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The problems of increasing the accuracy of measuring the amplitude of signals from particle
detectors without internal amplification are reviewed. The low level of the signals in

such detectors imposes stringent constraints on the electronics noise, so that the preamplifier
characteristics must be optimized for each particular detector and set of experimental
conditions. The problems of amplitude measurements at large counting rates and also for
galvanic, cable, and transformer detector—preamplifier couplings are discussed. It is

shown that the use of time-variant signal filtration allows (a) improvement of the loading
capability of the measuring section compared with time-invariant filtering and (b)
attainment of a signal-to-noise ratio differing by 1.6% from the optimum.

INTRODUCTION

In recent decades new detectors have come into wide-
spread use in high-energy physics. Examples of these are
liquid-argon calorimeters, silicon microstrip and drift
chambers, germanium 3-D detectors, Cerenkov and scin-
tillation counters with photodiode (phototriode) readout,
fast proportional chambers with low (>10°) amplification,
time-projection gas and liquid-argon chambers, and high-
pressure ionization gas calorimeters. A characteristic fea-
ture of all these detectors is the low signal level, and this
requires the use of low-noise amplifiers. The preamplifier
(PA) characteristics must be optimized for each individual
detector and set of experimental conditions. In Table I,
which is based on the data given in the reviews of Refs. 1
and 2, we give the characteristic signals of various detec-
tors requiring low-noise PAs and the attainable noise levels
for given experimental conditions: the detector capacitance
and the loading capability (the characteristic signal dura-
tion). In this review the particle detectors themselves are
hardly discussed at all, except in Sec. 3, where we describe
the standard proportional chambers (PC) operating with
low amplification coefficient and high speed. More detailed
information on detectors and a bibliography can be found
in the reviews of Refs. 1 and 2, and Ref. 3 discusses the
status of the situation regarding the production and use of
semiconductor particle detectors (SCD) in current exper-
iments.

The diversity of detectors, experimental conditions,
and parameters describing the measuring section makes it
impossible to optimize the latter without an adequate com-
putational model. In the present review we develop one
and discuss it in considerable detail. In Sec. 1 we consider
a charge-sensitive PA with slow (for amplitude measure-
ment) and fast (for time measurements) outputs. Expres-
sions are obtained for the signals at these outputs and for
the spectral densities (SD) of the noise for arbitrary de-
tector and feedback (FB) impedances. For capacitive—
resistive FB the circuit that we analyze becomes the widely
used charge-sensitive amplifier (CSA).

In Sec. 2 we propose a technique for selecting the head

element of a PA operating at high counting rates. We also
propose several practical PA circuits and give the experi-
mental results of the operation of a fast PC. The higher
loading capability of the chambers was obtained by using
fast mixtures and low-noise PAs, which made it possible to
work with a low gas amplification coefficient (> 10°) and
to avoid space-charge effects. Section 3 is devoted to the
technique for calculating the equivalent noise charge
(ENC) for time-variant (TV) signal filtering. The interest
in TV filters has grown recently in connection with the
design and preparation of experiments at current and fu-
ture colliders: LEP, DESY, UNK, SSC, LHC, and so on.
The enormous number of information channels in the cen-
tral part of the setups at such colliders requires a high
degree of electronics integration. Two versions of mono-
lithic integrated circuits satisfying the requirements have
already been developed on the basis of the MOS-VLSI
technology.*’ In them the signal and noise filtering is per-
formed not by ordinary amplifiers on RC chains, but by a
combination which is easily realized with the existing tech-
nology: a MOS-switch and capacitance. Since the switch is
controlled by an external trigger (as a rule, the time for the
particles to intersect the collider is known), such a filter
will be time-variant. In Sec. 3 we show that optimization of
the measurement process makes it possible to realize the
advantages of the TV filter over time-invariant ones. In
Sec. 4 we study the problems arising in transformer cou-
pling of the detector and PA, and we obtain expressions
which make it possible to avoid the empirical selection of
the large number of transformer parameters and reduce the
optimization to the fulfillment of simple recipes. In Sec. 5
we calculate the effect of the information channels on each
other owing to the presence of common impedances in the
channel input circuits and also of inductive and capacitive
coupling.

1. EQUIVALENT CIRCUIT FOR CALCULATING THE
NOISE FOR GALVANIC DETECTOR-CSA
COUPLING

In this section we calculate the CSA noise for arbitrary
loading, feedback (FB), and detector impedances, which
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TABLE I. Detectors using low-noise electronics.

Detector Signal Allowed

capacity C;, duration 7, e~ noise
Particle detector Signal level pF psec (rms)
Si-counter telescope 7.5-10° e~ /100 um 100-1000 0.03 2300
Ge detector (live target) 18-10° e~ /100 um 30 0.2 600
Si microstrip coordinate detector 7.5-10° e~ /100 pm 30 0.03 1200
Total-absorption detector, interstratified with Si 272 e~ /keV 1000 20 (1-5)-10°
Time-projection gas chambers (TPC) 5-10*-10° e~ /removal element 5-10 0.25 500
High-pressure multilayer gas (Xe) ionization chamber 230 e~ /cm-atm 10* 0.2 1.8-10°
BGO (photodiode removal) 10° e~ /MeV 100 2 500
Total-absorption Cerenkov counters with lead glass radiators 15 e~ /MeV 10 1.8 150
(phototriode removal)
Liquid-argon calorimeter 1.9-10* e~ /MeV 1000 2 (1-5)-10°

makes it possible to use the expressions obtained to analyze
the noise of detectors with resistive information removal,
for cable and transformer detector-amplifier coupling, and
so on. For capacitive FB the circuit that we analyze be-
comes the widely used CSA, which has the same limiting
resolution (ENC) as a voltage amplifier. The noise char-
acteristics of the measuring section are studied in detail for
cable detector—-CSA coupling.

Driving characteristics of the noise and signal
sources

We chose the circuit shown in Fig. la for analysis,
since it represents a generalization of several familiar cir-
cuits. If the current in the load Z; is measured, we arrive at
the circuit of Ref. 6; if the current at the output of the
amplifier 4 is measured, we arrive at the circuit of Ref. 7;

and if the voltage at the load Z; is measured, for 4 = 1 we
arrive at the usual CSA (Ref. 8). We assume that the
amplifier 4 has zero input and infinite output resistance
and does not introduce additional noise. In Refs. 6 and
8-10 it was shown that for 4 > 1 the input resistance of the
CSA (Fig. 1a) is decreased. This can prove useful if cable
or transformer coupling between the detector and amplifier
is used.
The noise spectral densities (SDs) (Fig. 1a) are

RC(Z]yz)

fa=2kT ——5-;
|Zl,2|

>
¥

lCh=2kTgm’

(1)

where g,, is the transconductance of the field-effect transis-
tor (FET).
We introduce the notation

FIG. 1. Equivalent circuits for calculating noise and the detector signal at the CSA output.
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I= _gmU]; (2)
Zy=2,+2,+ 7, (3)

Let us calculate the individual contributions of the
sources of i;, and i, to the voltage at the load Z; and the
FET current 1. Owing to the principle of superposition, the
currents in the branches Z, , are the sums of the currents
from the sources AI and i; (i, is neglected when the
contribution from i, is calculated):

Ul__ Zy .Zz+23. )
iz —Zl_ Zo+ll ZO ’

U, Z,+2, Z
123 Z=A Z +1170- (5)

We use the expression for the current 7(2) and substitute
it into (4). The input impedance and admittance are

Zy=—T=5—""55; (6)
iy Zo+ Ag8.Z\Z;
1 1 1 Ag,.Z;
Yi"=2;=z+zz+zs+zz+zs' 7
We introduce the notation
J=(Z,+ Z;)/Z,. (8)

The first two terms in (7) are the input admittance of
the circuit in Fig. 1b, and the last reflects the effect of the
generator of the current 4. As can be seen from (7), it
reduces to connecting an additional impedance
J(Ag,,) ~ ! in parallel with the input (Fig. 1c).

Transforming (4), we find the transfer functions of the
generator of /; in the current and voltage, respectively:

G\(p)=Al\/i\= — Z;,Ag,; 9

Hp =22z (L4 10)
I(P)—II—J Z(Zz_ 8m | - (

The contribution of the noise source #,, coupled to the
active component of the FB impedance Z,, to the voltage
U, and current A7, at the CSA output is calculated from
the circuit of Fig. 1d. The final expressions for the transfer
functions in the voltage and current are

Hy(p)=Us/iy= — Z, ZA(Z[ ' + Ag,)/V;

Al Z,Z,Ag,, (11)

G’ T = = = = 4 .
) ==~ 7 1 Z,Z .4z,

In practical circuits one measures not A,, but the total
current flowing through the node 3 to the impedances
Z, 5, or the portion of it flowing to Zs, and therefore for the
rest of the analysis we will use the circuit of Fig. le. It is
easily verified that the currents flowing to the nodes 1, 2, 3
of the circuit in Fig. 1d are the same as those flowing to the
nodes 1’, 2, 3’ of the circuit of Fig. le, and therefore the
two circuits are equivalent. The latter redefines the transfer
function in the current:
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Al — iy Zo+ Z\(Zy + Z3)A8m
i2 ZO + Z]Z3Agm

We determine the transfer function of the thermal-
noise generator of the channel using the circuit of Fig. 1f.
The presence of an additional source of noise I3 (it is in-
troduced in Ref. 6 without explanation) arises from the
fact that the channel noise current iy affects the gate
through the FB loop, and the voltage at the gate is trans-
formed into an additional current. Therefore, the total
transfer characteristic in the current can be written as

A(I3 + i)
ich )

Gy(p)= (12)

Gy(p)= (13)

The current /5 and the voltage Uj; at the load Z; are related
as

I3= - Ulgm= - UngZI(Zl +ZZ) _1; (14)

Us=A3+ i) Z5(Z, + Z)) Z5 . (15)
From (14) and (15) we find

L+ ig= — I,Zy(Z,Z:gA) ~". (16)

Expressing I in terms of i.;, and substituting the result
into (13), we obtain, taking into account (6),

Gy(p)=AZ,[(Z,+ Z;) '+ Z['].

We substitute into (17) the value of Z;; and transform

(17)
it:
0 8mlrZ;
Gs(P)=——=A(1 ——'—) .
Zy+ Z,2,48,, Zy+ Z,Z;A8,
18)
The second term in parentheses can vary from 0 (Z,
> 8.Z1Z,A4) to 1 (Z, € g,,Z,Z3A). Substituting (14) into

(15), we find the transfer characteristic of the generator of
iy in the voltage:

U3 Zin ZZ
Hy(p) == (1 + ) . (19)

J z,
Detector with capacitive impedance at the CSA input

Here we show that when analyzing noise the CSA can
be replaced by a voltage amplifier, and we can calculate the
equivalent noise charge (ENC) of the CSA for optimal
filtering and for a detector with finite signal duration. We
assume that the detector has a purely capacitive imped-
ance, and that the FB and load loops have capacitive—
risistive impedance (Fig. 1g):

Z=(pC)) " Z=[C/p+wp)]

. (20)
Zy=[C(p+o,)] "
Then (8) can be transformed to
Z\+2Z, C.+Crp+
J= 1+ 2= L fp @Dz pec. ) (21)
Z; Cf pt+w £
In Egs. (20) and (21) we use the notation
Krasnokutskir et al. 127



(Of_1=R/Cf; a)L_lzRLCL;
@ =RLIRACL+ Cp).

