
Extrac'ng	  informa'on	  from	  
	  par'ally	  depleted	  Si	  detectors	  with	  

digital	  sampling	  electronics	  
G.Pastore1,2,	  G.Pasquali1,2,	  N.Le	  Neindre3,	  G.Ademard4,	  S.Barlini1,2,	  M.Bini1,2,	  E.Bonnet5,	  B.Borderie4,	  R.Bougault3,	  G.Casini2,	  A.Chbihi5,	  

M.Cinausero6,	  J.A.Dueñas7,	  P.Edelbruck4,	  J.D.Frankland5,	  F.Gramegna6,	  D.Gruyer5,	  A.Kordyasz8,	  T.Kozik9,	  O.Lopez3,	  T.Marchi6,	  L.Morelli10,	  
A.Olmi2,	  A.Ordine11,	  M.Pârlog3,12,	  S.Piantelli2,	  G.Poggi1,2,	  M.F.Rivet4,	  E.Rosato11,13,	  F.Salomon4,	  G.Spadaccini11,13,	  A.A.Stefanini1,2,	  S.Valdrè1,2,	  

E.Vient3,	  T.Twaróg9,	  R.Alba14,	  C.Maiolino14,	  and	  D.Santonocito14	  
1Dipar'mento	  di	  Fisica,	  Università	  di	  Firenze,	  Italy	  
2INFN,	  Sezione	  di	  Firenze,	  Italy	  
3LPC,	  IN2P3-‐CNRS,	  ENSICAEN	  et	  Université	  de	  Caen,	  France	  
4Ins'tut	  de	  Physique	  Nucléaire,	  CNRS/IN2P3,	  Université	  Paris-‐Sud	  11,	  France	  
5GANIL,	  CEA/DSM-‐CNRS/IN2P3,	  France	  
6INFN-‐LNL	  Legnaro,	  Italy	  
7Departamento	  de	  Fisica	  Aplicada,	  FCCEE	  Universidad	  de	  Huelva,	  Spain	  

8Heavy	  Ion	  Laboratory,	  University	  of	  Warsaw,	  Poland	  
9Jagellonian	  University,	  Ins'tute	  of	  Nuclear	  Physics	  IFJ-‐PAN,	  Poland	  
10INFN	  and	  Università	  di	  Bologna,	  Italy	  
11INFN	  Sezione	  di	  Napoli,	  Italy	  
12“Horia	  Hulubei”	  Na'onal	  Insitute	  of	  Physics	  and	  Nuclear	  Engineering,	  Romania	  
13Dipar'mento	  di	  Fisica,	  Università	  di	  Napoli	  Federico	  II,	  Italy	  
14INFN-‐LNS	  Catania,	  Italy	  

AIM:	  
Study	  of	  the	  performances	  (iden'fica'on	  and	  energy	  measurement)	  of	  an	  underdepleted	  silicon	  detector.	  Five	  different	  bias	  voltages	  have	  been	  used,	  one	  corresponding	  to	  full	  deple'on	  (used	  

as	  a	  reference	  for	  comparison),	  the	  other	  ones	  associated	  with	  a	  depleted	  layer	  from	  90%	  to	  60%	  of	  the	  total	  detector	  thickness.	  [1]	  

CONCLUSIONS	  
High	  charge	  collec'on	  efficiency:	  
•  For	  60%	  deple'on,	  less	  than	  10%	  of	  the	  total	  charge	  is	  lost	  for	  short	  range	  fragments	  
•  Collec'on	  efficiency	  for	  punching	  through	  fragments	  ~97-‐98%	  
ΔE-‐E	  iden'fica'on	  not	  affected	  by	  underbias,	  even	  for	  60%	  deple'on	  
PSA	  iden'fica'on:	  	  
•  Isotopic	  iden'fica'on	  improves	  with	  underbias	  (iden'fica'on	  not	  even	  possible	  at	  full	  deple'on	  due	  

to	  doping	  non-‐uniformity	  of	  about	  ~6%	  [5])	  
•  Energy	  thresholds	  for	  Z	  iden'fica'on	  via	  PSA	  increase	  with	  underbias	  

Isotopic	  resolu'on	  not	  changed	  by	  underbiasing	  
(even	  at	  105	  V)	  

