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Attività di studio per la comunità scientifica di 
astrofisica delle alte energie e fisica astroparticellare 

Studi per future missioni scientifiche 
(Accordo Attuativo ASI–INAF n.2017-14-H.0) 

Procedura di finanziamento dei progetti della comunità 
scientifica italiana 

Lo sviluppo di nuove idee per la ricerca in astrofisica delle alte energie e fisica astro-particellare e dei metodi 
sperimentali necessari ad attuarle è di vitale importanza  per la crescita scientifica della comunità di 
riferimento  in vista del loro impiego in future missioni spaziali. 

 
A tal fine, nell'ambito dell'accordo a t tua t ivo  ASI-INAF n.2017-14-H.0 relativo ad  "Attività di Studio 
per la comunità scientifica di astrofisica delle alte energie e fisica astro-particellare", è previsto un 
finanziamento per studi dedicati a future missioni scientifiche che utilizzino le seguenti tipologie di 
satellite: small/mini (100-500 kg), micro (10-100 kg) e nano (1-10 kg) sia nel caso di configurazioni stand 
alone che in cluster di satelliti. 
 
L'oggetto delle attività proponibili riguarda studi per missioni future, anche attraverso le necessarie attivita’ 
di laboratorio. In particolare, ci si aspettano: 
a) studi  per  missioni spaziali in astrofisica delle alte energie e fisica astro-particellare  che, utilizzando 

tecnologie con TRL ben consolidato in ambito spaziale, consentano lo studio di un fenomeno 
astrofisico in maniera innovativa; 

b) progetti che portino all’incremento del TRL di una determinata tecnologia mirata a future missioni  
spaziali di astrofisica delle alte energie e fisica astro-particellare concepite per risolvere un problema 
scientifico chiaro e ben definito. 

 
Il finanziamento potrà coprire spese di personale, attività e strumentazione  di laboratorio atte a verificare 
una misura, spese di viaggio. L’importo per eventuali contratti industriali (che permettano di risolvere 
problemi specifici sui quali manca la competenza dentro le strutture di ricerca proponenti) non potra’ 
superare il 10% dell’importo complessivo richiesto.  

 
La selezione dei progetti avverrà tramite una valutazione da parte di valutatori esterni (Referee), scelti dal 
board sulla base dell'alta qualificazione scientifica nei rispettivi campi di interesse. E’ prevista  una 
presentazione pubblica  di ciascuna proposta alla presenza del board e dei referee.  
 
La graduatoria  verrà stabilita dal Board sulla base del giudizio dei Referee secondo i seguenti criteri: 

• aderenza dei progetti al tema dell'accordo; 
• rilevanza scientifica ed originalita’ dei progetti; 
• possibilita’ di realizzazione dei progetti nel panorama nazionale/internazionale; 
• esperienza del team proponente e risorse già disponibili; 
• congruità finanziaria della richiesta. 
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The	  PANGU	  Concept	  
PANGU	  (PAir-‐produc+oN	  Gamma-‐ray	  Unit)	  is	  a	  sub-‐GeV	  
γ–ray	  telescope	  with	  unprecedented	  angular	  resolu+on:	  
•  energy	  range	  10	  MeV-‐	  1	  GeV	  
•  point	  spread	  func+on	  (PSF)	  ≤1°	  @	  100	  MeV	  
•  novel	  concept	  for	  low	  weight	  mission	  (<100	  Kg,	  but	  

easily	  up-‐scalable)	  

	  
Presented	  at	  the	  	  ESA-‐CAS	  Workshop	  for	  a	  joint	  scien+fic	  
space	  mission	  on	  2014	  (arXiv:1407.0710	  [astro-‐ph.IM])	  
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The	  Science	  Case	  
•  Source	  iden+fica+on	  and	  mul+-‐wavelength	  

astronomy,	  e.g.	  
-  Millisecond	  Pulsars	  
-  γ-‐ray	  emission	  from	  solar	  flares	  

•  Galac+c	  and	  isotropic	  diffuse	  γ-‐ray	  emission	  
•  Indirect	  DM	  search	  (low	  mass	  DM)	  
•  Baryon	  asymmetry	  signature	  in	  diffused	  γ–ray	  

background	  
•  Origin	  and	  accelera+on	  of	  high	  energy	  cosmic	  rays	  
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Source	  iden+fica+on	  

Sub-‐GeV	  sky	  is	  dominated	  by	  diffuse	  –ray	  emission	  
à	  good	  angular	  resolu,on	  to	  iden,fy	  sources	  

Eta	  Carinae	  (binary	  
system)	  seen	  from	  
Fermi	  with	  two	  
different	  angular	  
resolu+on	  (AR)	  

0.1-‐0.5	  GeV	   2-‐300	  GeV	  

Goal:	  PANGU	  AR	  
@0.1-‐0.5	  GeV	  

5	  Courtesy	  of	  X.Wu	  
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Millisecond	  Pulsars	  (MSP)	  
Millisecond	  pulsars	  emission	  peaked	  at	  ~GeV	  

beier	  PSF	  à	  lower	  background	  	  

Fermi	  pulsar	  distribu+on	  affected	  by	  disk	  
contamina+on	  (small	  PSF	  required)	  

γ-‐ray	  observa,ons	  can	  help	  to	  disentangle	  
the	  geometry	  of	  pulsar	  magnetospheres	  and	  
emission	  regions	  

Example	  of	  MSP	  energy	  spectrum	  
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SNR	  and	  Par+cle	  Accelera+on	  

PANGU	  will	  able	  to:	  
•  dis+nguish	  

between	  the	  two	  
scenarios	  
(hadronic	  vs	  
leptonic)	  

•  detect	  more	  SNR	  
(thanks	  to	  a	  good	  
resolu+on)	  

7	  Courtesy	  of	  X.Wu	  



At	  	  ~100	  MeV,	  pair	  produc+on	  dominates	  

•  small	  cross	  sec+on	  à	  more	  material	  
to	  increase	  acceptance	  

•  material	  limi+ng	  factor	  of	  angular	  
resolu+on,	  due	  to	  mul+ple	  scaiering	  
(MS)	  in	  the	  MeV	  energy	  range	  

Detec+on	  principle	  

The	  approach	  for	  PANGU	  is	  to:	  

•  avoid	  the	  MS	  degrada+on	  with	  less	  
material	  between	  consecu+ve	  
measurements	  of	  the	  pair	  

•  increase	  the	  cross	  sec+on	  using	  many	  
layers	  of	  converter	  
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arXiv:	  1311.2059	  [astro-‐ph.IM]	  

Pair-‐conversion	  telescope	  angular	  resolu+on	  
The	  angular	  resolu+on	  of	  a	  pair-‐conversion	  
telescope:	  
-  relies	  on	  the	  reconstruc+on	  of	  the	  photon	  

incident	  angle	  by	  the	  full	  kinema+c	  
measurement	  of	  the	  electron-‐positron	  pair	  
	   	  à	  energy/rigidity	  measurement	  
	   	  à	  direc+on	  (i.e.	  tracking)	  

-  is	  limited	  by	  the	  uncertainty	  on	  the	  
nucleus	  (or	  electron)	  recoil	  energy	  (i.e.	  
“kinema+c	  limit”)	  

-  is	  limited	  by	  the	  Mul+ple	  Scaiering	  
changing	  the	  electron	  and	  positron	  
direc+on	  
	   	  à	  the	  MS	  is	  domina+ng	  aper	  few	  
mX0	  (10	  mX0	  	  for	  900	  MeV	  photons)	  

-  decreases	  as	  the	  energy	  increases	  	  
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Detec+on	  principle:	  Fermi-‐LAT	  

Tungsten	  
layers	  

Silicon	  
sensors	  
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Detec+on	  principle	  

NO	  
Tungsten	  
layers!	  