When the condition 0; = 0y = @, (z.p.c. stands for
zero—pole cancellation) is satisfied, the pole is canceled by
the zero and J is independent of the frequency:

J=(CL+Cf)/Cf=C0/Cf (22)

We carry out the rest of the calculations assuming that
the conditions for zero—pole cancellation are satisfied.
We find the expression for the input admittance:

Yin=Z; '=pC + CL(p + 0, ) /T + Agu/J.

We substitute into (23) the expression for w, ;. and
use the fact that in practical circuits R; ~ 10® Q and
g, ! ~ 100Q,sothat (JR;) ~ ! € Ag,,/J. We obtain

(23)

Yin=Zi;1=Cin(p+ain)9 (24)

where C;, = C; + C/J = C; + C/is the reactive compo-
nent of the CSA impedance and ¢;; * = (C,,R;,) is the time
constant of the input loop.

The active component of the input impedance of the
CSA is independent of frequency and equal to

The response of the input loop to a signal in the form of a
current 8 function is

Uin(t) =C“.T ! CXP( - aint)-

According to (8), the output current of the FET has the
same form:

i(t)= _Agm/cin eXP( _aint)- (26)

Usirig the expression for the input impedance (24), we
rewrite the transfer characteristic G(p) as

Gi(p) = — Z;, A8, = — Joi/ (p + i), (27)
from which we see that J actually determines the current
amplification.

The voltage at the load Z; can be found from (9). We
simplify the expression in parentheses:

CHp + 0f) — Agp= — Ag,,

and neglect frequencies larger than Ag,,/C; =~ 10'! sec ~ .

Then the expression for the transfer function in the voltage
of the source of ¢, takes the form

Qin 1
CCr(ptan)(pto)’
i.e., the input voltage pulse grows with the time constant of
the input loop a;; ! and falls slowly with the time constant
oy ! Using the fact that C;, = C; + C/J = C, and intro-
ducing the constant A = Ag,,Ci" !, we rewrite the expres-
sions for the transfer functions of the noise source i, of the
FB resistor R, in the current and the voltage as

p+A .
p+ain’

H(p)= (28)

G (p)=— (29)
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FIG. 2. Spectral densities of noise (SDN)) at the current output of a CSA,
N, ;(®), and at the charge output, N, ;(w).

1 p+4 1
HZ(p)=_EfP+ainp+a)f'

(30)

The transfer characteristics of the generator of i, —the
source of thermal noise in the FET channel—is found in a
similar manner:

P+ o
G =A ;
D) =A (31)
Ap+o; 1
H =— . 32
3(p) Cor + anp + @ (32)

The noise spectral densities (SDs) of the generators of i,
and i, at the CSA output can be written in the following
form using the Carson theorem:

Ny(0) =2kTR; '|Gy() |}
My(0) =2kTR; '|Hy(w) %
N3(0) =2kTg,,|G(w) %
M;(0)=2kTg,,|H;(»)|%
where G,3 and H,; are given by Egs. (29)-(32) if the
Laplace variable in them is replaced by Jo. Since the noise
sources i; and i, are independent, the total SDs of the

noise in the current and the voltage at the CSA output are
equal to the sum of their components:

N(w)=N,(0) + N3;(0);
M(o)=M,(») + M;(w).

Comparison of (27) and (29) shows that for frequencies
<A the transfer characteristics of i; and i, coincide, which
is also observed in the voltage amplifier (Fig. 1h).

In Fig. 2 we give the noise SDs of the output currents
[¥33(@)] and voltages [M,;(w)] calculated using Egs.
(33). For convenience the curves in the same figure are
orthonormalized in an arbitrary fashion. The values of the
CSA and detector parameters are

Ci,=20 pF; g,,=20 mA/V,
Ry=47 MQ; C,=1.1 pF.

(33)

(34)
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FIG. 3. Three ways of connecting a detector and an amplifier using a long line.

We shall now show that if the voltage at the CSA
output is measured, then in the noise analysis the CSA can
be replaced by a -voltage amplifier (Fig. 1h). Since
M,(w) > M;(w), at frequencies ® < o, [Where o, is the
frequency at which the noise SDs are compared,
M,(w,) = M;(w)] it is possible to take M; = const in this
frequency range without noticeable error. At high frequen-
cies it is also possible to take M3 = const, since for the
optimal separation of the signal from the noise it is neces-
sary anyhow to filter out all frequencies beyond the fre-
quency spectrum of the signal. However, assuming that the
channel noise is white (dashed line in Fig. 2), we imme-
diately arrive at the circuit for an ideal voltage amplifier.
To simplify the analysis it is common to take w,,.
= @ = W i.e., to replace the exponential signal by a step,
and the parallel noise (i;) by a O-function current. We see
from Fig. 2 that this simplification also does not lead to
error, since the noise SD and the squared modulus of the
Fourier transform of the signal (i;) have the same shape
and transform identically under the “whitening” opera-
tion: in the time region the signal will have an exponential
form with time constant w. !, and the parallel noise is
transformed into a Poisson current of such exponentials.
As was shown in Ref. 11, the ENC for optimal filtering of
the signal after the CSA (a 6 function at the detector out-
put) is

ENC? =4kT — (==
Con=4k &m |Rf
which coincides with the widely known result for a voltage
ampliﬁer12 (i.e., without feedback; Fig. 1h).
If the detector signal is an exponential with time con-
stant £~ 1,

C 172
1 ’gm} , (35)

s(t) =€ exp( — et), (36)

then the maximum energy resolution will be worse:'!

) C (g2
ENCGy () =4kT — |2 (37)

me

(O
1+—].
€
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We see from this equation that even for optimal filtering
the finite signal duration introduces an appreciable contri-
bution to the energy resolution of “slow’” detectors without
internal amplification, such as liquid-argon detectors and
scintillation detectors with photodiode readout based on
BGO, Nal(T1), CsI(T1), and other calorimeters.

Connecting a detector and a CSA by means of a long
line

Owing to the large geometrical dimensions of present
and future particle detectors in high-energy physics, it is
necessary to use one of the following methods to connect a
detector and a preamplifier (CSA) (Fig. 3). In the circuit
of Fig. 3a the head element (usually a FET) is monitored
directly at the electrodes and connected to the main am-
plifier by a long band line or a cable. This has an obvious
deficiency: the entire detector must be disassembled for
output from the structure of the head element, which is
especially difficult for the 47 geometry of detectors in col-
liding beams or large liquid-argon calorimeters. In the vari-
ant of Fig. 3b the cable capacitance is connected directly to
the CSA input in parallel with the detector capacitance,
which worsens the signal-to-noise ratio. In the circuit of
Fig. 3c the signal-to-noise ratio is improved by use of a
transformer. This variant cannot be used when operating
in strong magnetic fields, owing to ferrite saturation. If the
signal duration at the output of the shaping amplifier is
much larger than the time for the signal to travel along the
cable, then the noise characteristics can be calculated by
replacing the cable with a localized capacitance without
leading to large error. However, the requirements on de-
tector operating speeds are constantly becoming more de-
manding, and for certain relations between C,, /, and the
shaping time 7 the replacement of the cable by a localized
capacitance can lead to large errors in the signal-to-noise
calculations. Let us consider the transport of a detector
signal (a current § function of amplitude I,;) to the input
of a CSA with capacitive-resistive feedback and load (Fig.
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FIG. 4. Equivalent circuits for calculating the noise in signal transfer via a cable from the detector with C, to a CSA with “cold” resistance: (a) complete
circuit with all signal and noise sources; (b) simplified circuit for calculating the signal at the CSA output; (c) circuit for calculating the impedance of

a cable loaded with C, ,.

4a). In this case the input impedance is purely active and
is given by Eq. (25). To analyze the passage of the signal
through the cable we use the simplified circuit shown in
Fig. 4b. The input resistance is assumed to be equal to the
wave resistance of the cable, R;, = p. We introduce the no-

tation
4 =pC1, t2=pCZ,

where C, , are the detector and CSA capacitances, respec-
tively. ‘

The Laplace transformation of the voltage at the CSA
input will be

U ol ) (38)
1(P)—1 +pCp exp( — ptp),
where ¢, is the time for the signal to travel along the cable.

The presence of the capacitance C, at the CSA input
will cause reflection of the signal because the impedance

e t=drt)

matching of the long line and the load is spoiled. Multiple
reflections are taken into account by adding new terms of
the form

21‘#)8— (1+ 2n)pty
(14+p4)(2+pty)

1—pty —Ptzl”_l

Uln:{l +pt 2+ pty

(39)

In Fig. 5 we show the calculated pulse shapes at the
current output of the CSA after a 50 () cable, taking into
account multiple reflections from the CSA input. The de-
tector capacitance was taken to be C; = 400 pF, and the
input capacitance of the CSA was C, = 200 pF (the SNJ
3600 and NJ 903L transistors have input capacitances
C, = 150 pF and C, = 600 pF, respectively, for a current
I; = 20 mA; Ref. 13). As can be seen from Fig. 5, the
contribution of multiple reflections related to the presence
of a large input capacitance becomes smaller, the longer
the duration of the detector signal compared with the time

e~ '=200 nsec

AN
200\/

t, nsec
FIG. 5. Shapes of pulses at the current output of the CSA,

distorted by multiple reflections from the ends of a long line:

; 1
100 200
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b (a) 8-function detector signal; (b) detector signal which is an
exponential with time constant ¢ ' = 200 nsec.
t,nsec
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for the signal to propagate along the cable. When the cable
impedance coincides exactly with the input impedance of
the amplifier (when C, can be neglected), there are no
secondary reflections, and the voltage generated by the sig-
nal will be given by (38).

To calculate the transfer characteristics of the noise it
is necessary to reduce the circuit of Fig. 4a to the form in
Fig. 1a, where Z, is the impedance of the cable loaded at its
two ends with capacitances C,,, and then use Eqgs. (12)
and (17). We shall calculate the impedance of a cable with
capacitive loads C; , as the ratio of the voltage across the
capacitance C,, generated by a given source of current /
connected in parallel with C,, to the value of 1. The initial
value of the voltage across C, is

Ip
1 +Pt2 '

After reflection of the signal from the detector capacitance
across C, with delay 2¢; we obtain the addition

U= (40)

1 _Ptl 2 2
= e, 41
2ot ¥ 1pt,+11° (4D)
Each reflection from the loads C; and C, gives the factors
Y12=(1—pt13) (1 + pty ) ~! (42)

The problem therefore reduces to the summation of the
terms ’

2p iy

1
U=r T T

with the expressions (40) and (41). The total voltage gen-
erated, taking into account all reflections, can be written as

> U

n>2, (43)

Ip " 2Ip exp( — 2tp)

=156 T O+ Ty exp( — 2t | °

(44)
The impedance of a cable loaded with capacitances
C,, is expressed as

2U o4y exp( = 21p)]
I~ (14pt)[1—ryrexp(—2tp)]°

Z,= (45)

Let us transform Eq. (6) for the input impedance of the
CSA:

1 1 Ag.Z, 1
Z '=— 46
n Zl+Zz+Za Zz+zs + (46)
After the substitution of (45) into (46) we obtain
pll+ v, exp( —2tp)]

= . 47

"2+ pty + ptyy exp( — 2tp) i)
In what follows we shall assume that 7, = 0 (which is valid
in the case C; » C,) and shall neglect reflections of the

signal from the CSA side. Then (47) simplifies:
Z;,=0.5p[1 4+ y,exp( —2tp)]. (48)
The SD of the channel noise iy, can be written as

Sen(@) =G3(j©)G3( — jo)i%y, (— 0 <0< + ®),

(49)
where i3, = 2kTg,,, and the expression for G; is
G3(p)=AZ, Z{ '=0.54[1 — y; exp( — 21p) ]. (50)
We substitute (50) into (49) and obtain
Sch(w)

14 2o? + cw(Pa? — 1) + 2swho
=2kTg A , (51)

1 + fo?

where we have introduced the notation cw = cos(2tw),
sw = sin(2tw).

