place. The boundary processes and

the optical absorption were called when necessary. No other process was called at the

energy level.

In very rare cases, the X-ray photons might be scattered by the crystal elements into

the non-collimated nearby crystal cubes. The scintillation processes initialized in the non-

collimated locations. These events were observed as the 1 (out of 1000) highlighted events

in the upper-left of the 2D correlation plot of Fig. 6.11.

~ ot e e
photoelectric effect | multiple scattering | multiple scattering | multiple scattering
Compton scattering ionization ionization ionization
Gamma conversion Bremsstrahlung Bremsstrahlung Bremsstrahlung

pair annihilation

pair annihilation

pair annihilation

+

P a/He*"/Generic ions | charged particles Optical photons
ionization ionization ionization Cerenkov
Bremsstrahlung multiple scattering | multiple scattering scintillation
pair annihilation Bremsstrahlung | optical absorption

pair annihilation

Rayleigh scattering

Mie scattering

optical Boundaries

Table 6.1: The particles and physical processes enabled by the UBAT FS simulation. The

bold-faced items occurred during the simulation.
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Figure 6.11: left: The simulated spectra of Am?*! observed in the collimated, alongside

and the diagonal channels. The simulation didn’t show the low #PE event accumulation as
in Fig. 5.3, i.e. the low #PE “shoulders” rose along the Y axis. right: The simulated corre-
lation plot of the Am?*! signal of each event observed in the alongside/diagonal channels
to the collimated channel. Compared to the experimental data, much less events showed
in the highlighted X-ray scattering region. The events located in this region implied the
the X-ray photon triggered the ionization-scintillations in the non-collimated channels.

6.5 RESULT

Fig. 6.11 shows the result of the simulation. As stated in 6.2-Photocathode, #PE was
proportional to the number of photons being absorbed by the photocathode, so CRs were
derived directly from the number of absorbed photons. The simulated CRs in the alongside
channel and the diagonal channel were 21.2% and 5.8%, respectively. Readers may refer
to this result the the experimental data in 5.3, the simulation revealed a the CRs 0.728 +
0.003 times to the experiment in both the alongside and the diagonal channels. Comparing
Fig. 6.11 to the corresponding plots in Fig. 5.4, one concluded that the simulation had much
less low-luminance scattering scintillation photons and scattered X-ray events. These two
disagreement might be the explanation to the underestimation of the crosstalk.

Fig. 6.12 presents the simulated event lost rate in the target energy range of UBAT. Be-
cause the higher-energy X-ray photons were more likely to penetrate the 3 mm depth of
the scintillator before triggering any primary ionization via photoelectric effect or Comp-
ton scattering, the scintillation might not occur for the events to be detected. This result

could be applied to reweigh the light curves of different energies.
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Figure 6.12: The simulated event lost rate of UBAT FS to
different X-ray energy.
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CHAPTER 7

INVERTED-CONICAL LIGHT GUIDE

7.1 MOTIVATION

As reported in 5.3, a serious crosstalk issue in UBAT FS detection unit was identified.
The CR in the alongside channels were 29%. Under the rate trigger scheme with a con-
stant energy threshold, if the 15 keV lower bound of observation is to be retained, the FS
can only obtain resolvable coded mask pattern up to 15/0.29 = 52 keV. If the incident
X-ray photon deposits more than 52 keV in the struck channel, the alongside channels
may observe the crosstalk signals equivalent to the directly-struck X-ray signals >15 keV,
which is indiscriminable by the 15 keV threshold. The presumed 150 keV upper bound
of observation is immediately trimmed by 65%, which is catastrophic. Also learned from
the calibration, the expected PE yield is halved by the energy sharing of the crosstalk. It
implies the resolution of detection is also halved.

To cope with the crosstalk issue, the application of the light guides (LGs) or other
types of the scintillation light modulators was proposed. We searched for the solution that
reduced the CR and preserved the absolute PE yield. We expected the LG to enhance
the threshold discriminability of FS detection unit while the physical modification to the
whole detector is limited.

In this chapter, I first review the previous studies on LGs in 7.2. An inchoate trial
with some commercially available LGs is reported in 7.3. The special design of Inverted-
Conical (IC) LG inspired by the trial test and the simulation study is elaborated in 7.4. The

optimization of the geometry of IC-LG is discussed in 7.5. Finally, the work is concluded
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7.2 Review on Light Guides

in 7.6 by the fabrication and the calibration of the sample product.