Silicon	  
sensors	  

11	  



Detec+on	  principle	  

THIN	  
Silicon	  
sensors	  
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Detec+on	  principle:	  PANGU!	  

THIN	  
Silicon	  
sensors	  
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ACD	  

Lower-‐
Tracker	  

PANGU	  Proposed	  Detector	  Layout	  
ü Minimum	  passive	  material	  and	  ac+ve	  

material	  thin	  to	  achieve	  an	  angular	  
resolu+on	  <1°	  

ü Many	  layers	  or	  large	  volume	  to	  increase	  
effec+ve	  area	  

ü  No	  calorimeter,	  to	  keep	  weight	  under	  
100	  kg	  

 

3	  sub-‐system:	  target-‐tracker,	  magnet+lower	  tracker,	  An+-‐Coincidence	  	  
q Target-‐tracker	  (TT):	  50	  Silicon	  layer,	  	  ~40x40x40	  cm3	  

q Magnet	  (M):	  r2=	  26	  cm,	  r1	  =	  25	  cm,	  height	  10	  cm,	  B=	  0.1	  T	  
q Lower	  tracker	  (LT):	  2	  X-‐layers,	  2	  X-‐Y	  layers,	  ~10	  cm	  inter-‐layer	  space	  	  
q An+-‐Coincidence	  Detector	  (ACD)	  on	  5	  sides	  
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PANGU	  telescope	  angular	  resolu+on	  

Geant4	  “fast”	  Monte	  Carlo	  (MC)	  simula+on:	  

•  150	  μm	  Si	  detector;	  

•  242	  μm	  pitch	  
à	  70	  μm	  resolu+on	  simulated	  
(very	  conserva+ve:	  
	   	  35	  μm	  resolu+on	  @	  242	  μm	  
	   	  10	  μm	  resolu+on	  @	  110	  μm	  
easily	  achievable)	  

à	  results	  very	  preliminary	  and	  to	  be	  confirmed	  
with	  a	  dedicated	  and	  reliable	  MC	  
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Acceptance	  is	  small	  for	  a	  <100Kg	  mission,	  
but	  the	  design	  can	  be	  easily	  up-‐scaled	  for	  heavier	  payloads	  



Photon	  energy	  resolu+on	  
bla	  bla	  bla	  
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•  For"normal"incidence"(cos(θ)>0.975),"both"tracks"in"the"lower"tracker"

Raw"width"~20230%"for"100MeV"–"1GeV,"bias"should"be"corrected""""A	  20-‐30%	  resolu+on	  in	  [0.1-‐1]	  GeV	  easily	  reachable	  	  
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Pangu	  Op+miza+on	  and	  eXperimental	  
verifica+on:	  Objec+ves	  

Design	  op+miza+on	  of	  a	  PANGU-‐like	  detector	  
•  detailed	  Monte	  Carlo	  (MC)	  detector	  simula+on	  

Ø minimize	  the	  PSF:	  trade	  off	  between	  high	  detec+on	  efficiency	  
(thick	  tracker	  detector)	  and	  low	  mul+ple	  scaiering	  effects	  (thin	  
tracker	  detector)	  

Experimental	  verifica+on	  of	  a	  PANGU-‐like	  demonstrator	  
•  beam	  test	  with	  tagged	  photons	  

Ø  valida+on	  of	  MC	  simula+on	  with	  a	  demonstrator	  and	  a	  tagged	  
photon	  beam	  	  

Ø  design	  and	  construc+on	  of	  new	  silicon	  tracking	  unit	  with	  
op+mal	  thickness	  

Ø  experimental	  measurement	  of	  the	  “final”	  figures	  of	  merit	  of	  the	  
op+mized	  demonstrator	  
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Available	  resources	  
•  compu+ng	  power	  to	  run	  the	  simula+on	  code	  and	  for	  

the	  data	  analysis	  (UniSS	  and	  INFN-‐UniPG);	  
•  7	  AMS-‐02	  spare	  silicon	  sensors;	  
•  AMS-‐02	  silicon	  detector	  spare	  Front-‐End	  hybrids;	  
•  clean	  room	  with	  equipment	  for	  silicon	  sensors	  

tes+ng	  and	  assembly;	  
•  cylindrical	  permanent	  magnet	  with	  uniform	  B-‐field	  

(0.05T);	  
•  5(+3)	  	  researchers	  +	  3	  technicians	  



One	  of	  the	  “in	  kind”	  
contribu+on	  given	  for	  the	  
project	  is	  cons+tuted	  by	  
several	  spare	  part	  and	  
modules	  built	  for	  the	  
AMS-‐02	  Silicon	  Tracker	  	  	  

AMS-‐02	  microstrip	  silicon	  sensors	  
•  7(+2)	  AMS-‐02	  spare	  

microstrip	  silicon	  sensors	  	  
•  resolu+on:	  10μm/30μm	  
•  size:	  7x[4-‐48]	  cm2	  

•  thickness:	  300μm	  à	  one	  
sensor	  accounts	  for	  0.3%	  X0	  
(i.e.	  3	  mX0	  or	  3mRL)	  

58 CHAPTER 4. THE MICROSTRIP DETECTORS IN THE AMS EXPERIMENT

4.3 The AMS ladder

Feet

Hybrid box (bottom)

K−hybrid

Short Upilex (K6)

S−hybrid

Hybrid box (top)

Long Upilex (K5 / K7)

Shielding support (Airex)

sensors
Silicon

reinforcement
Ladder

Figure 4.2: Structure of an AMS ladder, the electromagnetic shield is not shown here.

A ladder (see fig. 4.2) is composed of an array of 7 to 15 silicon microstrip detectors. The
p-side is facing up and is known as the ladder S-side. The reverse side, corresponding to the
silicon n-side, is called K-side. On the S-side, the strips are daisy chained with micro-wire
bonds, to redirect the signals to the electronics. The final routing is achieved through a short
Upilex cable, connecting the first sensor strips to the S-readout electronics (“S-hybrid”). On
the K-side, a long Upilex cable is glued to redirect the signals to the K-readout electronics
(“K-hybrid”), as the strips are transverse. In total, a ladder provides 1024 readout channels,
640 for the S-side, 384 for the K-side. A reinforcement (see appendix C) made of Airex
foam and carbon fiber is glued on the K-side Upilex: this “spinal column” ensures su�cient
flexibility to sustain the strong vibrations during the shuttle flights, yet maintaining sensor
positions to the required accuracy. The front-end electronics (called hybrids) are protected
by a grounded aluminium box. Aluminium feet to allow fixation of the ladder on the tracker
plane are glued on the reinforcement. An Airex foam spacer (see appendix D) is glued on
the S-side to protect the silicon surface from a metalized Upilex foil wrapped around the
ladder. The role of this foil is twofold: first, connected to the hybrid box it acts as an
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AMS	  “TCrate”:	  
-‐  up	  to	  24	  TDR’s	  (i.e.	  silicon	  

sensors)	  
-‐  up	  to	  ~	  2	  khz	  of	  rate	  
-‐  busy	  management	  
-‐  DAQ	  sw	  already	  implemented	  
-‐  Analysis	  rou+nes	  already	  

implemented	  

AMS-‐02	  DAQ	  

We	  have	  2	  complete	  setups:	  
up	  to	  48	  silicon	  sensors	  

21	  



“AMS-‐like”	  small	  magnet	  

A	  small	  version	  of	  the	  AMS	  magnet	  
was	  built	  and	  used	  in	  few	  BT’s:	  
-‐  18	  cm	  length	  
-‐  14	  cm	  diameter	  
-‐  0.05	  T	  (half	  of	  PANGU	  design)	  
-‐  5	  Kg	  

AMS-01/Magnet 

 1-2 

configuration produced a dipole field of 1.5 kG and a negligible dipole moment1.  In addition, the flux 
leakage2 at a 2-meter distance from the center of the magnet is 3 G.   