The transfer characteristic G,(p) (12) of the source of
current I, related to the feedback-resistor noise can be re-
written as

Z,Z,Ag,,  J1+ 712 exp( — 2tp)
Gy (p) =1+ 12,48 _a Y1Y2 €Xp dP '
ZO+ZIZ3Agm 2
(52)
We introduce the notation
Nh=J+1, Jh=J-1;
Si=R+1; JL,=P_1.

Taking into account the fact that 3 = 2kT/R » We ob-
tain an expression for the noise SD scaled to the CSA
output:

(Bw® + 1)J; + cw J4(1 — Bo?) — 2st4T1co

$,(0) =2kT/R /[ G,( jo)Gy( — jo)]=2kT/R;

In Fig. 6 we show the noise SD dependences S, and S, on
the frequency for the following CSA and cable parameters:

A=1; g,=20 mA/V; R,=47 MQ;
C,=1nF; p=150 Q; /=10 m.
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2(1 + Bo?) (53)

The dashed line in Fig. 6 shows the noise SD of a CSA
loaded with a localized impedance. The calculated depen-
dences of the equivalent noise charge ENC (FWHM)" on
Cior» Where C,, = C, + C. (C, is the cable capacitance)
are shown in Fig. 7 for various shapings of an (RC)? noise-
reduction filter. The CSA parameters are the same, and
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FIG. 6. SD of noise at the current output of a CSA when the detector is
connected to the amplifier via a cable.

C; = 100 pF, p = 50 Q. It can be seen that: (1) the depen-
dence ENC(C)) in the case of a localized capacitance is
linear; (2) the dependence ENC(C,,,) differs significantly
from a linear dependence; (3) for large cable lengths
ENC(C,,) enters a plateau. The authors of Ref. 14 have
studied the influence of cable detector-CSA coupling on
the noise characteristics of the measuring section and give
the experimental dependence of ENC(C,,,) for an ampli-
fier assembled from bipolar transistors. The results ob-
tained experimentally confirm the calculated noise charac-
teristics shown in Fig. 7.

2. ELECTRONICS FOR HIGH-SPEED DETECTORS

At high counting rates (> 10° pulse/sec) a preamp-
lifier based on bipolar transistors (BT) has a larger signal-
to-noise ratio than one based on a FET (Ref. 15). In this
section we study the noise characteristics of BTs and give
four circuits for low-noise preamplifiers.

ENC(FWHM), 1072~
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Equivalent noise charge of a bipolar transistor

The equivalent circuit for a noisy BT is shown in Fig.
8a. The three sources of noise have the spectral densities

d
37 o =4 Trsms (54)
d
77 o=24l5 (55)
d
57‘5=2qu (56)

where I and I, are the base and collector currents, and ¢
is the electron charge. Rescaling of the noise SD to the
output (the collector) gives15

N(w)=2qI.
(CD+ CB) (1+w To)
+liz—lzzl, (57)
B 1+ o1

where Cp is the detector capacitance, Cp is the intrinsic
capacitance of the BT,

gm=q1c/(kT) (58)
is the transconductance of the BT, and

B=I/Ig, B=dl/dlg (59)

70=Bg,, (Cp+ Cj). (60)

Expression (57) can be used to calculate the ENC of the
BT:

FIG. 7. The dependence ENC(C,), where C,,, = C; + C, (the cable
capacitance C, is varied) for various durations of an (RC)? noise-
reduction filter (numbers near the curves). Parameters used in the
calculations: C; = 100 pF, g,, = 20mA/V, R, = 4.7MQ,p =50 Q.
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PA FIG. 8. (a) Equivalent circuit of a noisy BT and (b)

'g”——— circuit for measuring the ENC.
G
b
ENC(FWHM) The capacitance Cp mimics the detector capacitance. A

° 172
[21r f+ N(0)|F(w) |2 dw]

0

=2.35

T ,  (61)
[ J- exp( jtw)S(w)F(w) dw]

tmax

where S(w) is the frequency transfer characteristic of the
signal at the BT output and F(w) is the frequency char-
acteristic of the filter following the BT.

The ENC measurements were made using the circuit
of Fig. 8b. The square-wave generator G has a front of <5
nsec, so that the BT input receives a current pulse having
the form of a é function:

ip(8) =06(1). (62)

If Ug is the amplitude of the signal from the generator,
then

0=C.Us. (63)

ENC(FWHM), 707~
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FIG. 9. Dependence of the ENC on the detector capacitance for the
KT640 transistor for I, = 0.3 mA. The points are the measurement re-
sults, and the curves were calculated using Eq. (8); the numbers near the
curves are the values of 7 in nsec.
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shaper of the RC-CR type with equal integration and dif-
ferentiation times 7 is used as the filter F. A stroboscope
oscillograph (SO) is an ideal peak detector.'®

The dependence of the ENC on Cp, 7, and I, was
measured for various types of BT. The best were KT382
(Ref. 17), KT391, KT399, KT640, KT3124 (Ref. 18),
and KT396 (Ref. 19). In Fig. 9 the dots show the results
of the ENC measurements for the KT640 transistor for
I. = 0.3 mA and 7= 20, 50, and 100 nsec. The solid lines
are the results of the calculations using (61). We see that
the calculation agrees with the measurements to within
10-15%. The good agreement makes it possible to study
the dependence of the ENC on the transistor parameters
(B,rgpsf1.I;) and the measurement conditions (7,Cp)
without making difficult measurements.

A detailed analysis was carried out in Ref. 17 and
shows that:

1. There exists an optimal 7 which increases with de-
creasing 7.

2. For fixed 7 there is an optimal current I, which
decreases with increasing 7.

3. With increasing B the dependence ENC(Cp) is

ENC(FWHM),70%~

166 +
140
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KT 382 o
20 —
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FIG. 10. Dependence of the ENC on the detector capacitance for tran-
sistors of the type KT316 (75, = 300 ) and KT382 (rzp, = 30 Q).
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TABLE II. Characteristics of domestically manufactured bipolar transistors.

Type of BT Polarity frGHz p rpg’
LT368 n—p—n 0,9 90—150 20—35
RT382 n—p—n 1,8 100—-220 25—45
IRT391 n—p—n 6,0 50—130 15—30
RT399 n—p—n 1,8 85—110 5—9
WT3124 n—p—n 6,0 60—150 14—36
1{T3132 n-—p—n 5,6 100—160 14—20)
RT640 n—p—n 4,0 50—170 5—11
WT3109 p—n—p 0,8 40—100 10—30
RT3127 pP—n—p 0.6 30—75 20—30
KT396 n—p—n 2,8 150—210 7—15
KT3121 n—p—n 2,5 40—60 8—16
ILT629 p-—-n—p — 40—70 3,5—5

shifted downward without change of the slope.

4. Decrease of the maximum frequency fr from 3 to
0.3 GHz noticeably increases the ENC only for small Cp
< 10pF.

5. The slope of the dependence ENC(Cp) increases
with increasing rpgp. Here the value of the ENC for Cj
= 0 is not changed.

In Fig. 10 we show the dependences ENC(Cp) for
7 =20 nsec for the KT382 (rgp = 30 , curve 1) and
KT316 (rgg = 300 Q, curve 2) transistors. We see that the
choice of a head element with a small value of rpp is im-
portant.

Unfortunately, the handbook data do not permit rgp
to be determined. The methods of measuring the distrib-
uted resistance of the base recommended in the litera-
ture’®?! are either too awkward or require special appara-
tus which is usually not available in nuclear-physics
laboratories. For the mass production of low-noise ampli-
fiers it is necessary to discard the transistors, since the
method of measuring rgp must be simple. In Ref. 15 we
suggested a method satisfying this condition. It is based on
measurement of the noise SD/BT at a fixed frequency with
incorporation of the BT using a circuit with a common
emitter.

We used this method to measure rgp for 43 types of
domestically manufactured BT of the hf and uhf
ranges.!>!1%2223 Ag a result, we found the types of BT suit-

able for use as the head element of a low-noise preamplifier
(Table II). The values of f; are the handbook values.?*
In practice, the best results were obtained with BTs of
the types NEO21, NE578, NE734, and BFT25 (Refs. 25
and 26). Reference 27 gives the results of measurements
and calculations of the ENC for the transistors NEO21,
NEG635, NE645, and NE681. Comparison with domesti-
cally manufactured transistors shows that the KT640 has
an ENC as good as that of the best Japanese transistors.

Low-noise amplifiers based on bipolar transistors

Of the published circuits for low-noise preamplifiers
(PA) based on BTs, that based on the CE-CC (the first
transistor incorporated via a circuit with a common emit-
ter, and the second via one with a common collector) cir-
cuit®® is noteworthy for its simplicity and technical char-
acteristics. However, to obtain a high operating speed this
circuit requires that a transistor with very small collector—
base capacitance be used as the head element, which is not
always possible. It seems to us that the CE-CB (cascade)
configuration, which is in addition distinguished by high
stability and lack of sensitivity to the circuit board, is more
suitable.

We constructed three PAs based on this configuration;
their parameters are given in Table III, and their circuits in
Figs. 11-13.

TABLE III. Parameters of low-noise amplifiers which have been designed.

Amplifier circuit Fig. 11 (Ref. 29) Fig. 12 (Ref. 30) Fig. 13 (Ref. 31)

Technology Thin-film “RITM” Discrete
Number of channels on the substrate 11 4 16
Substrate area, mm? 40X 60 20X 50 120 80
Duration of output pulse at a level of 0.1 of the amplitude, nsec 70 20 15
Rise time (from a level of 0.1 to 0.9), nsec cer 4 4
Conversion coefficient for C;, = 0, uV/electron 0.086 0.50 1.0
ENC (FWHM) for C, = 0, 103 e~ 4-5 34 2.5-3
Required power of one channel, mW 80 90 110
Input resistance, 380 150 100
Pickup at a neighboring channel 2% 0.6% e
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FIG. 11. Schematic diagram of a hybrid preamplifier: T, T,, T; are
KT384, KT370, and KT354, respectively. The feedback capacitance Cris
external, and R, = 25 kQ.

The listed preamplifiers are suitable for use with any
small-capacitance detectors, but the electronics channel of
a high-speed gas detector must contain an amplifier—shaper
in which networks suppressing the hyperbolic tail of the
detector pulse are realized (zero—pole cancellation net-
works’>%%).

In Fig. 14 we show the circuit of the linear part of the
electronics section of a multiwire proportional chamber
(MWPC) designed to operate with small gas amplification
at large loads. The first three BTs form a preamplifier. The
capacitance C; in the emitter T, shortens the pulse char-
acteristic of the preamplifier. The minimum duration of the
output signal 10 nsec (at 0.1 of the amplitude) is attained
for C; = 130 pF.

The transistors 74T form an amplifier-shaper with
an input resistance of 50 ). The capacitance C, shortens
the hyperbolic droop of the signal and is selected for spe-
cific detectors and gas mixtures.

The pulse characteristic of the entire section for C,
= 68 pF has a duration of 12 nsec and a conversion coef-
ficient of 2 uV/electron. For C, = 0 we have the noise
charge ENC = 3 X 10° ¢~ It should be noted that this
amplifier, which has the same time, amplitude, and noise
characteristics as the circuit proposed in Ref. 34, is much

simpler than the latter. The amplifier of Ref. 34 involves 20
transistors and 52 resistors.

