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The problem of signal formation

Concept of induced current on electrode k:
rate of change of electrostatic flux on the
electrode surface (not the collection of charge
by the electrode!!!)

srequires to compute the total field
E(x,y,z,t) (due to bias wltages, fixed space
charge and moving charges) at every time
instant, the integral of the flux on the
electrode surface, etc.

Understanding signal formation is a crucial to
optimize measure ment quality of time, energy,
position, shape,....

* collection time, amplitude, shape
depend on type and point of interaction

« detector topology and readout must be jointly
optimized for the desired observables

Goal: the induced current on a given electrode - _
as a function of the instantaneous position of *“tomographic” view of the event, i.e.
the moving charges within the device exploitation of signals on all electrodes’
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Currents Induced by Electron Motion®

SIMON BEAMOf, assortats MEMBER, L.

Summary—d metisd i PR——
carvont e o i o dipaling rhe

af sivciear, The [N “"M“"Id
-Hh-ﬂ Wi-htzﬁm n-_nn:-—.u i
INTEROBUCTION

M deshgning vecsum tubes bn owhich electron
rransit-tims ik relatively long, it beenmes neces.

sary to discasd the low.fn 'k pt that
ihe instantansous eurment taken by any electrode is
propartional 1o the aumber of eleccrons received by

- O
o

-

o
o

A B
Fig.1 Fig.3
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AlEmncn oF ComporaTian
The methed is based oa the follpwing equatics
it derivition is given Later: .
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where 1 is the instantaneous corrent received by the
given elecirods due to a single electron’s medion, -
is the chasge an the electron, © is its instantaneou
velocity, and E, i the component i the direction 0
of that eleccrie fivk] which would exist ag the sec-
tron's instantensaur position under the fallowing
ciroamstances! dlectron removed, gives elecorodi
raised  to wnit povential, all other eseductan
grounded. The equation involves the usuzl wisimp
tivns that indeced currents due b0 magnetic efecs
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Currents to Conductors Induced by a Moving Point Charge
W, SHOCELEY
Bell Telephone Laberatories, Inc., New York, N. ¥.
(Received May 14, 1938}

General ropressions are derived for the currents which Sow in the external circuit connecting
a ayatem of condictors when a paint charge s moving amang the condoctors. The results are
applied to obtain expliclt expeessions loe several cases of practicl interest.

INtheearlludwaol' vacuum tube technigue
when the radiofrequencies in use were rela-
tively low compared to those attained at present,
it was acceptable to regard the transit of an
electron across a vacuum tube as an instan-
taneous burst of current. At present, however,
the time of transit of the electron is of com-
parable duration.with the periods of alternating
circuits and il is consequently of interest to
know the instantaneous value of the current
induced by the moving charge over its entire
time of transit.

Before discussing what effect the moving
charge has, we must introduce certain conven-
tions as to what part of the total field is to be
attributed to the charge and what part to other
causes, It proves mest convenient to consider
that all of the conductors are grounded and to
examine the currents to them through the ex.
ternal cireuit due to the motion of the charge.
If the voltages on the conductors are varying,
howewver, charges will be induced and currents
will flow as dictated by the coefficients of
capacity. In keeping with the superposition
principle,! the net current is found by adding
the currents induced by the moving charge
{or each moving charge if there are several) and
the currents due to changing voltages.
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We are thus led to consider the charges and

“currents induced on a system of grounded sta-

tionary conductors by the motion of a peint

charge, If we have a system of grounded con-
ductors, perhape as illustrated in Fig. 1, num-

Fio, 1. Schenatic ntation of conductors
anﬁ currents.

bered 1, 2, - -+, say, then the charge ¢ induced
on conductor 1 due to a unit point charge in the
space is calculated as follows : Let conductor 1 be
at unit porential and the others be grounded and
let the space between the conductors be free of
charge, The electrostatic potential produced by
this situation has the valee ¥ii(r) at the arbitrary
point r of space. Then, in terme of this potential
distribution, the charge, g, induced on 1 by a
unit charge at ¢ is

o=—Fur). (1}
G635




Ramo’s Theorem - |

v' Green'’s reciprocity theorem

A, B are two possibile sets
of {charges, potentials}
of the system of conductors

ZiQiAVi | = ZiQiBVi ‘

q, present, V, =0 q, removed, V, =V, "