CHARGE	  COLLECTION	  EFFICIENCY	  
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suming incomplete charge collection from the undepleted
region. The measured amplitude is proportional to the col-
lected charge. The charge carriers per unit thickness along
the track are proportional, as a function of the penetra-
tion depth x, to the Bragg curve for the given fragment.
Therefore, the contribution to the final amplitude com-
ing from a given segment of the track is proportional to
the integral of the Bragg curve over the same interval. To
take into account the incomplete charge collection, each
segment of the Bragg curve should be weigthed by an “ef-
ficiency factor”. We ideally divide the detector into a de-
pleted and an undepleted region and we apply di↵erent
e�ciency factors to the two regions, assuming 100% e�-
ciency in the depleted region. It is apparent that a con-
stant collection e�ciency accross the undepleted region
cannot explain data of Fig. 5 panel b). In fact, for par-
ticles stopped in the undepleted region, it would give a
constant relative di↵erence independent of particle range.
Assuming a variable collection e�ciency ⌘(x), the simplest
hypothesis is that of a linear variation with the distance
x from the entrance surface, starting at some ⌘(0) < 1
value and reaching ⌘(d) = 1 where d is the thickness of
the undepleted region (⌘ = 1 all over the depleted re-
gion). Moreover, Fig. 5 shows that the charge collection
is more e�cient for heavier fragments, i.e. those having
a higher ionization density for a given penetration depth.
Therefore, we introduce a term dependent on the stopping
power dE

dx

in the collection e�ciency (assuming a linear
dependence for the sake of simplicity), obtaining

⌘(x) =

(
⌘(0) + (1� ⌘(0))x

d

+ ↵

��dE
dx

�� d�x

d

, if x < d.

1, if x � d.

For each fragment and each value of the range, the
“measurable” deposited energy is obtained as:

E =

Z ����dE
dx

(x)

���� ⌘(x) dx
Panels c) and d) in Fig. 5 present the result of our cal-

culation. Since the integratal of the Bragg gives an energy,
in panel c) we have converted it to ADU exploiting the cal-
ibration factors of Tab. 4. A reasonable agreement with
the experimental values has been obtained for ⌘(0) = 0.89
(⌘(0) = 0.92) at 105 V (130 V) and ↵ = 0.4 µm/MeV.

The presented phenomenological approach seems to
contain the right ingredients to reproduce the experimen-
tal behaviour. It has not been obtained from first princi-
ples or a microscopic description of the charge collection
process and it is thus unable to give us detailed physi-
cal information. However, it can be used to get an ap-
proximate value of the charge collection e�ciency in the
undepleted region. On the whole, one can say that a max-
imum collection deficit of about 10% in the undepleted
region is compatible with the observed behaviour for all
reported fragments at the two lowest bias voltages of 105
and 130 V while data at 200 and 235 V are compatible
with a collection e�ciency of about 100%. To conclude,
a surprisingly high average collection e�ciency from the

undepleted region (90% or more) must be assumed to rea-
sonably reproduce the data at the two lowest biases.

From the observed behaviour, assuming a linear energy
response at full depletion, a non-linearity of the order of
few % can be inferred. In principle, this e↵ect could be
corrected for by exploiting the very same data shown in
Fig. 5. A preliminary analysis shows that a simple second
order polynomial correction permits to obtain the “full de-
pletion” amplitude (i.e. the value which would be obtained
at 290 V) from the experimental amplitude at lower bias
voltage, once the fragment has been correctly identified
using either the PSA or the �E-E technique. However,
the coe�cients of the polynomial are di↵erent for di↵er-
ent isotopes and it is still not clear if they can be derived
from a simple functional dependence on Z and A.

3.5 Pulse Shape Analysis

The PSA techniques permit to identify particles stopped
in one silicon detector from information delivered by that
detector alone. PSA will thus allow to reduce the iden-
tification thresholds when applied to the first telescope
stage in a physics experiment. All results presented in
this section have been obtained with a veto condition on
the CsI(Tl) detector to select particles stopped in the de-
tector under test, which in this work is Si2. Two meth-
ods of PSA have been used for the data presented here.
They are based on the two correlations “Energy vs Charge
rise-time” and “Energy vs Current maximum”. Both tech-
niques had been already investigated within the FAZIA
R&D program [11, 12, 13].

In the top row of Fig. 6 the correlation “Energy vs
Charge rise-time” is shown for Si2 at four of the five bias
voltages employed in this work, namely 105, 130, 200 and
290 V: isotopic separation is quite good at 105 V and
it worsens with increasing bias voltage, eventually disap-
pearing for an applied voltage greater than 200 V (the
correlation at 235 V, not shown in the picture, is similar
to that at 290 V). The span of the horizontal axis shows
how the rise-time decreases from about 13 µs to less than
400 ns when going from 105 to 290 V bias voltage.