High-speed gas detectors

The counting rate of a MWPC can be increased in the
following ways:

1. By decreasing the anode—anode and anode—cathode
separations. However, this involves significant technologi-
cal problems.

2. By use of gas mixtures with large drift velocities.

3. By decreasing the gas-amplification coefficient
(GAC). This requires the use of a low-noise amplifier.

The authors of Ref. 34 have studied various versions of
MWPC constructions filled with “fast” gas mixtures based
on freon-14 (CF,) and hydrocarbons, and have achieved a
loading rate of 2 X 10° particles/sec per wire. They
stressed that it is necessary to use CF, of high purity. This
gives rise to doubts, since this gas is electronegative. Nev-
ertheless, it should be checked that domestically manufac-
tured CF, can be used.

The measurements were carried out using three con-
figurations of gas gaps for the mixture CF,+ 20%
C4H;o. The amplifier shown in Fig. 14 (with inessential
changes in the second cascade) was used in all three cases.

The counting and amplitude characteristics were mea-
sured according to the scheme of Fig. 15. The source
S, ('%Ru) mimicked the beam, and S,(*Sr) generated the
background load; D are discriminators, CS is the coinci-
dence scheme, and R is a rescaling device. The amplitude
spectrum was measured by a 16-channel 12-bit ADC. The
time resolution was measured from the delayed-coinci-
dence curve. The GAC was determined from the ampli-
tude of the signal from a *Fe source.

1. The MWPC (Ref. 35)

The anode—cathode gap is 4 mm, the anode—anode gap
is 1 mm, the diameter of the anode wires is 10 um, the
diameter of the cathode wires is 100 um, and the diameter
of the sensitive region is 12 cm.

The counting characteristic has a plateau beginning at
4 kV with a width of more than 1.5 kV. At the beginning
of the plateau the GAC is ~ 10°. The pulse at the amplifier
output has a symmetric bell shape of extent 20 nsec at the

FIG. 12. Schematic diagram of a hybrid high-speed amplifier. All the npn
transistors are of the type KT396, and the pnp ones are KT364. The
capacitances are 10 nF.
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FIG. 13. Schematic diagram of a high-speed amplifier based on discrete
elements. T, and T3 are KT399 transistors, and K, and K, are KT363
transistors. All capacitances are 47 nF.
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FIG. 14. Schematic diagram of an amplifier for high-
speed gas detectors. T is a KT399 transistor, T, is a
KT371 transistor, and T3-T are KT363 transistors.

base. The amplitude spectrum has a shape close to the
Landau distribution, and is practically undistorted for a
background load of 0.5 X 10° particles/sec per wire, which
when rescaled to minimally ionizing particles gives 1.6
X 10° particles/sec (Fig. 16). The time resolution
(FWHM) is 6.7 nsec. The pickup at a neighboring wire is
20%-30% of the amplitude at the operating wire.

2. The minidrift chamber (Ref. 36)

The construction of the chamber is shown schemati-
cally in Fig. 17. The diameter of the sensitive region is 10
cm. The signal duration is 15 nsec with overshoot of op-
posite polarity equal to 20% of the amplitude. The ampli-
tude spectrum is shifted toward small amplitudes by 10%
for a background load of 1.3 X 10° particles/sec per wire
(Fig. 18). The induction effect is 3%. The counting char-
acteristic has a plateau from 1680 to 2030 V. The time
resolution is S nsec.

3. A system of proportional tubes (Ref. 37)

The tubes were made of titanium of thickness 50 um
and had a diameter of 2 mm and a length of 10 cm. The
anode had a diameter of 20 um. The measurements were
made with a system of 64 tubes. Modifications in the sec-
ond cascade of the amplifier made it possible to decrease
the response duration to 10 nsec. The tube characteristics
are similar to those of the minidrift chamber.

The question of detector degradation owing to poly-
merization was not studied, but the small value of the
GAC (10°-10% suggests that the detectors have a long

«<BUSY»

FIG. 15. Circuit for measuring the counting and amplitude characteristics
of a chamber.
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life. The data of Ref. 38 show that the mixture
CF,+20% C4H,, is very stable to polymerization for
large loads.

Therefore, the use of high-speed, low-noise amplifiers
has made it possible to obtain a loading capability of 10°
particles/sec per wire and a time resolution of 6 nsec,
which makes it possible to use the MWPC for trigger-
signal generation instead of hodoscopes of scintillation
counters.

3. SIGNAL FILTERING

The signal-to-noise ratio is determined by the charac-
teristics of the noise-reducing filter. In this section we con-
sider various types of filters.

The maximum accuracy of amplitude measurements

The structure of the section which measures the signal
from a detector can be represented as in Fig. 19. The sig-
nal-to-noise ratio 7 obtained at the section output is deter-
mined by the signal and noise spectra, the frequency char-
acteristic of the filter F, and the type of converter P. The
filter F for which the maximum possible 7 is obtained is
referred to as the optimal filter. In the theory of optimal
signal and noise filtering one usually considers the case
where P is a peak detector, for which it can be shown that
7 cannot be larger than®

1 - IU(w)IZd 172 .
n< 2_77_ f—m N(CL)) w} ’ (64)
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FIG. 16. Amplitude distributions of pulses from a chamber at low inten-
sity (curve 1) and a load of 0.5 X 10° particles/sec per wire (curve 2).
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FIG. 17. Construction of the minidrift chamber. The dimensions are
given in um. The cathode is an aluminum foil of thickness 14 um.

where U(w) is the Fourier transform of the signal and
N(w) is the noise SD at the filter input. For example, if PA
is a charge-sensitive preamplifier, then the equality in (64)
is attained for a filter F having a “cusp” type of pulse
characteristic:

H(t)=exp( — |t|/7.).

Physically realizable filters give an equivalent noise
charge larger than that given by the optimal filter:

ENC = xENCyp,

where ENC,,, is the equivalent noise charge obtained with
the filter (65), and x is the noise-excess coefficient. The
inequality (64) implies that in the case of the peak detector
all except the cusp filter have »x > 1. The peak detector is
rarely used in practice. It is more common to work with a
charge—-digit converter, and sometimes more complicated

(65)

converters are used.*>* This is because, as a rule, in ex-
periments a trigger signal is present which can be used to
trigger the converter. However, no one has managed to
evade the limit (64). It is natural to ask whether or not
values x <1 are possible for arbitrary P. In Ref. 45 we
showed that the inequality (64) holds for an arbitrary law
governing the converter P, only the form of the optimal
filter will differ from (65).

In fact, the law governing the signal-digit converter
can in general be written as

s= " Py, (66)
where P(t,t,,) is the converter algorithm; ¢, is one or sev-
eral parameters characterizing the time scale of this con-
verter.

Performing the Fourier transforms

1 (o )
V(t)=— f V(w)e dw; (67)
27 ) _
1 (o )
P(tt,)=— f P(w,t,)e” do, (68)
2r J _ o
we rewrite (66) as
1 (o
S=— f V(w)P*(w,t,)do. (69)
27 ) _ o

Here we have taken into account the fact that
P( — o,t,) = P*(w,t,), since P(t,t,,) is a real function of

- 800
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FIG. 18. Amplitude distributions of pulses from one wire at low
intensity (curve 1) and a load of 1.3 X 10° particles/sec per wire
(curve 2). Curve 3 is the amplitude distribution when the pulses
from three wires at low intensity are summed. The pedestal,
smeared by electronics noise, is shown by the dark line. The
left-hand vertical scale refers to the spectrum (2). The voltage in
the chamber is 1700 V.

40
A, rel. units
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FIG. 19. Structure of the measuring section: D—detector; PA—
preamplifier; F—filter; P—converter.

t. If h(w) is the frequency characteristic of the filter, it is
convenient to introduce the notation

F(w,t,,) =P*(w,t,)h (o) (70)
and then (69) takes the form
1 w
S=— f U(w)F(w,t,,)do, (71)
27 ) _

where U(w) is the Fourier transform of the pulse shape at
the input of F.
Similarly, for the noise we have

N= f © Pt,)B(Ddt. (72)

Since (B(¢)) =0, then (N) = 0. Then the noise dispersion
will be
D=(N?

=r dt fw dt’ P(t,,) P(t' 1) Ka(t — 1),

(73)

where Kg(t' — t) = (B(¢)B(t')) depends only on the
difference ' — ¢, since the process B(?) is stationary.

Going from the correlation function Kg(¢' — ) to the
noise SD Ng(w),

1 ® )
) —— w(t—1t')
Kﬁ(t t) oy J-_ . NB(CO)CI da), (74)
and using the relation
Ng(0)=N,(w)|h(o)|% (75)

where N,(w) is the noise SD at the filter input, substitut-
ing (75) into (74) and (74) into (73), and using the def-
inition (70), we obtain

(76)

1 ©
D=— f N (0)|F(w,t,)|? do.
27 ) _

Using (71) and (76), we write the square of the signal-to-
noise ratio as
et ) )

1 [ J- U(w)F(w,t,)do
2_ —

=2 - . 77)
4 f No(0)|Fat,,) | do
We introduce the notation
a(@)=|Ny(@)|"*F(w,ty,);
(78)

b(w)=|Ny(w)|~?U(w)
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and rewrite (77) as

- 2
1 [ f a(w)b(a))da)]
2_ — o )

3 » (79)
4 f la(w)|? do
We use the Schwarz inequality
w 2
[ f a(w)b(w)do
<f°° la(@) |? do> fw 1b(w) |? do. (80)

The equality in (80) is attained for a(w) = kb*(w), where
k is an arbitrary number, i.e., according to (78),

[A(0) P(0,t,,) Jopt=U* (@) /Ny(o). (81)
Here

1 © IU(w)|2d 172 £

N<Nmax= EJ_@ N (o) (x)] ’ (82)

which exactly coincides with (64).

Therefore, for any type of converter P there exists an
optimal filter F with transfer characteristic 2(®) given by
(81). Here the maximum signal-to-noise ratio is the same
as for the optimal filter—peak detector system.

The strobing integrator

The charge—digit converter (strobing integrator SI) is
apparently most widely used in experiments. Its conversion
law is of the form

n+A
S= f V(t)dt,
)

where ¢, is the time of opening of the gates and A is their
duration.

In optimizing 7 it is necessary to position the gate
relative to the signal in such a way that (83) is a maxi-
mum. For fixed A there is an optimal #,. In fact, differen-
tiating (83) with respect to 7, and equating the derivative
to zero, we obtain the condition (the stationary noise is
independent of ¢;)

V(tg) =V (5 + 4A), (84)

which has a simple geometric interpretation: the strobe
pulse must be positioned relative to the signal in such a
way that the times of opening ¢, and closing 7, + A corre-
spond to the same signal level.

Let us consider the case of a CSA with a noise SD of
the form

(83)

1+ (1)27'3
Np(0) =2kTg, R, ———— |h(a) . (85)
In this case (76) gives
w 4 sin2(wA/2)
D=Zr f Ng(&)) —a)z——"‘dw (86)
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FIG. 20. Dependence of x on 7/7, and 6 = A/7 for the SI: (a) for RC-CR filtering; (b) for a triangular filter.

Equation (86) forms the basis for calculations of the ENC
for SIs with RC—CR filtering*® and for the triangle filter.*’
In Fig. 20a we show the dependence of x on the shaping
time 7/7, and the gate duration § = A/7 for an RC-CR
filter. The numbers near the curves are the values of x — 1
in %. We see that an optimum exists for 7 = 0.57, and
A =2.57. Here »;, = 1.11.