(all electrodes grounded) (otherelectrodes grounded)

potential at P due to

v' Charge induced by g5  eloctrodo kat 1V
B
by reciprocity: qPVpB —|—QkAVkB =0 |:> QkA —0p _PB —gpV,,
K
N N

\

charge induced by qp
on electrode k
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Ramo’s Theorem - |1
v" Current induced on electrode k by the motion of charge q:

By reciprocity:

- | d(gV, av,, df dv,, dl
Q —aV, —> i()=9% - daV)_ o =—Qp — 2+
dt dt dt dI dl dt
I (t)=a: E,, -v(x(t) y(t) z(t))
welghtlng field: true carrier velocity:
- —gradV, v=nE(X(O)y(0).2(1) S e
Vi
equipotential lines §(P) Carrier trajectory
ighti Vv v ted in th
:‘Ai/gllg/gtclpegntial 1 /(t) y(t) z(t) / """" ﬁiﬁeﬁtri'g fielil

SEEEREENCI. 000 \ V, (i.e. with bias

on device . E,(P) voltages, fixed
topolo space charge,
i V2 etc.)

(Laplace eq.)

(V=1V, all others grounded)
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Ramo’s Theorem - 111

: t

the induced charge can be 1 _
computed directly on the . IQk(”)=q Q(t)_ L I(Th £
weighting potential map Q(t)y .
(depends only on moving = U _ —
charge and topology of device) /\ i (t) qL Ew -dl = —( B/w(r )_Vw (ro )]

> 0

t
évﬁ" v Limitations of Ramo’s theorem
[ — massume instantaneous field propagation (i.e.

transit time of charges longer than propagation of
the field across the volume)

» g non-relativistic
(but electron saturation velocity @RT in Si ~¢/3000)

0V » electrode voltages must not vary too fast

Generalizations
=multiple moving charges
=non-uniform or non-isotropic dielectric constant

=other transport modalities (thermal broadening,
ballistic motion, etc.) driven by continuity equation
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Sighal Formation and Ramo’s theorem - |

v'Induced current (charge) in planar electrode geometry

Single e-h pair

1

~ E ——2 weighting field
v, 1
_e(_ van):e_:e_ 0<t<Tn(1— Zo/d)
d T,
v 1 7
E.V,|]=e—=e— <t<T.20
) . W p) d Tp O—t—Tp d
e(v,+v,)/d 4
induced e/T, i
current efT, p—l ¢
() T(z/d) T.od
A
@ ey Q=Qn+Qp=
induced = = |/
charge | fdiie Q,=ez,/d
5t

QM) = [ ittt

T,(1-2y/d) T,zo/d
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Signhal Formation and Ramo’s theorem - |1

z,~d (anode side) z,=0.5d as before, but
V, =V, =V V>>V, hole trapped @T*
N /\_I(t)

2e/T

elT

T(1-z/d)  T(zy/d)

Y ! \t
T(1-zy/d) Tzd
* equal currents * i,>>i, but equal contribution to » signal loss !
* hole induction dominant ind. charge » total induced charge
« total induction after slow hole dependent on trap position
collection

A.Castoldi — Politecnico di Milano & INFN



Signal Formation and Ramo’s theorem - 111
v'Induced current (charge) in planar electrode geometry

Continuous ionization

1
<— | E, =——Kk weighting field
d
d > 4 y Am—v 4 y 2 4 0<t<T
(@)
ppe— — - — N
eN¢ - Vb
OF——= I\T/l — 0<t<T,
induced
current
— !
A T" Tp
Y N T TR sareenenean e —
induced Qlt) :
charge eN/2 [y ------------'""""'"":-_-_';-_-;;-_g;;;:-.;:-..':-..':-..':-..-=-...“........_;
.......................... B ¢
T, Tp
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moving away
from
electrode