4 "“u ‘

7.2 REVIEW ON LIGHT GUIDES

Before multi-channel photon detectors (PDs) were widely usedm the LGs were com-
monly utilized by the scintillation detections when the scintillators and the single-channel
PDs mismatched in sizes. Fig. 7.1 shows an example of the traditional LG. The PD might
have the pixel size 10°~2 cm, and the scintillator might have a comparable or larger size
with a very different geometry. The LG was design intuitively mimicking the funnel that

collecting photons [1].

Figure 7.1: A typical deployment of the Scintillator
traditional light guide by a scintillation IR AT

detector. The scintillator on top has a nar-

row rectangular cross section which obvi- Ax

ously mismatches the triangular pixel of
the photon detector below. One can ex-
pected most of the scintillation photons
may not be detected due to the mismatch.
The light guide is then designed to be a
channel with the shapes of the scintilla-
tor and the pixel at two ends and is reflec-
tive inside. So the light guide may col-
lect most of the photon by multiple scat-
tering/reflection into the pixel. SRR

LIGHT GUIDE

When the scintillation photons were emitted from the scintillator, they underwent mul-
tiple reflections inside the LG and eventually arrived at the PD. In order to limit the signal
reduction due to the multiple reflection, the LG were typically made with high-reflectance
materials such as aluminum, or transparent materials of refractive indices greater than the
surrendering, so the total reflection might occurred. Despite the diverse geometries, an
universal characteristic of the traditional LGs was the scintillation luminance reduced with
the length of the LG (Fig. 7.2 [2](1970)).

Nowadays, multi-channel PDs are widely applied to the scintillation detectors in dif-

ferent fields. They may equip tightly-arranged pixel arrays of pixels size only 10711
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Ch.7 Inverted-Conical Light Guide

" Figure 7.2: The plot of thesein-
tillation pulse height te-the tength:
of LG. Data shown in_tlié:'_-ﬁlot are
a) total reflectiontype, b)total re-
flection type with reflective coat-
ing, c) reflective type, and.fo-
cusing the scintillation light with
d) specular reflector and e) diffu-
sive reflector. It is shown despite
the designs of the LGs, the sig-
nal are all reduced by factor 2—10

o 2 “ 6 8 0 1 " % W 220 2 2 26 28 30 xR 9
e G e G when the LGs extend to 10”.

= w @ ~ @

PULSE HEIGHT (arb. units)

w

mm. Reckoning for the progress, studies have proposed diverse designs of LGs to im-
prove not just the overall luminance, but also the uniformity of multi-channel detection,
signal-to-crosstalk contrast, fabrication feasibility...etc. [3](2000) suggested the scintilla-
tion imaging could be improved by replacing a one-piece bulk scintillator with a discrete
arrangement of many scintillators that separated by reflective housing (Fig. 7.3). The
housing was also regarded as a kind of LG therein. Readers may notice the similarity of

the discrete scintillator and the scintillator array of UBAT.

Based on a simulation study, the paper investigated the effect of the different combina-
tions of the parameters in Fig. 7.3-(c), e.q. the separation of the scintillator and the PMTs
(t) and the extension of the LG (s). It concluded the repeating housing generally improved
the result from the bulk scintillator (Fig. 7.4). It’s pointed out in the paper the extended

slots of the LG effectively reduced the crosstalk along the housing repeating directions

()

Tha 3 i

"Back surface
Lightguide t

Slots —=

x-axis

Continuous Nal(T1) GSO crystal array

Figure 7.3: The discrete scintillators and the PMT arrays. The gray areas, the arrows
point upward and the star symbols represent the scintillators, the X-ray photons and the
scintillations. a) The pre-modified bulk scintillator with 50 mm wide PMT array, b) The
discretized scintillator integration with reflective housing, c¢) The discretized scintillator
integration with the reflective housing extends out from the scintillator.
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Figure 7.4: The comparison of the scintillation images of the bulk scintillator
(left-handed) and the optimized discrete scintillator (right-handed). Note that
the dots represent the position of the scintillation photons arrive on the FS, but
the realistic image must be observed by the discretely arranged PMT array.
The widths of one PMT are represented by the overlaid horizontal lines. The
arrows represent the repeating directions of the LG housing.