In working with a peak detector one of the best real-
izable filters is that with a triangular pulse characteristic.
When the SI is used, this filter gives the » shown in Fig.
20b. The minimum is attained for A = 0 (the SI becomes a
peak detector) and 7., = 7.V3. Here %, = 1.075. It is in-
teresting to note that x has a second minimum on the
right-hand side of Fig. 20b, but here x =~ 1.14.

One of the advantages of the SI over the peak detector
is the decreased pile-up error.*® Figure 21 illustrates how
important it is to correctly choose the relative gate dura-
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tion and the-filter constant in order to decrease the signal
duration. In all the cases shown in Fig. 21, x is the same
and equal to e/2 (e = 2.718...). The minimum duration is
attained with 7 = 0.177, for the RC-CR filter and 7
= 0.44r, for the triangular filter. Comparison of Figs. 21e
and 21f with Fig. 21a shows that the use of the SI instead
of the peak detector allows the loading capability of the
detector to be increased by a factor of 4 to 5 without wors-
ening the signal-to-noise ratio.

Other types of converters

These advantages of the SI suggest that other types of
converters may also have advantages. The authors of Ref.
438 studied the structure of the measuring section shown in
Fig. 22. Here F is a filter, and F, is a block which converts
the input signal into a digit according to some law. The
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FIG. 21. Signal shapes at the SI input and relative positions of the strobe pulses (hatched regions) for which »x = e/2 for an RC-CR filter (a—) and

the triangular filter (f, g).

system operates in the following manner. At the instant of
time ¢ = 0 the switch SW, is closed, and at the output of
F, a signal s(#) growing with time and noise with zero
mean and increasing dispersion are observed. At the time
t, the switch SW, is closed for an infinitesimal time, i.e.,
the instantaneous value of the mixture of signal and noise
is measured at its output. After this F, is returned to the
initial state by the “Reset” command. We shall seek the

SW, SWy

'chd iy

External
trigger

D, |t+at

Selection

is On[ Off T«reset»
2
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optimal value of #, and the optimal position of the signal
relative to the time ¢ = O for various types of F, and F,.

1. F, is an ideal differentiator

If A(t) is the pulse characteristic of the filter F,, the
noise dispersion is finite only for

A 3 B><._ Fy >§._ S(ts)

h(0)=h(#,)=0, h'(0) <o, h'(f) <. (87)
FIG. 22. Structure of the measuring section.
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TABLE IV. Noise-excess factors x for various filters with pulse characteristics A(¢).

h (1) ¥ *min
{ts—t)exp (t/T¢), exp (ts/Te) 1t for
0<t<t3 [exp(zts/‘rc)__ilf/z ts—’OC
sinh (2t5/7,), [sinh(2ty/7,) — 2t/7]"? 1 for
t>0 sinh(2t,/7,) — (t/7c)exp( — t/7,) ty— o0
t, (t5/670) /2 1,016 for
bt 1— 2% [1—exp (—t5/7o)] te=21 %
8

The ENC is written as a quadratic functional of 4(z). The
solution of the variational problem gives the pulse charac-
teristic of the optimal F, (Ref. 48):

sinh(#/7.)

hopt(2) =m’ (88)

where the signal should appear at the time ¥z, where
Yopt = 1/2.Here

, sinh(2t/7.) | g 89
YT T e
i.e., in this case the optimal filter cannot be realized, as in
the case of the peak detector.

One of the realizable conversion laws is the triangle
law:

2t/t, O<t<t/2;

h(t)= 2-2/t, t/2<t<t, (90)
Calculations show that for this law
x=[t/61.+ 21/1]"?, (91)

and the minimum is reached for ¢, = 3.67, and is

Xmin= 1.075.

2. F, is a noise whitener

For the CSA it has the transfer characteristic of a
differentiator with time constant 7.. Now it is no longer
necessary to satisfy the condition (87). The authors of Ref.
48 studied three types of converters for this filter. In Table
IV we give the expressions for A(¢), x, and xp,.

The best present-day result was obtained for the last
case (where the structure is whitener-switch—double inte-
grator):

Ymin=1.016.

Therefore, the charge-digit transformer makes it pos-
sible to increase the loading capability by several times in
comparison with the peak detector without worsening the
signal-to-noise ratio. Of the realizable filters, the best 7 is
apparently obtained for the whitener—double integrator
system, which can be realized using solid-state technology.
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4. AMPLITUDE MEASUREMENTS FOR
TRANSFORMER DETECTOR-AMPLIFIER COUPLING

Transformers are widely used in nuclear electronics to
make the capacitance of the particle detector and the pre-
amplifier coincide.**">® However, the transformer parame-
ters (the standard size of the ferrite, the numbers of turns
and their ratio, the shape and duration of the noise-elimi-
nation filter) are optimized empirically, since the existing
methods of calculating transformer noise’ ™ are crude
and ill-suited for practical use. The assumption that the
transformer windings have infinite inductance, which was
made in these references, automatically leads to the follow-
ing: 1) divergence of the integral of the noise SD; 2) ape-
riodic response of the transformer, although an oscillatory
mode is also possible. For these reasons the present theory,
which is discussed in Refs. 51-55, cannot give any recom-
mendations on how to optimize the transformer parame-
ters. In this section we make a fairly rigorous study of a
method of calculating transformer noise which eliminates
the divergence of the SD integral noted in Refs. 53 and 54,
and we develop practical recommendations for the choice
of transformer parameters (the type of ferrite, the number
of turns in the windings) and the shaping circuit (the type
of filter and its time constant), depending on the experi-
mental conditions. The material of this section is largely
based on Refs. 56-59.

The transformer as a dissipative four-terminal
network

A transformer is a dissipative element, since energy is
lost in the core and the resistive windings. According to the
fluctuation—dissipation theorem,®? the transformer is
also a source of noise. One method of calculating the noise
SD of the core itself (the ferrite) is to use the methods of
the theory of electric-field fluctuations.®®? We introduce
external random electric and magnetic currents j, and j,,,.
Then Maxwell’s equations are written in the symmetric
form

1B 47
curlE= —————j,

cdt ¢ (92)
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FIG. 23. Transformer coupling giving equal impedances of the detector
Z, and the preamplifier Z,. S, and L, are the effective cross section and
length of the core, and S is the area of the loop L,,,.

10D 47
curl H= — i Pt % (93)
Since in a conductor the displacement current is negligible
compared with the conduction current, the term dD/df can
be discarded in (93). Inside the transformer we select two
loops L,, (the effective length of the core) and L (the
length of one turn) enclosing the areas S and S, respec-
tively (Fig. 23). Then, assuming that the magnetic field is
uniform over the cross section and zero outside it, we apply
the Stokes theorem to (92) and (93), and, transforming to

frequency space, we obtain

jou' HS 4
= S i (94)
c c
LmH= (i,nl + i2n2)4'rr/c, (95)

where £; = $E dL minus the emf induced in one turn, y’ is
the real part of the magnetic permeability, /; and i, are
currents, and 7, and n, are the numbers of turns in the
primary and secondary windings, respectively. Using the
fact that

ENnya=02Z,,, (96)
from (94)-(96) we find
47 joS,u' n n? 47
E;= ——?- / L”.u E; (2!1"‘"' EE’) '__C—jms’m- (97)
Introducing L, the inductance per turn,
47 joS,u’
Ly=—— —F, L1,2=L0”%,2’ (98)
c L,
we transform (97) to the form -
41 j

¢ 1+joL/Z, + joL/Z,"

To calculate the fluctuations of the noise voltages at
the impedances Z; , we use the well known expression of
Ref. 62 for the spatial correlations of fluctuation magnetic
fields: :

T ) =kTou"8(r — ') /4, - (100)

where p” is the imaginary part of the magnetic permeabil-
ity, » and 7 are the coordinates of the magnetic currents,
and 8(r — 7’') is the Dirac delta function.
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FIG. 24. Simplified equivalent circuit for calculating the thermal noise of
the transformer for L, » |Z, ,|.

Averaging (100) over the ferrite volume V,,
= S,.L,,, we obtain

Fo=kTop"/(47S,,L,,). (101)
The currents piercing the primary and secondary loops are
Ia=¢gmy/Zy). (102)

Then, taking into account (99) and (101), the SD of the
noise current in the secondary loop can be written as

2

VRS n, v 2kTa)L2 tan 8
12((1)) =5 i N N 2
|Z5] |Z5||1 + joL\/Zy + joLy/Z,)

(103)

where tan 6 = u"/p' is the tangent of the core loss. It is
easy to see that the integral of the current SD converges. If
we consider an ideal transformer with very large L, , such
that wL1,2/|Zl’2| > 1, then

1 |1Zi|?

ig(a)) =2kT —tan é

oL, |Z, + Z;)*° (104)

where Z| = Z;n’ and the integral of (104) will have a log-
arithmic divergence.

From Eq. (104) we also find the equivalent circuit of
Fig. 24, in which the noise SD is

This is the result which was used in Refs. 53-55.

In radio engineering core loops with an air gap are
often used to improve the quality and discrimination. This
actually makes it possible to decrease the tangent of the
loss, tan ' = tan 6(u'/p), where p’ and u are the original
and effective permeability of the core and tan § is the loss
without the gap. However, this does not improve the noise
characteristics, as follows from Eq. (105).

(105)

Subcritical damping of the transformer

In this section we study a CSA which damps the trans-
former oscillations. As was shown in Refs. 57 and 58, a
transformer with oscillatory and aperiodic modes gives a
potentially identical ENC for optimal filtering. The circuit
for analyzing the noise and the signal is given in Fig. 25a.
Here i; and C, are, respectively, the current and capacity of
the detector [unless explicitly stated otherwise, i; = 5(¢)];
E,, are the noise voltage generators of the primary and
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secondary windings. The noise SD of the primary and sec-
ondary windings and also the noise of the FET channel
are, respectively,

El,=2kTr; i2=2kTg,, (106)

where r,, are the ohmic resistances of the primary and
secondary windings and g,, is the FET transconductance.
In the numerical calculations for the FET we used the
following parameters of the FET 2N4861: g,, = 20 mA/V,
C, = 20 pF. The frequency dependence of the thermal
losses in the windings of the core with resistances 7, , was
neglected (if the windings are made from multiple-strand
Litz wire of diameter 40 um, then r,, will be frequency-
independent up to 10 MHz), and E, and E, are assumed to
be completely uncorrelated. The circuit of Fig. 25a does
not contain a noise source describing the magnetic losses in
the core, since its contribution will be estimated using the
expression for the fluctuations of the loop current (103).
The noise of the feedback resistor Ry can also be neglected,
since the transformer connected to the CSA input shunts
R, by an equivalent resistance erz, where Q is the trans-
former quality. In practical circuits**® the condition
Rs> r1,2Q2 is, as a rule, very easily satisfied. We assume that
the magnetic permeability of the core is sufficiently high,
u>1, so that the coefficient of magnetic coupling between
the windings can be set equal to unity.

The current I reflects the reaction of the FET to the
voltage at its gate, ] = V,g,,. In calculating ¥V, from the
sources iy E; , we shall assume that the CSA (enclosed in
the dashed box in Fig. 25a) can be replaced by a “cold”
resistor Ry, = C;/(Cg,,). We therefore arrive at the equiv-
alent circuit shown in Fig. 25b. The equations for the loop
currents i ; are

Zli] +pMi2=E| + id/(pCl);
Zziz +pMil=E2,

(107)
(108)
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FIG. 25. Equivalent circuits for analyzing the thermal noise
of the windings E, , and the FET channel of the CSA for
transformer coupling to a detector: (a) complete circuit; (b)
simplified circuit including only E,, and the signal i ; (c)
circuit for calculating the contribution of FET channel noise.