Permanent Magnet
(with high grade Nd-Fe-B)
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Figure 1.2: Magnetic field orientation of the AMS-01 magnet.   

 

Before the construction of the full scale magnets, a 1:3 scale magnet was built to confirm and 
measure the field inside the magnet, the dipole moment and the flux leakage.  Then three full scale 
magnets were built:  

(i) the first magnet was used in acceleration and vibration tests for space qualification; 

(ii) the second magnet was the flight magnet; 

(iii) the third magnet was built without glue for NASA safety tests. 

Figure 1.3 shows the dimensions of the AMS-01 flight magnet.  As shown in Figures 1.4 and 1.5, 
these magnets were subjected to a full battery of space qualification testing.   

The third full scale magnet was built because of the lack of knowledge of the glue performance 
over an extended period of time in the space environment.  It was built without using any glue to be tested 
to destruction to ensure that AMS could be returned on the Shuttle to Earth even if the glue completely 
failed while on orbit.   

                                                 
1  The geomagnetic field is 0.5 G on the surface and varies when on orbit.  A strong dipole moment would result in an 

undesirable force on the space shuttle or the space station. 
2  NASA requires the leakage field to be < 300G so as not to interfere with the life support system of the astronauts. 
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The	  PANGU	  spectrometer	  is	  based	  
on	  a	  permanent	  magnet	  designed	  
to	  provide	  	  a	  ~uniform	  field	  similar	  
to	  the	  AMS02	  magnet	  



Tagged	  photon	  beam	  @	  BTF	  
Beam	  Test	  Facility	  @INFN-‐Frasca+	  	  is	  the	  
“natural”	  choice	  for	  the	  experimental	  
verifica+on	  of	  the	  merit	  figures	  of	  the	  
demonstrator.	  
Has	  been	  used	  to	  validate,	  for	  example,	  
AGILE	  

2.1.2. e! multiplicity per bunch
The calibration of the ST should be ideally performed in a

single-photon regime, avoiding simultaneous multi-photon pro-
duction to reproduce the astrophysical conditions. Multi-photon
events should ideally identified and rejected otherwise they will
bias the counting statistics.

On the other hand, bremsstrahlung is a continuous process
and multi-photon generation (with photon energy Eg above a
given threshold) is possible also when a single e! crosses the
target. The fraction of multi-photon events is approximately
proportional to the single-photon emission probability. That
implies the need of a compromise between the photon beam
intensity and the single-photon beam purity.

Considering that the target thickness was constrained by the
availability of the hardware, by the need to guarantee full
detection efficiency of the beam electrons and by the need to
measure electrons twice both in the x and y directions for
studying the beam size and divergence, the only free parameter
is the e! multiplicity per bunch.

Another constraint is the limited time available for the calibra-
tion campaign and the request of calibrating many different ST
geometrical configurations. That puts a lower limit to the required
photon flux and therefore on the e! multiplicity per bunch.

In DAFNE mode with 5 e!/bunch the fraction of multi-photon
events having Eg420 MeV can be estimated to be " 10% by the
formulae in Appendix. This uncertainty is greater than the
accuracy requirement on the effective area measurements. On
the other hands, the DAFNE mode with 1 e!/bunch is consistent
with the accuracy requirements but the time necessary to collect
enough statistics is incompatible with the time available for the
calibration. The ST cross-section for photons with Ego20 MeV is
not negligible and thus the fraction of interacting secondary
photons will be larger than the numbers calculated in Appendix.
Taking into account the above considerations, the best configura-
tion for ST performance and calibration would be with 1 e!/
bunch, but the flux requirement forced to select the configuration
with " 3 e!/bunch.

2.2. The bremsstrahlung target

Photons in the energy range relevant for the ST are produced
by bremsstrahlung of electrons in a target; subsequently a

magnet bends away the electrons while the g-rays can travel
towards the AGILE instrument (see Fig. 3).

The bremsstrahlung target consists of two pairs of silicon
single sided micro-strip detectors of area 8.75#8.75 cm2 and
410 mm thick, each including 768 strips with 114 mm pitch. Only
every other strip is read, so that each target detector has 384
readout channels with 228 mm readout pitch. Each pair measures
separately the x and y coordinates transverse to the beam.
A spatial resolution sr114=

ffiffiffiffiffiffi
12
p

mm" 33 mm is expected; the
cluster size is often limited to one strip and therefore the
resolution is limited by the strip pitch.

The target has two roles: to measure the coordinate and the
direction of the electrons and to cause the emission of brems-
strahlung photons. The target detectors are positioned along the
beam direction between the last focusing magnet (QATB04 in
Fig. 2) and the spectrometer magnet (DHSTB02 in Fig. 2). The x
measuring ones are the first and the third, positioned respectively
at 5.45 cm and 7.20 cm downstream the Be window, while the y
measuring ones are the second and the fourth, positioned respec-
tively 6.45 cm and 8.20 cm downstream the Be window.

At the electron energy most used during calibration,
Ee ¼ 463 MeV, the contribution to beam divergence due to
Coulomb Multiple Scattering in each target detector is evaluated
under the Gaussian approximation from Ref. [11] as " 2:0 mrad.

2.3. The photon tagging system (PTS)

The spectrometer magnet, visible in Figs. 2–4, generates a
dipolar field along the y direction over an angular range of 451. In
between the two magnet poles, there is a pipe made of stainless
steel with rectangular section. It is composed of a straight section
(‘photon pipe’) along which the bremsstrahlung g-rays travel to
the ST and a curved section (‘electron pipe’) defining the trajec-
tory for e!s bent by the magnetic field.

The pipe is hollow with an air filled inner section with size
5.50#3.50 cm2, its wall thickness is 0.35 cm. The magnetic field
in the volume between the poles that includes the ‘’electron pipe’
is assumed constant with strength B¼0.9 T when Ee ¼ 463:0 MeV,
corresponding to a curvature radius R¼172.0 cm.

The equipment for the detection of the e!s that lost energy in
the target was developed and installed inside the spectrometer
magnet by our team: the Photon Tagging System (PTS). It consists
of 12 micro-strip silicon detectors positioned on the internal walls
of the spectrometer magnet (see Figs. 2–4) grouped into two

Fig. 2. The final section of the BTF transfer line including the last spectrometer
magnet DHSTB02.

impact of reduced
momentum electron

BTF e   beam−

Si target

tagging detector

bending magnet

Bremsstrahlung photon
electrons

interacting
non

Fig. 3. A schematic view of the g-ray line: the target, the spectrometer magnet
and the PTS.
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modules of six detectors each, located into two hollow rectan-
gular aluminum boxes few mm thick. In each module, the
detectors are located along a straight segment and therefore
follow only approximately the curved section of the ‘electron
pipe’. The area of each detector is 11.86!2.00 cm2 with thickness
410 mm and is subdivided in 1187 strips with 100 mm pitch. Only
every third strip is read resulting in 384 readout strips per
detector and 4608 in total.

Between each pair of consecutive detectors inside a module,
there is a gap " 6 mm wide that is effectively a dead area.
A larger gap " 2:0 cm wide is present between the two modules
that contributes to the dead area as well. Electronic noise gives a
small contribution compared to the signals from e# amounting to
" 2 keV that is of little relevance for the measurements. Depend-
ing on the energy loss in the target, the electrons impinge on
different strips. The correlation in time between the signals of the
e# in the target and in the PTS tags the photon; the position on
the PTS measures the photon energy.