(arrows 1n the figure) and resulted in the “x” pattern. Whoever, if the discrete arrange-
ment of PMTs were considered, the observed images should be similar in both cases, i.e.
+4 x £4 cm? square pattern at the center.

[4](2005) proposed another approach to improve the scintillation image. Considering
the distribution of the emission angle of the scintillation photon, the paper suggested the
uniformity of the photon acceptance on the PD FS could be improved by reducing the
emission generated closer to the PD. The idea was demonstrated by a simulation model

shown in Fig. 7.5

Figure 7.5: The schematics of the partially- NE213
reflection-partially-absorption LG proposed in
[4]. The LG is made of glass or Acrylic wrapped

with black absorber. When the NE213 scintil- ot

O ) Black reflection
lator scintillates from the deeper (top) site, the abz;rber )3’\
photons undergo total reflections at the LG/air
boundary and are regained; when it emits from ) 3
the shallow site (bottom), the photons may par- £ =
tially transmit through the LG boundary and be . .

. . 7 Fresnel reflection
absorbed by the absorber. It is suggested, if nggt e
guide

the material and the geometry of the LG is cho-
sen properly, the illumination uniformity on the

PMT FS may be enhanced. ki
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Ch.7 Inverted-Conical Light Guide

The transparent LG made with a refractive index of the NE213 scintillator was, de-
ployed between the scintillator and the PMT. If the scintillation photons illumh;_;a,ted the
LG/air boundary with large incident angles, the total reflection occurred so thé s%intilla-
tion from the deeper site of NE213 was restored. If otherwise, Fresnel transmission took
place to reduce the nonuniform scintillation occurred at the shallow site.

The simulated result was presented in a two-fold compensation. It was demonstrated
by the simulation the FS uniformity might be improving by thickening the LG. But it was
also shown, the LG exhibited the typical thickness-signal reduction relation. The paper
eventually designated a specific thickness as the optimal solution for it might enhance the

uniformity while tolerably reducing the scintillation strength.

7.3 TEST WITH COMMERCIAL LIGHT GUIDES

The tested LGs were categorized by two groups, the mask type and the refraction type.
The mask type indicated the samples were expected to reduce the crosstalk by shielding the
scintillation; the refraction type indicated the samples achieving so by means of refraction
or reflection. Tab. 7.1 and Tab. 7.2 list all the tested samples.

The trial test gave some hints of developing the LG for UBAT detection unit:

1. By comparing the thin samples1-3 to thick ones 45, a LG thicker than 1 mm might

result in a significant signal reduction.

2. The signal reductions of the thin mask type samples were proportional to the shield-

ing areas.

3. By comparing samples 4 and 5, the reflective LG tunnel gave larger signal and might

also suppress the CR.

The functionality and the applicability of the microlens array (MLA) had been dis-
cussed in many published studies, e.q. [5, 6, 7] (Fig. 7.6). It’s reported to exhibit excellent
focusing ability with customized design and fabrication. The signal might be enhanced
by > 50% in parallel with significant crosstalk reduction. More implications were drawn

from the refractive type samples:
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Figure 7.6: The upper panel shows an example of the usage of the microlens array (MLA).
With the proper geometrical design, the MLA turns the multiple-point-like diffusive emis-
sion from the left-hand side into a parallel light. It is also noted in the figure a significant
portion of the scintillator crystal can be saved. The lower three images present the re-
sult of applying MLA. The image taken are 2 um beads. a) w/o MLA, b) w/ MLA, c)
the intensity distributions of the barred locations in (a) and (b), with the corresponding
dashed/solid lines used for both cases.

4. It’s indeed observed on the MLA-equipped samples of exhibiting larger signals than

the mask type, sample 8 even amplified the original LG-free PE yield by 21%.

5. However, the samples appeared to be very poor to the purpose of crosstalk reduc-
tion. I supposed the consequence was due to the direct attaching of the LG and the
scintillator. Unlike the illustration in Fig. 7.6 which shows the scintillation from
the deep sites with small incident angles to MLA, UBAT crystal array was much
thinner!. When being directly attached, most of the scintillation illuminated with
incident angles larger than the total reflection angle from close sites to the MLA.

The MLA then served as a diffuser diverting the light.