I=[zzingm=yzgm

where M = K(L,L,)%%, K = 1is the coefficient describing
the mutual inductance of the windings, and Z; = pL,
+ r+ 1/(pC,), Z, = pL, + r, + L;, are the total series
impedances of the primary and secondary loops. Taking
into account the input capacitance of the FET C,, the total
input impedance of the CSA is [see Eq. (24)]

Z,=[C(p+Bn)]1 ", where Bi=(RisCy) ~ .

Solving the system of equations (107)-(108), we write
down the contributions to the loop current i, from the
various sources:

oy iM X ElPM_ . _E2Zl
lz('d)=m; lz(E1)=m - tz(Ez)—A—(p) ,
(109)

where
A(p)=2,2, — M,
Z,=pL, +r + 1/(pCy);
Zy=pLy+ 1+ Ziy,

The components of the current of the FET of the CSA
from the various signal and noise sources are found from
Egs. (9), (12), and (17):

1(iy) =i(i)) Zinkms
I(E))=i)(E\) Zin8m;
I(Ey))=i)(E)) Zin8m
Let us consider the contribution of the noise of the FET
channel. Let Z, be the impedance of the input circuit,

which “sees” the CSA, i.e., the impedance across the ter-
minals 1, 2 (Fig. 25¢c). It is easy to show that

(110)

Z2,=(ZiZ; - Z,Z, - PM*)(Z,Z, - P'M*) " 'Z,
(111)
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where

Z,=pLi;+riy+ 1/(pCi3), Z.=1/(pC,).

Then according to (18) at the CSA output the source of
the current i, gives the following response:

_; Z\+2,+ 24

T2+ L+ 2+ 2128y
where Z, = R/||Cy, Z; = R,||Cy, and Z; is given by (111).
The contribution of the ferrite noise to the output current
of the CSA can be found using Eq. (100) for the emf ¢;
induced per turn. The value of &; is related to the imped-

ances Z7, of the loads of the primary and secondary wind-
ings as

I(icn) (112)

47 Uf
S 1+ pLy/Z) + pLlo/Zy

where

(113)

E}: 2kTwL,tan §; tanb=u"/u’',

Zy=r + 1/(pCy);

At the CSA output the noise emf ¢; gives the following
value of the current:

nngZin
n+Zy’

The SD of the individual components of the noise are ob-
tained after transforming from the Laplace variable p to jo
and multiplying Eqgs. (110), (112), and (114) by their
complex conjugates (denoted by the *):

HX(E))=I(E\)I(E))*;
HY(E;) =1(E,)I(E,)*;
H2 (i) =1 (in) I (i) *;
HA(f)=I(f)(f)*

Since all the noise sources are independent, the SD of
the total noise is equal to the sum of the SDs of the com-
ponents:

N(w)=H*(E)) + HXE,) + H (i) + H*(f). 116)

In Fig. 26a we give the SDs of the individual compo-
nents of the noise at the current output of the CSA, calcu-
lated using Eqgs. (115). The parameters used in the calcu-
lations are given in the caption of Fig. 26. The total SD of
the noise from the transformer windings and the FET
channel (the curve 1 + 2 + ch), the SD of the thermal
noise of the ferrite (curve f), and the energy spectrum of
the signal (.S) are given in Fig. 26b. The minimum of the
total noise SD is reached at the frequency Q; = 6 X 10°
sec ~ |, the resonance frequency of the transformer loaded
by the capacitances C),. The depth of this minimum is
determined by the sum of the noises of the FET channel
and the transformer core. The frequency w, is the eigen-
frequency of the oscillations in the secondary loop. We see
that for the K1 brand of ferrite (its characteristics are
given in Table V) and the selected transformer and CSA

Zé’ =n + Zin'

I(f)=¢; (114)

(115)
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parameters, the intrinsic ferrite noise can be neglected in
the entire frequency range. The authors of Ref. 59 give the
following criterion for choosing the type of ferrite for a
given band of the head element of the CSA oy and desired
duration of the shaped detector signal at the CSA output
Q7 . The tangent of the core loss must satisfy the relation

tan 6<10Q /1. (117)
Here the contribution to the total resolution due to the
thermal noise of the core will be smaller than the total
contribution of the noises from the windings and the FET
channel. In Fig. 26b we also give the energy spectrum of
the signal (S). We see that the noise minimum at the
frequency Q7 corresponds to the maximum of the signal
spectrum, and it is therefore clear that simple filters of the
RC-CR and (RC)*>~(CR)? type will be preferable over the

others. The poles p, 3 characterizing the signal transmis-
sion band can be estimated from the expressions

D= — 0.5/(RinC2); Dy=— Rin/LZ'

Optimization of the transformer for an amplifier with
a cold resistor

The transformer is optimized through two parameters:
the energy resolution (ENC) and the loading capability,
i.e., the signal duration.

The ENC calculations were carried out using Eq. (61),
where N(w) is given by (116), S(w) is the Fourier trans-
form of the detector signal at the CSA output [the first of
Egs. (110)], and F(w) is the transfer characteristic of the
filter [RC-CR or (RC)>-(CR)?.

Choice of the filter parameters

In Fig. 27 we give the calculated dependence of the
ENC on the detector capacitance C, for three values of the
inductance L, and two values of the “cold” resistance of
the CSA, R;,. Curves 14 correspond to the
(RC)>~(CR)? filter, and curve 5 to the RC-CR filter. We
see that the use of the two-cascade integrator—differentiator
makes it possible to improve the ENC by roughly a factor
of two over the case when the one-cascade variant is used.
In Table VI we give the dependence of the total noise
charge and its individual components for an
(RC)2%-(CR)* filter. ,

The location of the maximum of the transfer charac-
teristic of the filter 7 is varied relative to the minimum of
the noise SD. From Table VI we see that: the minimum of

the ENC is reached at 7 ! = Q, as expected from the
symmetry of the noise SD (Fig. 26b), and therefore below
we shall always take 7 ~! = Q, unless stated otherwise;

the largest contribution to the ENC comes from FET
channel noise when an hf ferrite is used; the ENC is not
critically sensitive to small deviations of 7 =1 from Qr,
which considerably simplifies the tuning of practical cir-
cuits.
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Comparison of transformer and galvanic
detector-amplifier couplings

Comparison of the different variants only in terms of
the ENC is clearly inadequate, since at high counting rates
the error is largely determined by the pile-up noise, which,
in turn, depends on the shape and duration of the output
signals of the filter. In order to decrease the number of
parameters, it is desirable to introduce a definition of the
signal duration which ignores the signal shape. As such a
definition we chose the duration at a level of + 0.1 or
— 0.1 of the maximum value (the larger of the two). Of
course, this definition is somewhat arbitrary, but it is con-
venient for measurements.

Let us compare of the

filters RC-CR or

FIG. 26. Results of calculations of the noise and frequency characteristics
of an amplifier with transformer coupling to a detector: (a) noise SDs of the
primary and secondary windings (curves 1 and 2, respectively), the FET
channel (ch), and the ferrite (f); (b) energy spectrum of the signal (S)
and SD of the sum of the noise from the FET channel and the two windings
(1 4+ 2 + ch), and SD of the K1 ferrite (f). CSA and transformer param-
eters: C, = 20 pF, ¢, = 20 mA/V, C; = 2 nF, L, = 0.7 mH,
ny/n;=141/20.

(RC)>~(CR )? type for transformer coupling and of the RC
type for galvanic coupling. In both cases the current output

of the CSA is used. Oscillograms of signals of the same
duration at the outputs of these filters are shown in Fig. 28,
where the horizontal axis is measured in dimensionless
units of O, at, and Q = 1.6a, a ~ ! = R;,C,. The filter du-
ration in all cases corresponds to the minimum of the noise
SD, Q7 !. In Fig. 29 we compare the ENC for galvanic
coupling (curve 1) and transformer coupling using a K1 hf
ferrite (curve 2) at the same signal duration. The induc-
tance L, was varied, and the numbers along curve 2 indi-
cate the number of turns for which the condition of equal
signal durations Q7 ! = 0.6R;,C, is satisfied.

TABLE V. Characteristics of ferrites. Definitions: f°, f” are the frequencies at which tan § = u"/p’
is equal to 0.1 and 0.02, respectively; 1" and u’ are the real and imaginary parts of the magnetic

permeability; y; is the original magnetic permeability.

Brand of ferrite

Manufacturer

f, MHz [, MHz Wi
K1 Siemens 25 18 80
3B7 (N28) Philips (Siemens) 0.6 0.2 2300
3D3 (M33) Philips (Siemens) 1.5 0.8 650
50 VCh2 USSR 60 35 50
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FIG. 27. Dependence of the ENC on the detector capacitance and on
the parameters of the transformer and the filter for transformer (1-6)
and galvanic (7, 8) couplings: (1) L, = 35mH, R;, = 2002000 ; (2)
L, =3.5mH, R;, = 200-2000Q; (3) L, = 0.35mH, R;, = 1400Q; (4)
L, = 0.35mH, R;, = 200 Q; afilter of the (RC)2-(CR)? type was used
for curves 1-4; (5) L, = 35 mH, R;, = 200 Q, filter of the RC-CR type;
curves 1-6 pertain to a K1 ferrite; (6) L, = 3.5 mH, R;, = 2000 Q,
filter of the (RC)*-(CR)? type; (7) R, = 200 Q; (8) R;, = 2000 Q.
Curves 7 and 8 pertain to galvanic coupling of the CSA and the
detector with a sequential RC filter whose time constant is R;,C,.
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The role of ""cold” CSA resistance

It follows from Fig. 27 that in the case of transformer
coupling R;, has practically no effect on either the ENC or
the signal duration. However, as R;, is decreased it is pos-
sible to decrease L,, and, accordingly, the external dimen-
sions of the transformer, while satisfying the damping con-
dition L, > 8R%C, (C, is the input capacitance of the
CSA). Here the duration decreases as L, /2" but since
ENC ~ L; '8, the gain in the duration can turn out to be
more important than the small gain in the ENC. For ex-
ample, for a K1 ferrite and C; = 10 nF (the results of the
calculations are given in Table VII), the ENC was in-
creased by a factor of 2, and the signal duration was de-
creased by a factor of 25 as R;, was decreased from 1000 to
40 Q. Therefore, it is useful to use a CSA with small R;; at
large capacitances and high counting rates.

The limit on the inductance owing to finite duration
of the detector signal

Up to now it has been assumed that the detector signal
is a & function. For a finite signal duration it is necessary to
increase the inductance L,, since frequencies smaller than
R;./L, are not passed by the transformer (Fig. 26b). Let
us assume that the detector signal is an exponential with
time constant £ ~!. The inductance L, should be such that
the condition £ > Q1 is satisfied, since for € < Q,the ENC
grows linearly with increasing detector-signal duration
(Fig. 30). This fact complicates the design of a trans-
former for making a detector with a slow response (for
example, one based on pure argon) compatible with a
CSA.