The trigger for reading out the target and PTS data is given by
the delayed LINAC pre-trigger; it is read out independently from
the ST data. This point has great relevance for the following
analysis.

3. The Monte Carlo simulation

A proper characterization of the BTF requires a careful com-
parison of the data with a detailed Monte Carlo simulation. The
simulation is realized using the GEANT3 package [12]. The
simulation incorporates a description of the electron beam
delivered by the accelerator complex with beam parameters
determined partly from design values and partly from measure-
ments. The number of e# per bunch Ne can be fixed to an integer
value or can follow a Poisson distribution averaged at any real
value Ne.

The material distribution of the bremsstrahlung target and of
the spectrometer is simulated in detail. The target and the pipe
can be simulated in air or in vacuum in various configurations.
The default configuration is the one actually used during data
taking with the target and the pipe in air.

The interactions of electrons and photons are driven by the
GEANT3 routines with the possibilities of switching on and off the
relevant physics processes like Coulomb Multiple Scattering,
bremsstrahlung, Compton scattering, pair creation for all or only

for some of the materials. This option turned out to be very useful
in understanding the behaviour of the BTF/PTS system. The
energy cuts for the e7 and photons are kept at the minimum
allowed by the program (100 keV). A gauge of the quality of these
cuts is the average energy loss of a minimum ionizing particles
crossing a " 400 mm thick silicon layer comparable to a target
detector or a ST layer thickness: it is " 100 keV. This level of
precision is required to simulate spurious hits in the target and in
the ST that can affect the measurement.

The digitization simulation in the silicon micro-strip detectors
is based on a simplified model: the charge released in the volume
below each strip is collected by the strip without accounting for
diffusion and charge trapping. Exploiting the capacitive coupling
[13], the charges collected on all strips are fed into the readout
strips with appropriate coefficients as described in Ref. [3]. The
noise is simulated simply adding a Gaussian distributed charge on
each strip around a cluster; the width is determined by the data
and amount to " 2 keV.

The e# beam is generated inside the last straight section of the
accelerator " 5 cm upstream the target with a beam spot of elliptical
shape with a 2D Gaussian distribution, with angular divergences
perpendicular to the beam generated according two separate
Gaussian distributions and with a Gaussian distributed momentum
spread. The momentum spread is provided by the DAFNE staff,
while the other beam parameters are directly measured.

3.1. The simulated photon beam

The photon beam directed to the ST is simulated through the
interaction of the e# beam with the target. The photon generation is
due to the bremsstrahlung effect and follows Eq. (2) in Appendix. This
formula shows an approximate 1=Eg dependency, that is a power
spectrum with index "#1. More precisely, a fit of Eq. (2) in the
interval 0.05–1.00 with a power spectrum returns an index "#1:2.

The simulated energy spectrum of the most energetic g rays
reaching the ST (but not necessarily interacting with it) is shown
in Fig. 5 with a power spectrum fit returning an index "#1:2 as
expected by the analytical formula. The number of e#s per bunch
is set to Ne¼1 without Poisson fluctuation. The same result is

Fig. 4. Geometry of the spectrometer magnet M drawn in GEANT3 including the
PTS detectors S displayed with an e# (entering from the right) irradiating a g-ray
in the target T and hitting the PTS at P. Photons are represented by dashed (blue)
lines and electrons by solid (red) lines. In this event the g-ray energy is " 75 MeV.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Spectrum of the g-ray beam reaching the ST fit with a power law a=Eb.
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BTF	  offers:	  
•  tagged	  photon	  beam;	  
•  photons	  produced	  by	  brems	  in	  30-‐750	  MeV	  range;	  
•  tunable	  photon	  mul+plicity;	  
•  par+ally	  polarized	  beam	  (s+ll	  to	  be	  confirmed);	   23	  



Project	  phases	  
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MC	  development	  (phase	  1)	  
A	  reliable	  custom	  MC	  
so&ware	  (based	  on	  Geant4)	  
will	  be	  developed	  during	  the	  
phase	  1	  of	  the	  project.	  	  
The	  sw	  will	  allow	  to:	  
•  simulate	  the	  physical	  

process	  
•  predict	  the	  figures	  of	  merit	  

of	  the	  detector	  
o  angular	  resolu+on	  
o  polariza+on	  

measurement	  capability	  
o  energy	  resolu+on	  

à	  this	  will	  allow	  to	  “plug”	  different	  detector	  geometries	  and,	  moreover,	  
sensor	  thickness	  to	  improve	  the	  design	   25	  



Beam	  Test	  (phase	  2)	  

•  last	  4	  silicon	  sensors	  are	  needed	  for	  the	  spectrometer	  
•  pair-‐conversion	  can	  happen	  in	  any	  of	  the	  previous	  silicon	  sensors	  (3	  guaranteed,	  5	  possible)	  
•  the	  “true”	  incidence	  angle	  of	  the	  photon	  can	  be	  known	  with	  1mrad	  accuracy	  if	  the	  beam	  pipe	  

window	  is	  ~	  cm,	  at	  10m	  distance	  (if	  unknown	  divergence!)	  

γ	   e+	  

e-‐	  

“target”	  

scin+llator
with	  hole	  
(as	  veto)	  

AMS	  spare	  silicon	  sensors	  

scin+llator	  
(as	  trigger)	  spectrometer	  

beam
pipe	  

calorimeter	  
(if	  availaible)	  
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MC	  valida+on	  thickness	  op+miza+on	  (phase	  3)	  

Aper	  the	  analysis	  of	  the	  data	  
collected	  at	  the	  Beam	  Test:	  
	  
•  the	  MC	  sw	  is	  validated;	  

•  any	  discrepancy	  between	  
real	  data	  and	  simula+on	  are	  
understood	  and	  tuned.	  

à  the	  MC	  sw	  is	  reliable;	  

à we	  can	  “play”	  with	  the	  
thickness	  of	  the	  sensors	  
and	  the	  detector	  geometry	  
to	  op+mize	  the	  layout.	  

27	  



•  ???	  μm	  
•  9.5*9.5	  cm2	  

•  640	  (S),	  640	  (K)	  canali	  
•  pitch	  150	  μm	  (S),	  150	  μm	  (K)	  
•  resolu+on	  15	  μm	  (S),	  20	  μm	  (K)	  
•  no	  mul+plicity	  

New	  silicon	  sensors	  to	  be	  built	  (phase	  4)	  

Once	  the	  op+mal	  “thickness”	  has	  been	  
determined,	  we	  plan	  to	  build	  new	  microstrip	  
silicon	  sensors:	  
•  the	  silicon	  batch	  produc+on	  at	  the	  foundry	  has	  a	  

fixed	  cost	  à	  10	  sensors	  is	  the	  minimum	  number	  
•  10	  square	  sensors,	  with	  ~	  150	  μm	  pitch,	  require	  

200	  VA’s	  	  
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4.7 The Tracker Front End electronics: the hybrids

Two separate boards are used to read out the ladder, one for each side. The S-side board
reads 640 channels, while the K-side reads out 384 channels. The main hybrid structure is
the same on both sides: the first stage is composed of decoupling capacitor chips (RCAMS),
the second stage is composed of the preamplifier/shapers, the VA64_hdr9a. The VA control
sequences are driven by the HCC chip, and the output signals are amplified by AD8052
operational amplifiers. Additionally, the K-hybrid is equipped with a DS1820 temperature
sensor, with a unique serial number, which identifies the ladder. Further components involved
in the ladder bias are described in section 4.8. See appendix A for more information about
the hybrids.

HCC

AD8052

DS1820

RCAMS

VA

Figure 4.13: AMS-02 hybrids: K-side on the left, S-side on the right.