6. Obviously the mask type LGs were more endurable and cost-friendly.

'In the sense of the crystal’s thickness-to-width ratio. The crystal cubes of the UBAT scintillator had
roughly equal width and thickness.
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CR | Relative PE yield | Material Thickness
1 19% 54% Copper 0.04 mm ®1.8 mm
2 36% 84% Aluminum 0.3 mm 2.65 mm
3 36% 54% Aluminum 0.3 mm 2.5 mm
$2.0 mm
[}) 0
4 26% 20% PVC 1.0 mm (blacken inside)
$2.0 mm
0 0
> 19% 31% PVC 1.0 mm (reflective inside)

Table 7.1: The list of the mask type samples. The PE yields are normalized by which of
the case without a LG, 0.72 PE/keV.
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7.4 Inverted-Conical Light Guide

CR Relative PE yield | Material | Thickness Surfac_\___e_:a '
6 56% 38% PET 100 ym @200 S
microlens
7 | ~100% 81% PET 100 pm <§200 pum
microlens
8 | ~100% 121% Quartz | 1.0 mm ©200 yum
microlens

Table 7.2: The list of the refraction type samples. The PE yields are normalized by which
of the case without a LG, 0.72 PE/keV.

7.4 INVERTED-CONICAL LIGHT GUIDE

According to the inchoate sample test, a possible solution may emerge from several
features: sub-mm thickness, wide eyelets, reflective LG channels, light-focusing, and ca-
pable to contract large angle scintillations.

I propose the Inverted-Conical Light Guide (IC-LG). Fig. 7.7 illustrates the concept
of IC-LG. The traditional LGs usually adopted the straight channels or the conical chan-
nels with the wider eyelets facing the scintillators. The idea was similar to the funnels
collecting photons and emitting toward the PDs from the narrow eyelets. The drawback
of the traditional tapering orientation was it exhibited even more serious signal reduction-
thickness relation than the straight channels. The IC-LG was designed to orient the wide
eyelet of the conical channel toward the MAPMT pixel and the narrow eyelet toward the
Y SO cube. The design gave birth to the name Inverted-Conical. I address the traditionally-

oriented conical LG as the non-inverted conical LG (NIC-LG) in the following content.
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VM2000

N

Scintillation spot
YSO cube

LG ¥ ——

.<7‘ X Glass window A,

\Photocathode

—1

Figure 7.7: The illustration of the concept of inverted-
conical. The presented setups includes two YSO cubes con-
nected with one IC-LG channel (left-handed) and one NIC-
LG channel (right-handed). The dashed and solid lines rep-
resent the small and large angle incidents, respectively.

The design of IC-LG was motivated by the simulation study in 6. The simulation
proved more than 70% crosstalk was caused by the total reflection occurred at the glass
window/vacuum boundary, i.e. photocathode. To reducing the total reflection, IC-LG was
designed to contract large-angle incidents to be small-angle. It can be seen in Fig. 7.7,
through reflection, the IC-LG was capable to redirect all the scintillations to have smaller
incident angles. Base on the redirection scenario, the crosstalk photons were recovered
into the collimated channel. So not only the crosstalk was reduced, it was also expected
to exhibit the focusing effect in analogy to MLA. On the contrary, the NIC-LG could only
enlarge the incident angles. Even worse, if the emission was fairly large-angle, NIC-LG
reflected the light back into the VM2000 coating cell. Since VM2000 was highly specular
and strictly obeyed the principle of reflection, the reflected photon could never leave the
VM2000 cell. So the NIC-LG was also harmful to the absolute signal strength.

A simulated comparison of the situations without LG, with an IC-LG and with an
NIC-LG is shown in Fig. 6.7. It is clear the emission from IC-LG exhibited smaller open
angle and the illumination area on the photocathode plane. The reflections traveled into
the neighboring crystals were also less. Another advantage shown in Fig. 6.7 is that IC-
LG could be made much thinner than the scintillator array but was still effective. The

characteristic implied the narrow eyelet was only slightly smaller than the wide eyelet
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7.5 Design optimization

so the LG could control the shielding area and signal loss. It was also important to.the
overall design of UBAT, since any non-trivial geometrical change, especially(to:the FS,
L&

could significantly affect the prefixed design and performance of the coded_—ma_ék 'a:fpe'r:ture

camera.