The contribution of the winding resistance

An increase of the winding inductance, which is desir-
able for a number of applications, can be obtained by in-
creasing the external dimensions of the core or the number
of turns. The first method is not always possible, and,
moreover, the core parameters are chosen so that the in-
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ductance per turn A; increases weakly with increasing ex-
ternal dimensions. We are therefore left with the second
alternative, and this leads to making the turns from a thin
conductor. Calculations show that for the N28 ferrite
(Ar = 1600nH, n,/n, = 350/32) for a detector capacitance
C, = 2nFand CSA parameters C, = 20pF, g,, = 20mA/V,
R;, = 200 2, the ENC grows from 7 to 10 thousand elec-
trons as p increases from 0.0145 to 0.58 Q. The value
p = 0.58 Q is the resistance of a single strand of Litz wire
of diameter 40 um, and p = 0.0145 Q is the resistance of 40
such strands connected in parallel.

Choice of the number of turns

In the case of an ideal transformer (L;; = o, 7,
= 0) it is easy to show that the ENC minimum is reached
for the turn ratio K = n,/n, satisfying the following con-
dition on the detector and preamplifier capacities:

Kopt=(C1/Cy)". (118)

Here the intrinsic frequencies in the loops of the two wind-
ings are equal. As was shown in Ref. 63, when there is
parallel noise in the head element of the CSA the optimal
value for K can differ significantly from (118). However,
all the conclusions of Ref. 63 are based on the assumption
of an idealized core (L;; = «, 7;, = 0, no ferrite noise).
The dependence ENC(n,,n,) has been studied numerically
for a real transformer. In Fig. 31 we show the results of
calculations of ENC(ny,n,) for a K1 ferrite at the capaci-
ties C; = 200 and C, = 20 pF. It was assumed that the sig-
nal extracted from the current output of the CSA passes
through an (RC)?-(CR)? filter with time constant Q7 .
The main conclusions which can be drawn on the basis of
Fig. 31 and analysis of the results of the calculations made
in Ref. 59 for cores of N28 and K1 ferrites at the capacities
C, = 200 pF and 2 nF are the following:

1. The ENC is not very sensitive to a deviation of K
from K,; a decrease of n, by a factor of two from the
optimal value increases the ENC by 20%.
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2. For a low-frequency ferrite it is advantageous to
decrease K from K, at the expense of increasing n,.

Comparison of the calculations and experiment

The presence of a characteristic dip in the noise spec-
tral characteristic makes it very easy to compare the cal-
culations with experiment. In Fig. 32 we show the results
of measurements and calculations of the noise SD for a
ferrite of the brand 50VCh2.

The measurements were made by a V6-1 selective volt-
meter, which measures not the SD, but the effective value
of the noise in a narrow frequency band (10 kHz). There-
fore, along the horizontal axis in Fig. 32 we show the
square roots of the calculated noise SD. The points show
the measured values. Absolute meaurements of the SD
were not carried out; the measured values were shifted
along the horizontal axis relative to the calculated values
s0 as to obtain the best (visual) agreement. We see that the
positions and depths of the experimental minima coincide
with the calculated values, although the shapes of the
curves are different.

In Fig. 33a we give the calculated and experimental
values of the ENC for the 3V7 ferrite and a standard CSA
(Ref. 50) with subsequent (RC)>-(CR)? shaping (7cg
= 1.7 usec, Trc = 240 nsec). The calibration pulse mim-
icked the signal of a liquid-argon detector—an exponential
with time constant equal to 250 nsec. The experimental
data were obtained by G. Spandre and F. Sergiampietri
(INFN, Pisa, Italy) and are reproduced here with their
kind permission. The authors have obtained similar noise
characteristics for the K1 hf ferrite (with winding induc-
tances L, = 900 uH, L; = 32 uH) with detector—
preamplifier coupling. The detector capacitance was-fixed
at C; = 1.8 nF, and the CSA was similar to that described
in Ref. 50. The signal extracted from the current output of
the CSA was fed to a filter with adjustable time constant.
In Fig. 33b we show the dependence of the ENC on the
shaping time for fixed parameters of the detector, the trans-
former, and the preamplifier, and compare it with the cal-
culated dependence. We see that the minimum of the ENC
is reached for a shaping duration corresponding to the
inverse of the frequency of the minimum of the noise SD.

CONCLUSIONS

Above, we attempted to answer a number of practical
questions arising in the design of the transformer coupling
of a detector and a preamplifier. The main result can be
stated briefly: there is practically no freedom of choice, and
the calculation gives the following simple rules:

1. If we assume that the detector capacitance C; and
the durations of the detector (¢ ~') and filter (T 'r) pulses
are specified by the experimental conditions, then the in-
ductances of the transformer windings when the damping
conditions are satisfied are determined by the more strin-
gent of the two relations

7O '=(L,0)%, Ty=707"

The free parameters are the input resistance of the CSA
depending on the circuit configuration, R;, = 0.2-2 k{2, the
transconductance of the transistor, g,, = 5-50 mA/V, and
the transistor input capacitance C, = 5-50 pF. The last two
parameters are related.

2. The duration of the signal output by the filter also
determines the possible set of ferrite types, namely, a ferrite
is needed which satisfies the condition (117):

tan 6<10Q /07

3. The total noise of the FET channel and the windings
is ENC ~ L; %, i.e., it depends weakly on the type of
ferrite.

4. For C; < 300 pF the use of a transformer is inappro-
priate.

5. If the experimental conditions permit low counting
rates, the use of a transformer can prove to be harmful—a
transformer does not permit the ENC to be decreased.

6. Conversely, at high counting rates it is useful to
employ transformer coupling to reduce pile-up noise.

5. CROSS-TALK IN IONIZATION CALORIMETERS

An ionization calorimeter is a system of electrodes seg-
mented both longitudinally and transversely (along the di-
rection of motion of the particles), i.e., it is actually made
up of a large number of individual ionization chambers,
each of which is loaded by its own amplifier. In the ideal
case the chambers do not know about each other, but in

TABLE VI. Dependence of the ENC (FWHM) of 10° e~ and its individual components on the
location of the maximum of the transfer characteristic of an (RC)>~(CR)? filter relative to the
minimum Q; of the noise SD. ENC(1), ENC(2), ENC(ch), and ENC( /') are, respectively, the
components of the ENC associated with the primary and secondary windings, the FET channel, and
the ferrite. The inductance of the secondary winding is L, = 4.4 mH, the transformer ratio is
ny/n, = (C,/C,)% = 7, K1 ferrite, R, = 1kQ, C, = 1 nF, C, = 20pF, g,, = 20mA/V, r, = 25 ;

&-function signal. The filter poles are multiples of Tgc = 7cp = 7.

7! ENC (1) ENC (2) ENC (ch) ENC (f) ENC
Qr 3.1 32 7.5 32 9.3

0.5Q; 2.4 8.0 10.8 6.1 15.0
20, 42 3.7 10.8 1.7 12.3
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reality if a particle passes through the ith chamber, a signal
can appear in the kth electronics channel. This phenome-
non is usually referred to as cross-talk. It should be noted
that cross-talk, in contrast to electronics noise and electro-
magnetic cascade fluctuations, grows in proportion to the
energy release in the calorimeter. Therefore, the total en-
ergy and coordinate resolution of full-absorption spectrom-
eters operating in beams of high-energy particles will be
very sensitive to the level of cross-talk in electronics chan-
nels.

The following basic principles governing the develop-
ment of cross-talk can be stated.

1. Falloff of the voltage at common impedances of
the channels

In principle, this can be avoided if a separate anode—
amplifier—cathode loop is made for each ionization cham-
ber. However, this is an expensive alternative, since it re-
quires the use of a high-voltage bypass capacitor and two
pressure-seal feed-throughs on each chamber. If the bypass
capacitor is located on the outside of the cryostat, then one
of the pressure-seal feed-throughs must be high-voltage,
which is unacceptable in most cases. If the capacitor is
placed inside, the following difficulties arise: first, the ca-
pacitor must withstand cooling (when the detector is filled
with a condensed noble gas); second, its capacitance here

S
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ENC(FWHM), e~
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FIG. 29. The dependence ENC(C,) for galvanic (curve 1) and trans-
former (curve 2) coupling. The numbers near curve 2 are the numbers of
turns n, in the secondary winding. The resistance per turn is p = 0.058 Q.
For all cases R;, = 200 Q. The filters are of the type (RC)>~(CR)? and
RC, respectively, for the transformer and galvanic coupling.
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FIG. 28. Shapes of signals at filter outputs: 1—galvanic coupling; 2 and
3 are, respectively, for RC-CR and (RC)>-(CR)? filters. The dimen-
sionless quantity ¢ is plotted along the horizontal axis.

must remain high compared with that of a gap; and, third,
in liquids with electron conductance there are always free
electrons and/or ions which under the action of the field
are transported along the surface of the capacitor, thereby
inducing excess noise. This effect depends strongly on the
type of dielectric and is practically unstudied. Moreover,
the charge redistribution on the capacitor surface leads to
breakdown, and, for example, in liquid argon the break-
down voltage becomes several times lower than in liquid
nitrogen. The authors of Ref. 50 described a liquid-argon
calorimeter in which the bypass capacitor common to 16
chambers is located on the outside of the cryostat, and a
high voltage is introduced via a single common pressure-
seal feed-through. Here a voltage appears on the common
impedance, owing to the intrinsic capacitive resistance of
the capacitor, the finite ohmic resistance of the conductors,
and the induction of the generated loop arising because of
the finite dimensions of the capacitor. The coincidence
scheme is shown in Fig. 34a. If it is assumed that a CSA
with “cold” resistance has an active input resistance R and
an input capacitance C', then the measuring section can be
represented as the equivalent circuit of Fig. 35a. We intro-
duce the following notation: N is the number of channels
with common impedance Z,, C is the capacitance of one
chamber, and I, is the signal in the kth chamber:

R,=R/(N—1); C,=C(N—1);
(119)
C,=C'(N—1).

Upon the appearance of a signal I, loop currents 7,
arise in the other channels:

L=I(pC) " (R + Z,||Z,) ~ };

1L,=I(pC) "' (R + Zy||Z,) ~'Zy(Z, + Z,) ", (120)

where Z, = R, + (pC,) ~!'and the capacitance C' is ne-
glected. The transfer functions of the pickup in neighbor-
ing channels in the current and the voltage are

n ZO
K;(p) T. ZOTZ,,’ (121)
U, K(p) 1 Z,
b =g=N_1"v-1z+2, (122)
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TABLE VII. ENC (FWHM), 10° e~ for two values of R;, and two types of ferrite as a function of
the detector capacitance C,. The resistances of the windings were chosen to be r, = pm,
= ry(ny/ny)?* p=0.058 Q. The inductance is L, = var, and it was required that the condition

Q7 ! = 0.6R,,C, hold for both ferrites.

K1 N28
Ci, pF
R, =400 Rip=1000Q | Ry =400 | Ry =10000
200 34,5 6.1 145 2.5
500 31,6 6,8 124 | 16,2
1000 31,9 7,8 117 ; 12,4
2000 33 9,2 113 1
5000 34,7 12,4 102 1
10000 36,7 16,4 85 ‘ 12
Alternatively, in the case of the impedance Z;, = pL,, we oLy + (pCy) !
have Ki/(p)=

pL P’

K = L TR, 7O G- —P) '(1

23)

If the poles p, , are located far beyond the poles of the
noise-reduction filter, then (123) can be simplified consid-
erably:

Ki(p) =P/ (p1p;) =LoCpp". (124)
Here the pickup in neighboring channels will have the
form of the second derivative of the signal with respect to
the time:

U, (1) =LoC,Uk(1)/ (N — 1) =LoCU(1). (125)

The case of the common impedance Z; =
+ (pCy) ~ ! is most widespread in practice. For it,

pLo

160

140

'©120
~

Q102

FIG. 30. Dependence of the ENC on the ratio {11/, where Qr is the

frequency at which the noise SD has a minimum and £~ ! is the time
constant of the detector signal for various C;.
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PLo+ R, + (pC) '

P+ LG !
TP 4+ PR/Ly+ (LC) "’

where C; = CoC,(Cy + Cp) — ! is the equivalent capaci-
tance of the loop. The poles are

R, 1F 1 4L,
P12=—3p. \f _Ei_cr .