- strip w idth=1/8 thickness pixel size=1/8 thickness




Single polarity charge sensing
with “coplanar grid” readout - 1

P.Luke, IEEE Trans Nucl. Sci., vol.42, no.4, Aug. 1995
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Induced
(b:l Charge

Distance

=Two inter-digitated coplanar grid electrodes sense the motion of charge carriers in the
detector (solid-state equivalent of the “Fritsch grid” of gas detectors)

=A small potential difference applied btw the C-grid and NC-grid to avoid charge sharing
and double polarity signals

="\When generated in the bulk, a charge carrier induces equal amount of charge on the 2
grids. A net difference signal is induced only when the carriers to be collected (e.g.
electrons) are close to the coplanar electrodes.

*The net result is a measured charge nearly independent of the interaction depth
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Single polarity charge sensing
with “coplanar grid” method - 2

Experimental spectra
8000+

Flanar detector

Pulser

Counts

L] L) L)
0 200 400 600 800 1000

8000

Coplanar-grid detector  gszkev  Pulser

60004 4

4000+

Counts

13.2 keV/ 8.7 keV
FWHM
2000+

0 200 400 800 800 1000
Channel number

Measured charge independent of the depths of
gamma-ray interactions over much of the detector
volume - excellent energy resolution
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Particle identification of charged ions with
pn detectors

.z E(g)

z, L é?(z)::-zziéizr—ré?

min
&

w23d
zV

Ramo's Theorem . .
1) =2 o(z)i,(z,1)A
N - Ip,p( ) %,0 2y ) 1p\ 2 >4 } ifof(f) = ip,p(f) + /;l'p(f)
MonteCarlo i ,(1) = p(2,) iy (2. 1Az
Simulation K

Even if neglecting the important contribution of plasma effects, this
simple analytical model is a precious guide for interpretation of the
experimental results and for the optimization of the detector topology
and operating parameters.
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y, drift direction

The Multi-Linear Silicon Drift Detector

deep p implants HE phosphorous

<

deep nzl'mplants t p field strips 7

™.
N

implant
b back electrods " fully depleted n-type bulk

= p+ entrance window on the back side

= implanted p+ strips on the front side

= continuous readout (drift) mode

» Rad-hard on-chip JFET for low-noise readout

= channel-stops (deep p-implants) for lateral
confinement

= channel-guides (deep n-implants) for
lateral confinement and drift enhancement

= fast readout (up to 1 cm/us)

! |

simultaneous 2D position-sensing
and energy spectroscopy

. 5
»
;;;;

‘ E1
“«f Il 'anodes

. M Treset FET
“first FET
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Signal Formation in Multi-Linear SDD
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Physical model &
Interpretation of induced signals

v

Z

E detector

——— AE
i detector:_
signal charges

% in the E-detector

> Finite sheet resistance of the deep
p-implant that forms the buried electrode
- local rise of the potential of the
buried electrode that relaxes to
equilibrium with a time constant
comparable with charges’s transit time
(several hundreds ns)

» Voltage signals induced on the buried
electrode AC coupled to the strips of the
AE detector via the relatively large AE
capacitance

- appear attenuated and inverted at the
AE preamplifier output.
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Simulated induced output signals - 1

Strip #7 fired
4
29 —
2; 2. /}:ﬁ;”g
>° 4. ‘ f&ﬁ
£ Y )4 4/
-6 o
%"
15 1200
strip# 10 \ 600 300 1090
5 : Jop 400 " t(ns)

0
Blue line: voltage signal at the PA output due to AE charge collection only.
Black lines: induction effect at the PA output with an ideal PA.
Red lines: induction at the PA output, taking into account PA finite bandwidth.
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Preampliifer output
voltage at strip #7
due to induction and
charge collection

potential on strip#7 0
due to charge coIIectior;00

~———strip #0
~—strip #1

induced potential on — strip #2

) . 200 strip #3
the non-fired strips — strp #4

—strip #5 M
10| — g 0 experimental data
—strip #7
~—strip #8
—strip #9
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—strip #12
~——strip #13
200! ~strip #14

induced potential —strip #15

. . F.Amorini, et al., IEEE NSS Conf. Records (2008)
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