4.7.1 The RCAMS

The RCAMS, produced by Colibrys, is composed of 64 capacitors, each with a typical ca-
pacitance of 725 pF. An additional line, the bias, is available to transmit the bias voltage to
the silicon detectors. The designs for AMS-01 and AMS-02 present di↵erences. The AMS-01
capacitors chip was based on the models used for the ALEPH [37] and L3 [50] experiments
at LEP. The schematic design is presented in figure 4.14. The double Zener diodes protect
the capacitor from heavy charge release which may occur in case of beam loss [50]. The
diodes become conductive, thus avoiding that the charge accumulates on the capacitors and
eventually damages them.

In AMS-02, the RCAMS design has been simplified: as the detector is not exposed to an
intense particle beam, it was decided to suppress the protection diodes. The motivation to
simplify the design was to decrease the risk of having defective capacitor channels, due to a
too low diode conductive threshold voltage, thus hindering the signal to reach the VA input.

4.7.2 The VA preamplifier

The VA, produced by IDEAS, a Norwegian company, exists in versions with di↵erent number
of input channels and various gains. The VA design is originally based on the VIKING design

28	  

Preamplifier-‐
shaper	  ASICs,	  VA	  
Each	  VA	  reads	  64	  
micro-‐strips	  

à	  the	  important	  costs	  to	  be	  sustained	  for	  the	  
project	  are:	  
•  the	  batch	  produc+on	  of	  the	  10	  silicon	  sensors	  

(not	  func+on	  of	  their	  number)	  
•  the	  200	  VA’s	  to	  be	  bought	  



Beam	  Test	  (phase	  5)	  

•  last	  4	  silicon	  sensors	  are	  needed	  for	  the	  spectrometer	  
•  pair-‐conversion	  can	  happen	  in	  any	  of	  the	  previous	  silicon	  sensors	  (10	  new	  “thin”,	  to	  be	  built)	  
•  the	  “true”	  incidence	  angle	  of	  the	  photon	  can	  be	  known	  with	  1mrad	  accuracy	  if	  the	  beam	  

pipe	  window	  is	  ~	  cm,	  at	  10m	  distance	  

γ	   e+	  

e-‐	  

scin+llator
with	  hole	  
(as	  veto)	  

new	  “thin”	  silicon	  detectors	  
(10	  to	  be	  built)	  

scin+llator	  
(as	  trigger)	  

beam
pipe	  

calorimeter	  
(if	  availaible)	  
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MC	  finaliza+on	  and	  release	  (phase	  6)	  
Aper	  the	  analysis	  of	  the	  data	  
of	  the	  second	  Beam	  Test:	  
	  
•  the	  MC	  sw	  is	  completely	  

validated;	  

•  the	  PANGU	  measurement	  
technique	  has	  been	  
proven;	  

à we	  can	  “release”	  the	  MC	  
sw;	  

	  
à we	  can	  “play”	  with	  the	  

detector	  geometry	  to	  
“tailor”	  it	  to	  respond	  to	  
par+cular	  call	  for	  missions;	   30	  



Work	  Package	  Organiza+on	  
WP1:	  Project	  Management	  –	  UniSS,	  UniPG-‐INFN	  

WP1.1	  Organiza+on	  of	  periodic	  Collabora+on	  Mee+ng	  

WP1.2	  Prepara+on	  of	  reports	  and	  documenta+on	  for	  report	  mee+ng	  to	  
INAF/ASI	  

WP1.3	  Monitoring	  of	  project	  status	  

WP1.4	  Management	  of	  problems	  and	  opportunity	  	  	  
WP2:	  Detector	  Simula+on	  and	  data	  analysis	  -‐	  UniSS,	  UniPG-‐INFN	  

WP2.1	  Implementa+on	  of	  demonstrator	  	  	  

WP2.2	  Characteriza+on	  of	  detector	  unit	  

WP2.3	  Valida+on	  of	  MC	  simula+on	  with	  test	  beam	  data	  
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Working	  Package	  Organiza+on	  
WP3:	  Test	  beam	  ac+vity	  –	  UniPG-‐INFN,	  UniSS	  

WP3.1	  Assembly	  of	  detectors	  for	  the	  beam	  test	  

WP3.2	  Equipment	  shipping	  

WP3.3	  Beam	  test	  campaign	  management	  	  
WP4:	  Design	  and	  construc+on	  of	  a	  new	  prototype	  –	  UniPG-‐INFN,	  

UniSS	  
WP4.1	  Design	  of	  new	  detector	  unit	  

WP4.2	  Construc+on	  of	  new	  detector	  unit	  

WP4.3	  Test	  of	  new	  detector	  unit	  

WP5:	  Result	  dissemina+on	  –	  UniSS,	  UniPG-‐INFN	  
WP5.1	  Publica+on	  on	  interna+onal	  scien+fic	  journals	  

WP5.2	  Presenta+on	  of	  results	  and	  deliverables	  to	  Interna+onal	  
Conferences	  and	  Workshops	  
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Project	  +me	  evolu+on	  
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Costs	  
q Personnel	  (1	  fellowship	  +	  1	  post-‐graduated	  grant)	   	   	   	  	  32k€	  	  
q 2	  laptops	  +	  2	  worksta+ons 	   	   	   	  	   	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  7k€	  
q Microstrip	  Si	  sensor	  produc+on	  (10	  sensors)	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  50k€	  
q ASIC	  VA	  for	  front-‐end	  electronics	  (200	  VA) 	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  30k€	  	  
q Mechanics	  and	  consumable	  for	  test	  beam	  campaign	  	  	  	  	  	  	  	  	  	  	  	  	  10k€	  
q Travels	  for	  test	  beam	  campaigns 	   	   	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  20k€	  
q Travels	  for	  Collabora+on/report	  mee+ngs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.8k€	  
q Conference	  par+cipa+on 	   	   	   	   	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10k€	  
	  

	   	   	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  Total	  	  	  	  	  	  	  163.8k€
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Deliverables	  
•  reliable	  MC	  tool	  to	  simulate	  the	  physical	  process	  and	  

the	  detector	  layout;	  
•  10	  complete	  sensor	  prototypes	  with	  op+mal	  

thickness;	  
•  PANGU-‐like	  demonstrator	  and	  test	  “infrastructure”	  

for	  the	  experimental	  verifica+on	  (mechanical	  
structures,	  front-‐end	  electronics,	  DAQ	  system,	  data	  
handling	  and	  first	  data	  analysis)	  	  	  

•  dissemina+on:	  publica+ons	  on	  interna+onal	  referred	  
journals	  and	  contribu+on	  at	  interna+onal	  
conferences	  
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We	  can	  “copy	  and	  paste”	  the	  AMS-‐02	  Front	  End	  circuit:	  
•  preamplifier-‐shaper	  ASICs,	  VA	  (this	  is	  the	  expensive	  part	  of	  the	  hybrid).	  Each	  VA	  

reads	  64	  micro-‐strips;	  
•  VA	  digital	  control	  sequence	  circuit,	  HCC;	  
•  doupling	  capacitor	  pad,	  RCAMS	  (can	  be	  easily	  removed	  is	  silicon	  already	  in	  DC);	  
•  opera+onal	  amplifier	  to	  send	  a	  differen+al	  signal	  to	  the	  ADC	  board	  (TDR),	  AD8052;	  
•  a	  temperature	  sensor,	  DS1820;	  
•  two	  versions:	  ”grounded”	  for	  the	  junc+on	  side	  and	  “floa+ng”	  the	  ohmic,	  biased,	  

side.	  Up	  to	  10	  VA’s	  per	  side;	  

Junc+on	  side	  
(silicon	  side,	  S)	  

Ohmic	  side	  
(kapton	  side,	  K)	  

AMS-‐02	  Front	  End	  (“hybrids”)	  

4.7. THE TRACKER FRONT END ELECTRONICS: THE HYBRIDS 67

4.7 The Tracker Front End electronics: the hybrids

Two separate boards are used to read out the ladder, one for each side. The S-side board
reads 640 channels, while the K-side reads out 384 channels. The main hybrid structure is
the same on both sides: the first stage is composed of decoupling capacitor chips (RCAMS),
the second stage is composed of the preamplifier/shapers, the VA64_hdr9a. The VA control
sequences are driven by the HCC chip, and the output signals are amplified by AD8052
operational amplifiers. Additionally, the K-hybrid is equipped with a DS1820 temperature
sensor, with a unique serial number, which identifies the ladder. Further components involved
in the ladder bias are described in section 4.8. See appendix A for more information about
the hybrids.