Already from the top row of Fig. 6 one can get an esti-
mate of the minimum energy for which isotopic separation
is possible. For instance, a threshold of about 110 MeV can
be inferred for carbon (Z=6) both at 105 and 130 V.

The second PSA method is the so-called “Energy vs
Current maximum” technique. The bottom row of Fig. 6
shows the correlation “Energy vs Current maximum” for
Si2 at 105, 130, 200 and 290 V (same voltages as the top
row). A better performance of this technique with respect
to the “Energy vs Charge rise-time” can be inferred. How-
ever, as for the “Energy vs Charge rise-time” correlation,
the isotopic separation worsens with increasing bias volt-
age. A residual contamination of punching-through par-
ticles, not vetoed by the CsI for geometrical reasons (see
Sec. 2), is present. They form ridges approximately along
the diagonal in the “Energy vs Charge rise-time” correla-
tion (from the bottom-left corner to the top-right one).
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	  Vbias	  (V)	   d	  (μm)	   Max	  RiseTime	  (20-‐70%)(μs)	  
105	   200	   13	  
130	   170	   10	  
200	   90	   3	  
235	   50	   1.5	  
290	   0	   0.45	  

MEASUREMENT	  SETUP	  
•  Si1	  310μm	  thickness,	  Si2	  511μm	  thickness	  and	  CsI(Tl)	  ~10cm	  thickness	  
•  Si	  detectors	  reverse	  mounted	  to	  improve	  PSA	  iden'fica'on	  [2]	  
•  Current	  and	  charge	  signals	  separately	  digi'zed	  by	  dedicated	  ADC	  [3]	  
•  Si	  detector	  cut	  at	  7°	  with	  respect	  to	  crystalline	  planes	  or	  axes	  to	  avoid	  

channeling	  [4]	  	  	  

Si1	  bias	  voltage:	  fixed	  at	  140V	  (slightly	  above	  deple'on)	  
Si2	  bias	  voltage:	  five	  different	  values	  have	  been	  tested	  (105,	  130,	  200,	  235,	  290	  V)	  

CHARGED	  FRAGMENTS	  IDENTIFICATION	  

A	  much	  berer	  isotopic	  separa'on	  (albeit	  with	  
somewhat	  higher	  energy	  thresholds)	  is	  
obtained	  using	  an	  underbiased	  detector	  

ENERGY	  THRESHOLD	  FOR	  IDENTIFICATION	  
ΔE-‐E:	  threshold	  is	  defined	  as	  the	  energy	  necessary	  to	  punch	  through	  Si1.	  

PSA:	  	  	  
•  charge	  iden'fica'on	  threshold	  was	  obtained	  from	  visual	  inspec'on	  of	  the	  les	  end	  of	  the	  correla'on	  
•  Isotopic	  iden'fica'on	  threshold	  is	  the	  energy	  for	  which	  the	  FoM	  (Figure	  of	  Merit)	  rela've	  to	  adjacent	  

isotopes	  becomes	  >0.7	  [3]	  

The	  lower	  the	  applied	  voltage,	  the	  higher	  the	  energy	  threshold	  for	  iden'fica'on	  for	  a	  given	  Z	  
The	  lower	  the	  applied	  voltage,	  the	  larger	  the	  maximum	  Z	  for	  wich	  isotopic	  iden'fica'on	  is	  achieved	  

Les	  panels:	  difference	  between	  charge	  signal	  amplitude	  at	  105V	  and	  290V	  
(full	  deple'on)	  as	  a	  func'on	  of	  par'cle	  range.	  Right	  panels:	  results	  from	  a	  

simple	  model	  assuming	  variable	  collec'on	  efficiency	  depending	  on	  
penetra'on	  depth	  and	  Stopping	  Power	  	  

-‐  Collected	  charge	  (even	  at	  105V)	  only	  few	  %	  <	  than	  at	  full	  deple'on	  
-‐  Efficiency	  increases	  as	  fragments	  penetrate	  the	  depleted	  region	  
-‐  Using	  a	  polynomial	  calibra'on	  it	  is	  possible	  to	  correct	  for	  efficiency	  

varia'on	  
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Charge identification
Our	  results	  were	  achieved	  using	  rela'vely	  long	  acquired	  signals	  

(~70μs)	  and	  shaping	  'me	  (~50μs)	  	  

Underbiased	  detector	  requires	  long	  collec'on	  'me	  