7.5 DESIGN OPTIMIZATION

I constructed the IC-LG in the simulation package of UBAT inserted it between the
scintillator array and MAPMT. The eyelet channels were all filled with optical couplant.
Considering the realistic fabrication feasibility, the material condition was assumed to be
Aluminum with fine CNC machining and polishing. I set the specularity same as VM2000

(cosa = 0.97) and implemented the reflectance in Fig. 7.8 [8, 9].
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Figure 7.8: The normal-incident reflectance spectrum of polished Alu-
minum at T=295K. The faded line represents the data taken from [8],
the solid line represents the data presented in [9]. The value utilized in
the simulation was the solid line.
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Figure 7.9: The cross section view of the IC-LG. The parameters to be
optimized are the thickness (T) and the conical angle (#). The upper side
in this figure is the scintillator, the lower side is MAPMT. The gapping
at the MAPMT side is 0.1 mm, so the width of the wide eyelets is 2.78
mm.

I optimized IC-LG in two parameters, the thickness (T) and the conical angle (0), Fig.
7.9 is the cross section view of the model. The 100 pum grid gapping between the wide

eyelets was left for practical engineering. So the width of the wide eyelet was
2.88 (pixel size) — 021 x 2 (both side) = 2.78 mm (7.1)
And the width of the narrow eyelet could be derived by
2.78 — 2T'tand (7.2)

Different cominations of T and # were simulated in the ranges 0.6 mm—1.5 mm and
—5°-20°, negative angles represented the NIC orientation. In addition to CR and the
signal yield in the collimated channel, Crosstalk Index (CI) was also used as the indicator

of optimization.

O = Y (channel separation x local signal yield) (7.3)
~ (Xchannel separation) x collimated channel signal yield '

Eqn. 7.3 summed over all the channels in the same row and column of the collimated
channel. For example, ch. 27 was the collimated channel, the equation summed up ch. 4,
11, 20, 36,43, 52 and ch. 24, 25, 26, 28, 29, 30, 31. The corresponding channel separations
were 1 for ch. 20, 26, 28, 36; 2 for ch. 11, 25,29, 43; 3 for ch. 4, 24, 30, 52; 4 for ch. 59.
CI was regarded as the weighted indicator of the overall condition of the crosstalk among

all channels.
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7.5 Design optimization

Fig. 7.10 presents the optimization of the crosstalk to theta. When 8 <.0°, CRywas
enlarged compared to which when 6 > 0°. The result coincided with the the exggptation
IC-LG could reduce the crosstalk while NIC-LG might enlarge it. CR and €1 ﬁosléd simi-
lar trends and minimums appeared at 6 = 13.50° and § = 15.67°, respectively: The reéult
could be interpreted as the steeper angle suppressed more crosstalk, when the crosstalk
in the further channels was taken into consideration, a larger angle was favored. Never-
theless, the ~ 2° difference was actually trivial for the minimal regions were about 4°
across.

Fig. 7.11 presents the optimization of the signal yield. The IC-LG enhanced the signal
yield by < 25% when T < 12 mm. The signal yield decreased by ~ 3% for every
0.1 mm increase in T. It was also demonstrated in the simulation NIC-LG suppressed the
signal yield and the suppression was severer with steeper NIC angle. The optimal angle
of 108.9% signal yield appeared at 9.67°. The result indicated IC-LG had the capability
of focusing the photons and enhancing the signal yield identical to MLA.

Because the primary motivation of the LG study was the crosstalk reduction, (6, T) =
(13°,0.6 mm) was regarded as the optical solution, for it gave the least CR while also
enhanced the signal yield. According to the simulation, the optimized IC-LG would en-
hance the signal yield by 7.2% and reduce CR to 15.8%, i.e. 45% CR reduction from the

calibrated CR of the detection unit.
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Figure 7.10: The simulated crosstalk versus the conical angle # at T' = 0.8 mm. The right-
and left-handed panels are the CR and CI, respectively. The overlaid fittings are the 274-
order polynomials. The minimal points of the fitters are at 13.50° and 16.57° for CR and
CI, respectively. The NIC-LG is also shown in the figures as the negative angles.
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Figure 7.11: The simulated signal yield versus the thickness T (left panel) and conical
angle 6 (right panel), # = 13° and T0.8 mm were assumed in the figures, respectively.
The overlaid fittings are the 15'- and 2"4-order polynomials. The maximal point of the
signal-to-6 fitter is at 9.67° which gives 8.9% signal enhancement. The NIC-LG is also
shown in the figures as the negative angles. The signal yield was normalized by which
before applying a LG.
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7.6 Sample test

7.6 SAMPLE TEST O

5

Fig. 7.12 presents the photos and the schematics of the sample IC-LG. The thIfrlEPlcﬁWaS
made of 6061 Aluminum alloy through CNC machining with < 1 ym posifié)n-"tolefa;ée
then polished through chemical anodic brightening. The fabrication was cost -friendly yet
the end product had geometric accuracy ~ 0.5 pum and the surface roughness < 100 nm.
The perimetric frame was designed to support the delicate grid-like LG. The end product
was as mechanically endurable as the scintillator array and the MAPMT.