HCC

AD8052

DS1820

RCAMS

VA

Figure 4.13: AMS-02 hybrids: K-side on the left, S-side on the right.

4.7.1 The RCAMS

The RCAMS, produced by Colibrys, is composed of 64 capacitors, each with a typical ca-
pacitance of 725 pF. An additional line, the bias, is available to transmit the bias voltage to
the silicon detectors. The designs for AMS-01 and AMS-02 present di↵erences. The AMS-01
capacitors chip was based on the models used for the ALEPH [37] and L3 [50] experiments
at LEP. The schematic design is presented in figure 4.14. The double Zener diodes protect
the capacitor from heavy charge release which may occur in case of beam loss [50]. The
diodes become conductive, thus avoiding that the charge accumulates on the capacitors and
eventually damages them.

In AMS-02, the RCAMS design has been simplified: as the detector is not exposed to an
intense particle beam, it was decided to suppress the protection diodes. The motivation to
simplify the design was to decrease the risk of having defective capacitor channels, due to a
too low diode conductive threshold voltage, thus hindering the signal to reach the VA input.

4.7.2 The VA preamplifier

The VA, produced by IDEAS, a Norwegian company, exists in versions with di↵erent number
of input channels and various gains. The VA design is originally based on the VIKING design
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“AMS”:	  
•  300	  μm	  
•  7*48	  cm2	  

•  640	  (S),	  384	  (K)	  canali	  
•  pitch	  110	  μm	  (S),	  208	  μm	  (K)	  
•  resolu+on	  10	  μm	  (S),	  30	  μm	  (K)	  
•  mul+plicity	  on	  Kapton	  side	  

64 CHAPTER 4. THE MICROSTRIP DETECTORS IN THE AMS EXPERIMENT

4.5 K5 and K7 Upilex cables (K-side)

The cables are made of a 50µm thick Upilex foil. The strips used to transmit the signals are
composed of a 1.5 µm thick gold layer covered by a 5 µm thick copper layer. The standard
cable version (K5), used for internal layer ladders, is schematically shown in figure 4.11, a
simplified representation is shown in figure 4.9. The 192 readout strips of sensors 1, 3, 5, 7, ...
are daisy chained, and correspond to the VA preamplifiers (see section 4.7.2) 1 to 3 (channels
1 to 192). The 192 readout strips of sensors 2, 4, 6, 8, ... are daisy chained and correspond
to VA preamplifiers 4 to 6 (channels 193 to 384). The cable thus reduces the n · 384 strips to
2 · 192 readout channels. Table 4.3 describes the relation between the readout channels and
the silicon readout strips.

Channel Strip

1 and 193 384

2 and 194 382

3 and 195 380

.

.

.

.

.

.

191 and 383 4

192 and 384 1

Table 4.3: K-side strip and channel classification. Channels 1 to 192 correspond to odd
position sensors, channels 193 to 384 correspond to even position sensors.

To electronics

Figure 4.9: The way K5 Upilex chains the silicon strips on the K-side; for clarity, only one
group is shown bonded.

The n-strip signal routing is more elaborate for the outer layer ladders: the K7 design
(figure 4.12) mixes strips of neighbouring sensors using two di↵erent Upilex strip pitches.
The 384 readout channels are divided in 12 groups of 32 channels. As shown in figure 4.12,
the sensor n-strips are divided in 7 groups of 32 strips. As an example, consider sensors 1
and 2. With such a bonding scheme, to readout the detection surface of both sensors, the
strip groups 6 and 7 of sensor 2 are connected to channel groups 1 and 2. K5/7 Upilex
dimesions are described in appendix B.2. The bonding scheme of the K7 Upilex is described
in appendix E.3.

AMS-‐02	  spare	  sensors	  

Being	  “long”	  (at	  least	  in	  one	  
coordinate)	  they	  can	  cover	  a	  
large	  angle	  even	  if	  posi+oned	  
far,	  to	  increase	  the	  lever	  arm.	  
To	  be	  used	  to	  the	  “external”	  
telescope.	  

We	  have	  2	  sensors	  of	  
this	  kind.	  
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“AMS-‐short”:	  
•  300	  μm	  
•  7*16	  cm2	  

•  640	  (S),	  384	  (K)	  canali	  
•  pitch	  110	  μm	  (S),	  208	  μm	  (K)	  
•  resolu+on	  10	  μm	  (S),	  30	  μm	  (K)	  
•  mul+plicity	  on	  Kapton	  side	  

64 CHAPTER 4. THE MICROSTRIP DETECTORS IN THE AMS EXPERIMENT

4.5 K5 and K7 Upilex cables (K-side)

The cables are made of a 50µm thick Upilex foil. The strips used to transmit the signals are
composed of a 1.5 µm thick gold layer covered by a 5 µm thick copper layer. The standard
cable version (K5), used for internal layer ladders, is schematically shown in figure 4.11, a
simplified representation is shown in figure 4.9. The 192 readout strips of sensors 1, 3, 5, 7, ...
are daisy chained, and correspond to the VA preamplifiers (see section 4.7.2) 1 to 3 (channels
1 to 192). The 192 readout strips of sensors 2, 4, 6, 8, ... are daisy chained and correspond
to VA preamplifiers 4 to 6 (channels 193 to 384). The cable thus reduces the n · 384 strips to
2 · 192 readout channels. Table 4.3 describes the relation between the readout channels and
the silicon readout strips.

Channel Strip

1 and 193 384

2 and 194 382

3 and 195 380

.

.

.

.

.

.

191 and 383 4

192 and 384 1

Table 4.3: K-side strip and channel classification. Channels 1 to 192 correspond to odd
position sensors, channels 193 to 384 correspond to even position sensors.

To electronics

Figure 4.9: The way K5 Upilex chains the silicon strips on the K-side; for clarity, only one
group is shown bonded.

The n-strip signal routing is more elaborate for the outer layer ladders: the K7 design
(figure 4.12) mixes strips of neighbouring sensors using two di↵erent Upilex strip pitches.
The 384 readout channels are divided in 12 groups of 32 channels. As shown in figure 4.12,
the sensor n-strips are divided in 7 groups of 32 strips. As an example, consider sensors 1
and 2. With such a bonding scheme, to readout the detection surface of both sensors, the
strip groups 6 and 7 of sensor 2 are connected to channel groups 1 and 2. K5/7 Upilex
dimesions are described in appendix B.2. The bonding scheme of the K7 Upilex is described
in appendix E.3.

AMS-‐02	  spare	  sensors	  

These	  sensors	  are	  smaller	  
than	  the	  previous	  one,	  but	  
s+ll	  cover	  a	  large	  angle.	  
Can	  be	  used	  for	  the	  external	  
telescope	  or	  under	  test	  in	  
phase	  1.	  