If p,, are located far beyond the poles of the noise-
reduction filter, then (126) simplifies:

(126)

(127)

Ki(p)=[7*+ (LoCo) ~'1/(p1p2) =LoCo* + Cr/(cloz-s)

8 8 3

ENC(FWHM), 107~

QN D X

FIG. 31. The dependence ENC(n,,n,) for transformer coupling with a
K1 ferrite.
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FIG. 32. Square roots of the noise SD at the CSA output. The curves are
calculated, and the points are measured values. Transformer and circuit

parameters: #,/n, = 23/230, inductance per wire 4; = 35 nH, C, = 100
pF, R;, = 300 Q.

The pickup at neighboring channels is the sum of two func-
tions, one of which has the shape of the signal, and the
other is proportional to its second derivative:

U,(t)=LoC,U(t) + C/CoU,(2). (129)

Repeating the same calculations for the case Z, = pL,
+ R, we obtain

U,(1) =RoC[Lo/RoUs(2) + Uy(0)]- (130)
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FIG. 33. Experimental data on the noise characteristics for transformer
coupling: (a) the dependence ENC(C,) for a low-frequency 3B7 ferrite
for two winding ratios: 128/55 (/) and 110/42 (O). The solid and
dashed lines are the calculation; (b) comparison of the calculated depen-
dence ENC(7) (dashed line) with experiment (O), where 7 is the time
constant of the (RC)?-(CR)? filter, and C, = 1.8nF.
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Let us give the expressions for the transfer character-
istics of the pickups due to the voltage drop at the induc-
tance L,

P2

K = , 131
L P Ty e
the capacitance Cp,
C P\P2
Ky)(p)=—+ ; (132)
G @ —p) (P —p2)
and the active resistance R,
bp
Kys(p)= (133)

R P—p)P—p)°

The Bode diagrams of the transfer characteristics (131)-
(133) are given in Fig. 36a (curves 1-3, respectively). The
dashed line in this figure shows the development of a res-
onance (which can be extremely undesirable) as the induc-

tance L, is increased or the input resistance of the amplifier
R is decreased.

—Z‘;y_l

e [

-7,

FIG. 34. Development of cross-talk in neighboring channels: (a) voltage
drop at the common impedance Z;;, (b) common magnetic flux (induc-

tive coupling); (c) parasitic capacitive coupling (C,,) and induction ef-
fect.
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2. Inductive coupling between channels

This arises when two (or several) channels are pene-
trated by a common magnetic flux inducing an emf in a
channel where there is no energy release by particles (Fig.
34b). The method of suppression is obvious—decrease of
the loop areas and correct orientation in space, and the use
of coaxial cables for connections. The latter method has a
number of deficiencies.

The cable capacitance can be comparable with, or even
larger than, the capacitance of an individual chamber,
which tends to increase the electronics-noise contribution;
isolation of the cable can contaminate the working medium
by electronegative admixtures (a high degree of purity is
required in a number of applications, for example, for the
Time-Projection Chamber).

The equivalent circuit for analyzing pickup is given in
Fig. 35b. The equation for the loop currents in operator
form is

Zlil +PM12=I/(PC),
Zyi; + pMi, =0,

(134)
(135)

where I is the current in the detector, C is the detector
capacitance, and Z, , are the total impedances of the loops,

Z,,=Z=pL+ R+ 1/(pC),

L,, = L are the loop inductances, M = k~/(L,L,) is the
mutual inductance, and k is the magnetic-coupling coeffi-
cient.
The ratio of the currents i; and i, gives the transfer
function of the cross-talk at a neighboring channel:
iz pzM C
Ki(p) i, pPPLC+pRC+1

pZ

=K T pRILF /O
For strong damping 4L < R*C of the pole (136) we have
1= —1/(RC); p,=—R/L,

but for 4L, > R>C a resonance appears. The Bode diagrams
of the cross-talk transfer functions are shown in Fig. 36b.

(136)

3. The induction effect

In this case the electromagnetic field of the drift elec-
trons induces a current directly in several neighboring elec-
trodes. The effect is the greater, the larger the ratio of the
cathode—-anode gap to the electrode width, and the smaller,
the smaller the drift length of the electrons. This effect can
prove useful—in Ref. 64 it was shown that it is possible to
reconstruct the coordinates of a particle track by analyzing
the form of the induced currents. However, it can also lead
to errors, for example, in those cases where the electron
(photon) coordinate is reconstructed from the ratio of the
charges in neighboring chambers. In practice, the induc-
tion effect appears not in a pure form, but in conjunction
with interference capacitance.
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4. The capacitance effect

This arises from the presence of nonzero amplifier re-
sistance. Because of this, when a current passes through
one chamber, the potential of its anode (cathode) changes,
and via capacitive coupling to neighboring electrodes it
induces a signal in them. In Fig. 34c we illustrate the de-
velopment of inductive and capacitive interference in the
case of an ionization chamber with planar electrode geom-
etry when a minimally ionizing particle (m.i.p.) passes
through it, and in Fig. 35c we show the equivalent circuit
for calculating interference of this type in the case where
the particle induces a current only in the three central
electrodes (large electrode width—gap ratio). Then, follow-
ing Refs. 65 and 66, for these conductors we can write
down a system of equations coupling the induced currents
I; (i=1,2,3) to the currents i; (i = 1,2,3) flowing to the
external circuit of the electrodes:

duU, du, )
I,=pBn 7’1—321 2 T

12-=3127+3227+3237+12, } (137)
dau,  dU,
I3=P; P7IR Bi3 2 T

J

where U; (i = 1,2,3) is the voltage drop at the input im-
pedances of the amplifiers and B are the capacitive coef-
ficients.

" A technique for calculating the induction currents for
calorimeters with planar electrode geometry is the follow-
ing. The density of the distribution of charge p(x) induced
by a point charge Q located between the infinite conducting
electrodes of the chamber is given by®"¢8

Q . cos(my/d) .
2d cosh(mx/d) — sin(my/d)’

p(x)= (138)
where d is the gap between the anode and the cathode, x is
the coordinate along the chamber electrodes (the charge Q
has x = 0), and y is the coordinate of the charge location
perpendicular to the electrode plane and measured from
the center of the gap between the planes. For a track per-
pendicular to the plane of the chamber, in the case of
complete ionization-electron collection at the anode, when
a “column” of positive ions remains in the gap of the
chamber, the density of charge drawn to the cathode can
be written as

Y

" cosh(mx/d) + 1
p(x)—ﬂd n

cosh(mx/d) = 1|’ (139)

where Q, is the ionic charge of a particle track uncanceled
by electrons. Assuming that Q; is a function of the time
and integrating (139) over the coordinate x between limits
determined by the electrode width, it is easy to find the
currents induced at the electrodes. In the case of detectors
with a more complicated electric field configuration the
induction currents can be calculated, for example, using
the Ramo—Shockley theorem.%*”°
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FIG. 35. Equivalent substitution circuits for calculating the pickup trans-
fer function of Figs. 34a-34c, respectively.

In the motion of a point charge relative to a system of
grounded conductors, an induced current given by the fol-
lowing expression appears in the circuit of the kth elec-
trode:

Ii(1) =Qv grad {4 [x(2),y(2),2(1) ] }, (140)

where v is the velocity of the charge Q, ¥, is a function
satisfying the Laplace equation and taking the value unity
at the kth electrode and zero at the others, grad, {1} is the
projection of the gradient on the direction of the velocity,
and x(¢), y(¢), and z(¢) are the coordinates of the point at
which the charge Q is located.

Equations (138) and (139) were used to carry out
calculations of the currents I,—/; for the geometry of the
MARS-2 detector’! (for which the ratio of the electrode
and gap widths is 10 cm/2.8 cm). Two cases were
studied—those of pure and dirty (e~ I — 650 nsec) argon,
and it was assumed that the particle intersects the elec-
trodes perpendicular to their plane. The position of the
particle along the x axis was varied. It was shown that the
shape of the pulse induced in a neighboring channel is
practically independent of x and can be approximated by a
parabola in the case of pure argon, and by the function
t exp( — ¢) in the case of dirty argon. Calculations show
that the amplitude of the pulse induced at a neighboring
channel depends strongly on the coordinates of the particle
trajectory and can be written as

A(x)=Cj exp(Cyx),

where C| ; are constants depending on the electrode geom-
etry.

Let us consider the system of equations (137) only for
the first and second electrodes (the particle passes through
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the second). We neglect the terms with the coefficients

P12 in the second equation of the system and rewrite
(137) as

I,=Bn ﬂ""BZl f,ﬂ‘i'il,
dt dt '
12=322“iﬂ+ I. (e
dt
In the case of dirty argon I, , have the form
I, =A(x)E(et) exp( — &,t); (142)
I,=Eexp( — et), (143)

where E = V,;dQ/dx is the amplitude of the induced cur-
rent, dQ/dx is the charge density of the track from a min-
imally ionizing particle, and v, is the electron drift velocity.
The difference between the equivalent circuit of Fig. 35¢
and that given in Ref. 72 is the presence of the source of a
second current I, depending on the coordinates of the par-
ticle trajectory ([, is the signal from a particle at the elec-
trode through which the particle has passed). The currents
i;, and voltages U , are related by the imput impedance of
the preamplifier:

U,=0i1,R(1 +pRC") ~ 1=i1,2[C'(1’ +aip)] 7
(144)

l1/re

R/Lg

FIG. 36. Bode diagrams of the pickup transfer characteristics: (a) on the
common impedance Z; curve I corresponds to the case Z, = pLy, 2 to the
case Z, = pLy + (pC,) ~ !, 3tothecase Z, = pL, + ry; (b) for inductive
coupling between channels; L, is the inductance of conductors generating
a common magnetic flux, & is the flux-coupling coefficient; (c) owing to
the parasitic capacitance C;, between detector channels (curve 1) and to
the induction effect (curve 2); £ ! is the characteristic duration of the
particle-induced signal.
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where C' = C + Cyy = C + C,,, Cis the input capaci-
tance of the preamplifier, and a;, = 1/(RC").

Performing the Laplace transform (141), taking into
account Egs. (142)-(144), we obtain

U. E_1 ! 145
2(p)_C:p+Ep+ain9 ( )
S E/C'p
=Y T + an)’?
FE £
+ A(x) (146)

Cp+e)lp+ay’

where ¥y = Cp/C’' = Cjp/(C + Cyy).
The transfer characteristic of the interference appear-
ing in a neighboring electrode has the form

Up) p
U,(p) P+ am

For frequencies @ > a, the first term in the last ex-
pression gives the derivative of the signal, as was noticed in
Ref. 72. The second term in (147) has a purely inductive
nature, so that it depends on the point of intersection of the
particle and is determined by the specific geometry of the
ionization chamber.

It follows from Eq. (147) that the capacitive pickup is
proportional to the partial capacitance Cj, and the resis-
tance of the amplifier, and the inductive pickup is indepen-
dent of the impedance. The Bode diagram of the pickup
transfer function is shown in Fig. 36c.

Ku(p) = +A(x) Iﬁ (147)

DFWHM is the full width at half the maximum of the spectrum.
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