The signal comparison of LG-free, IC-LG and NIC-LG cases is presented in Fig. 7.13.
Before applying the LG, CR was 0.293+£0.024. The sample IC-LG reduced 38.86+3.22%
crosstalk but acquired 6.376 £ 0.053% PE yield reduction. The resulting CR with IC-
LG was 0.195 £ 0.016. As a comparison, the sample was also inserted under the NIC
orientation, i.e. 180° flipped. The NIC orientation gave CR 0.244 + 0.020 and 11.47 &+
0.95% PE yield cutback. To understand Fig. 7.13, the LG-free detection unit observed
the largest signal, IC-LG second, and NIC-LG the last in both the collimated and the
alongside channels. However, IC-LG exhibited the collimated signal peak close to the
LG-free condition but the alongside signal peak close to the NIC-LG condition. The net

consequence was an amelioration of reducing CR from 0.29 to 0.20.
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Figure 7.12: The schematics and the photos of the sample IC-LG and its assembly with
the scintillator array and MAPMT.
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Figure 7.13:  The signal his-
tograms of the cases | LG= ﬁfee
(black), IC-LG (red) and NIQ‘EG |
(green).  The signal cobserved||
in the collimated and alongside:
channels are represented by the
solid and the dashed lines, respec-

tively. The calibration source was
Am241.

Before the amelioration, the alongside and the diagonal CRs were 29% and 8%. With

the aid of IC-LG, CRs became 20% and < 2% in the alongside and diagonal channels,

respectively. The simulated coded mask images are shown in Fig. 7.14. I also repeated the

energy calibration with IC-LG, all the procedure was identical to 5.2. The result is shown

in Fig. 7.15. With IC-LG, UBAT FS detection unit had linear signal yield 0.69 PE/keV.
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Figure 7.14: The comparison of the simulated scintillation detections of the coded mask
image before (left-handed) and after (right-handed) the amelioration with IC-LG. Both
figures are normalized by the channels of the highest energy and equally scaled in the
gray-scale.
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Figure 7.15: left: The IC-LG-ameliorated signal histograms of, peaks from right to left,
Am?*! Tb, Ba and Ag. right: The peak #PEs versus the corresponding X-ray energies.
The linear fit shows the slope 0.69 PE/keV. The error bars were taken as K,—Kgz.
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CHAPTER 8

CONCLUSION

UFFO is design to be the first GRB observatory capable of responding to the UV—visibal
signals of GRBs within one minute; UBAT is the primary y-/X-ray trigger telescope in
UFFO responsible for delivering the event directions. To achieve the rapid direction de-
termination, UBAT is designed to operate under the coded mask aperture camera scheme.
So it’s crucial the focal surface detection units can confidentially discriminate the coded
mask pattern.

In this thesis, I firstly demonstrated the energy and the image crosstalk calibrations
of the UBAT focal surface detection unit. The signal yield was 0.72 PE/keV. A serious
crosstalk issue of CR~ 29% was identified. A simulation of the detection unit was then
constructed to resolve the issue. Through the simulation study, I pointed out more the 70%
of the crosstalk was caused by the total reflections occurred at the photocathode. After
identifying the source of the crosstalk, I proposed the Inverted-Conical light guide which
utilized the inverted orientation of the traditional focusing LG as a possible solution. The
Inverted-Conical light guide was optimized in the simulation and fabricated. The end
product reduced the crosstalk and the signal yield by 39% and 6%, which resulted in the
reduction of CR from 29% to 20%.

UFFO-pathfinder is scheduled to launched in the summer of 2014. Due to the schedule
of the R&D phase of UFFO, Inverted-Conical light guide was not implemented in UFFO-
p before it was transported to the launch site. However, I’'m still looking forward to the

future utilization of Inverted-Conical light guide to UFFO-100.
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