We	  have	  3	  sensors	  of	  
this	  kind.	  
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“AMS-‐mini”:	  
•  300	  μm	  
•  7*4	  cm2	  

•  640	  (S),	  384	  (K)	  canali	  
•  pitch	  110	  μm	  (S),	  104	  μm	  (K)	  
•  resolu+on	  10	  μm	  (S),	  15	  μm	  (K)	  
•  no	  mul+plicity	  

AMS-‐02	  spare	  sensors	  
We	  have	  2	  sensors	  of	  this	  kind,	  

but	  we	  have	  the	  material	  to	  
build	  another	  1	  or	  2	  	  

These	  sensors	  are	  small,	  so	  cannot	  be	  used	  
far	  from	  the	  detector	  under	  test.	  
They	  are	  more	  accurate	  w.r.t.	  the	  previous	  
one	  so	  can	  improve	  the	  overall	  telescope	  
resolu+on.	  
They	  can	  be	  the	  detectors	  under	  test	  in	  
phase	  1.	  
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Beam	  Test	  (phase	  2)	  
•  distance	  between	  two	  sensors	  of	  the	  “tracker-‐converter”:	  

	  
	   	  30μm/3cm	  =	  1μm/1mm	  =	  10-‐3	  à	  1	  mrad	  
	  

•  spectrometer	  resolu+on	  with	  1	  GeV	  photons	  (à	  500	  MeV	  of	  e+/-‐),	  0.2m	  lever	  arm	  and	  
10cm	  distance	  between	  the	  two	  sensor	  of	  each	  pair,	  0.05T	  magne+c	  field	  and	  15μm	  spa+al	  
resolu+on:	  
	  
	   	  σp/p	  =	  p(GeV)/(0.3	  B(T)	  L(m))	  2	  σx/d	  =	  
	  
	   	  (5*102*10-‐3	  GeV)	  /	  (0.3*0.05T*0.2m)	  *	  (2*15*10-‐6m	  /	  10-‐1m)	  =	  
	  
	   	  5*102*10-‐3*3*10*10-‐6	  /	  3*10-‐1*5*10-‐2*2*10-‐1*10-‐1	  =	  10-‐6	  /	  2*10-‐5	  =	  ½*10-‐1	  =	  =	  
0.5*10-‐1	  =	  5*10-‐2	  =	  5%	  =	  σp/p	  

•  300m	  of	  air	  =	  1X0	  à	  3m	  or	  air	  =	  1%X0	  (i.e.	  ~	  3	  silicon	  detectors	  300μm	  thick),	  so	  10	  mRL	  
that	  on	  the	  AdEPT	  is	  indicated	  as	  the	  limit	  to	  not	  to	  be	  dominated	  by	  MS.	  
3m	  of	  air	  is	  >	  than	  the	  total	  experimental	  setup	  lenght	  (only	  the	  air	  between	  two	  
consecu+ve	  measurements	  really	  maiers)	   42	  



Angular"resolu-on"at"100"MeV"

19"CAS&ESA"workshop,"25&26/02/14"Xin"Wu"

NIMA 701, 225-230   

•  Angular"resolu-on"contribu-ons"

–  Nuclear"recoil"introduce"~0.3°"on"angular"resolu-on"@100"MeV"

–  Reconstruc-on"of"the"pair"(energy"measurement)"

•  Best"if"energy"of"both"tracks"can"be"measure"

•  If"not"normally"use"the"direc-on"of"the"leading"(longest"and"
straightest)"track"

–  Extra"error"θ68"of"~0.65°"@"100"MeV"

–  Track"angular"resolu-on"
•  Mul-ple"sca^ering:"For"θMS"=""0.5°"@70"MeV,"total"material"
between"2"measurements"should"be"less"than"0.33%"X0!"

–  310µm"Si,"1.3mm"Fiber,"5.1cm"Xe"gas"

•  Tracker"nominal"resolu-on:"√2σx/d"="1.35°"for"σx=100µm,"d=6mm"

–  Final"resolu-on"can"approach"1.15×θMS"when"using"many"(~6)"
measurement"points"

"

γ$ e+ 

e− 
nucleus/e− 

Angular	  resolu+on	  
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Polariza+on	  capability	  and	  MS	  effect	  	  

  5 

Energy range  ~5 to ~200 MeV 
Energy resolution  ~30% ∆E/E (FWHM) at ~70 MeV 

Angular resolution  < 1° at 70 MeV 

Continuum sensitivity×E2  ~3×10-5 MeV cm-2 s-1  
Minimum detectable polarization  ~10% for 10 mCrab in 106 s  

(asymmetry factor, λ = 0.15)  
In the following, we show that a medium energy gamma-ray telescope meeting these angular 

resolution and polarization sensitivity requirements can be developed and describe the design of 

the Advanced Energetic Pair Telescope (AdEPT)2 the telescope presently being developed using 

the Three-Dimensional Track Imager (3-DTI) technology developed at Goddard Space Flight 

Center (GSFC).  In the following sections we describe the advantages of the 3-DTI gas detector 

technology and the predicted performance of AdEPT.  

4. Advantages of a Gas Detector for a Pair Production Telescope 

The design of all pair production space telescopes to date, SAS-2 [22], COS-B [23], EGRET 

[24], AGILE [1], and Fermi-LAT [2] have utilized an electron tracking hodoscope consisting of 

a stack of electron tracking detectors interleaved with metal foils, each typically 

~20 milliradiation lengths (mRL) thick, positioned above a calorimeter. SAS-2, COS-B and 

EGRET utilized two-dimensional gas spark chambers whereas AGILE and Fermi/LAT have 

taken advantage of silicon-strip detectors (SSD).  The multiple layers of high-Z metal foils 

(totaling about 500 mRL) provide substantial material for high interaction probability and large 

effective area, however, they also contribute to multiple Coulomb scattering (MCS) which 

degrades the accuracy with which the electron and positron directions emanating from the pair 

vertex can be determined.  Kryshkin, Sterligov, & Usov [25] determined that these directions for 

high energy (900 MeV) gamma rays, which form the basis of gamma-ray direction and 

polarization determination, are dominated by MCS after traversing about 10 mRL of material.  

The maximum material thickness would be even less for lower energy gamma rays. 

In low-Z material, ! ≲ 30, gamma rays with energy below ~10 MeV, are more likely to interact 

via Compton scattering than pair production, however, the intrinsic modulation factor of 

polarized gamma rays interacting via pair production is higher above ~2 MeV, compared to 

Compton scattering and photo-electric absorption [26].  Thus, we are motivated to reduce the 

                                                 

2 A list of less common acronyms is given at the end this paper. 

  6 

effective minimum energy of a pair telescope towards the threshold energy, to take advantage of 

the higher modulation factor.  This requires that the direction of the electron and positron 

emanating from the pair vertex, which forms the basis of the gamma-ray direction and 

polarization determination, be measured in less than ~10 mRL of material after which their 

directions are dominated by multiple Coulomb scattering (MCS) [25].   

In the remainder of this section we give a detailed calculation that corroborates the conclusion 

that a low density, less than ~5 mg/cm3, track imager is required to achieve the AdEPT 

performance.  

4.1 Electron track measurement constraint  

Achieving high angular resolution and the lowest possible minimum detectable polarization 

(MDP) requires a new approach to reduce the density of the conversion and scattering material 

per track measurement interval in the hodoscope.  The density per measurement interval 

(measurement density) of a hodoscope with interleaved foils can be reduced by decreasing the 

thickness of the conversion material or increasing the separation between the measurement 

layers.   

The concept of reducing the thickness of the converter material in a gamma-ray telescope to 

improve the medium-energy sensitivity was recognized by Kniffen, et al. [27].  They achieved 

nearly an order of magnitude increase in sensitivity at 20 MeV by replacing the lead conversion 

foils in a gas spark-chamber telescope, used previously for high-energy gamma-ray observation 

[28], with aluminum foils.  More recently, several pair telescopes have been proposed without 

conversion foils, i.e. the conversion material is the SSDs of the track imager. Proposed 

applications of this concept are MEGA [29], TIGRE [30], and a GLAST/LAT modification [31].   

The AdEPT gamma-ray telescope concept (Table 3) takes advantage of a gaseous medium to 

provide a homogenous tracking detector to achieve nearly continuous measurements of the 

electron and positron tracks from pair production.  The optimal fit formulas derived by Innes 

[32] for estimating the tracing parameter error matrix in the case of a homogenous detector with 

many layers, can be used to estimate the AdEPT angular resolution and place an upper limit on 

the gamma-ray convertor density.   

Innes describes the projection of a nearly straight track onto the plane perpendicular to the 
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γ-‐ray	  Emission	  from	  Solar	  Flares	  
LAT	  1	  day	  all	  sky	  data	  >	  100	  MeV	  

Bad	  PSF,	  Sun	  cannot	  be	  resolved	  
à	  	  no	  informa+on	  on	  accelera+on	  site	  

PANGU	  will	  resolve	  the	  flare	  in	  γ-‐ray	  
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Low	  Mass	  Dark	  Maier	  Search	  

Fermi	  γ-‐ray	  search	   IceCube	  neutrino	  search	  

Direct	  detec+on	  search	   Collider	  DM	  search	  

No	  missions	  are	  sensi,ve	  in	  the	  PANGU’s	  energy	  range	  	  
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Blazars	  and	  UHECR	  Origin	  
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48	  35"X."Wu/J."Chang"

PSF"Comparison"with"Fermi""

PANGU:"both"tracks"in"spectrometer"
PANGU:"both"tracks"in"target"

CAS0ESA"workshop,"23024/09/14"

PSF	  



PSF	  vs	  Angle	  

Energy [MeV]
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incidence angle

0° - 12.8
22.3° - 25.8°
43.5° - 45.6°

68% PSF
incidence angle

Both tracks in spectrometer

40"X."Wu/J."Chang"

Point"Spread"Func-ons"vs"Incidence"

Both"tracks"in"spectrometer""""
CAS0ESA"workshop,"23024/09/14"
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68% PSF
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Both tracks in target

39"X."Wu/J."Chang"

Point"Spread"Func-ons"vs"Incidence"

Both"tracks"in"target""""
CAS0ESA"workshop,"23024/09/14"
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Polariza+on	  measurement	  
bla	  bla	  bla	  

Polarisa-on"Measurement"

32"CAS&ESA"workshop,"25&26/02/14"Xin"Wu"

•  Azimuthal"angle"distribu-on"in"the"plane"perpendicular"to"the"γ"direc-on"
–  Pγ:"degree"of"polarisa-on;"φpol:"polarisa-on"direc-on"
–  A:"Analyzing"power,"average"~0.2"for"pair"produc-on"(kinema-c"

dependent)"

dσ dϕ = 2πσ 0 1+Pγ ⋅A ⋅cos(2ϕ − 2ϕ pol )( )

•  Key"to"the"measurement"
–  Azimuthal"angular"resolu-on:"opening"angle"and"momentum"
–  Anisotropy"of"the"detector!"

Polarisa-on"Measurement"

32"CAS&ESA"workshop,"25&26/02/14"Xin"Wu"

•  Azimuthal"angle"distribu-on"in"the"plane"perpendicular"to"the"γ"direc-on"
–  Pγ:"degree"of"polarisa-on;"φpol:"polarisa-on"direc-on"
–  A:"Analyzing"power,"average"~0.2"for"pair"produc-on"(kinema-c"

dependent)"

dσ dϕ = 2πσ 0 1+Pγ ⋅A ⋅cos(2ϕ − 2ϕ pol )( )

•  Key"to"the"measurement"
–  Azimuthal"angular"resolu-on:"opening"angle"and"momentum"
–  Anisotropy"of"the"detector!"

Polarisa-on"Measurement"

32"CAS&ESA"workshop,"25&26/02/14"Xin"Wu"

•  Azimuthal"angle"distribu-on"in"the"plane"perpendicular"to"the"γ"direc-on"
–  Pγ:"degree"of"polarisa-on;"φpol:"polarisa-on"direc-on"
–  A:"Analyzing"power,"average"~0.2"for"pair"produc-on"(kinema-c"

dependent)"

dσ dϕ = 2πσ 0 1+Pγ ⋅A ⋅cos(2ϕ − 2ϕ pol )( )

•  Key"to"the"measurement"
–  Azimuthal"angular"resolu-on:"opening"angle"and"momentum"
–  Anisotropy"of"the"detector!"

The	  key	  merit	  figures	  that	  
allow	  the	  polariza+on	  
measurements	  are:	  

-‐  the	  angular	  resolu+on	  
-‐  the	  “uniformity”	  of	  the	  

detector	  
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Expected	  polariza+on	  capabili+es	  

[Deg]
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q
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Fr
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0
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0.02

0.03

0.04

0.05

0.06

0.07

true
reco

Modulated input
° = 0poleA = 0.5, aP

° = 0e100 MeV Photon, 

Polarisa-on"Detec-on"Capability"

34"CAS&ESA"workshop,"25&26/02/14"Xin"Wu"

•  Possibility"to"detect"polarisa-on"
•  Further"studies"needed"""

–  Need"reliable"simula-on"code"for"
polarised"pair"produc-on"
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Modulated input
° = 30poleA = 0.2, aP

° = 0e100 MeV Photon, 

[Deg]
electron

q
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Fr
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tio
n

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

true
reco

Modulated input
° = 30poleA = 0.1, aP

° = 0e100 MeV Photon, 

PγA"="0.5"" PγA"="0.2""

PγA"="0.1""

Input"φ"distribu-on"
modulated"with"fixed"PgA""""Also	  the	  response	  to	  a	  polarized	  “beam”	  
has	  been	  simulated:	  
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[Deg]
lead
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γA = 0.0, 69kγP
γA = 0.1, 63kγP
γA = 0.2, 58kγP
γA = 0.5, 46kγP

Modulated input
° = 0polθ

No bias subtraction

° = 0θ100 MeV, incidence angle 
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No bias subtraction

° = 0θ100 MeV, incidence angle 
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Modulated input
° = 0polθ

No bias subtraction

° = 0θ1000 MeV, incidence angle 



Beam	  Test	  (phase	  2)	  

•  last	  4	  silicon	  sensors	  are	  needed	  for	  the	  spectrometer	  
•  pair-‐conversion	  can	  happen	  in	  any	  of	  the	  previous	  silicon	  sensors	  (3	  guaranteed,	  5	  possible)	  
•  the	  “true”	  incidence	  angle	  of	  the	  photon	  can	  be	  known	  with	  1mrad	  accuracy	  if	  the	  beam	  pipe	  

window	  is	  ~	  cm,	  at	  10m	  distance	  (if	  unknown	  divergence!)	  

γ	   e+	  

e-‐	  

	  	  	  	  	  	  	  	  	  >1cm	  	  	  	  	  	  	  	  
for	  O(mrad)	  
accuracy	  

scin+llator
with	  hole	  
(as	  veto)	  

“AMS	  mini”	  silicon	  detectors	  
(2	  already	  available	  +	  2	  to	  be	  

built	  “in	  kind”)	  

“AMS	  short”	  silicon	  detectors	  
(3	  already	  available)	  

“AMS	  long”	  silicon	  detectors	  
(2	  already	  available)	  

scin+llator	  
(as	  trigger)	  >10cm+20cm+10cm	  

for	  5%	  σp/p	  accuracy	  

>10m	  for	  1	  cm	  beam	  
pipe	  window	  for	  

O(mrad)	  
accuracy	  

beam
pipe	  

calorimeter	  
(if	  availaible)	  
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