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1. INTRODUCTION
It is expected that a large number of solid state surface barrier de-
tectore will be used in experiments at the Wuclear Structure Facility {(NSF)
at the Daresbury Laboratory. A high performance general purpose preampli-
fier for use with guch detectors has been developed and this note
describes the circuit and design details.

The preamplifier has been developed and engineered jointly by the

Laboratory and Cooknell Electronics.

2. DESIGN CONSIDERATIONS

The specification of the preamplifier (Appendix A) has been drawn up
with a view to providing a general purpose instrument. The range of de—
tectors that will be connected to the preamplifier requires it to be capa-
ble of operating with a wide range of detector capacitances, from zero to
1000 pF.

Since the preamplifier may be located remote from the main shaping
amplifier the output requires to be sending end terminated and capable of
providing a high signal cutput voltage.

The noise characteristics have been specified to provide optimum per—
formance with large capacitance detectors,

For operation in high resolution analcgue channels, the preamplifier
should have a better linearity and tehperature coefficient than high grade
spectroscopy amplifiers.

The preamplifier must be capable of operating in a severe electrical
interference environment, partlicular attention being paid to the enclosure

and electrical connectors.

3. PRINCIPLE OF OPERATION

A gimplified schematic diagram of the preamplifier is shown in fig.1.

A cascede connected low noise input FET, TR; and a common base trans-
sistor TRy feed current to a wideband current gain stage, formed by trans-
glstors TRz and TR,. Following that, a common base stage TRy develops an
output voltage across an active load TRg». Transistors TRy to TRy form a
unity gain buffer which drivéa the output through a cable matching resis-
tor Ry. The feedback capacitor C) determines the charge sensitivity of
the preamplifier and the parallel combination of C) and R; determines its
decay time constant T; éiven by . I
T=C) xR 1)

The open-loop gain Avo of the circuit is determined by the transcon-

ductance g of the input FET, the gain of the current gain stage and the

ml

effective load impedance Z_ at the collector of TRg as shown belaw

L

I = (2)

vo gml A5

where At = gain of the current amplifying stage (TRz and TRy)

4. CIRCUIT DESCRIPTION

The full circuit diagram of the preamplifier is shown in fig.2. It
includes an “EHT" connection which supplies bias to a surface barrier de-
tector connected to the input. This supply is filtered by a t;o stage low
pass network formed by Ry, Ry, Rs and Cy, Cg5. BAlso shown is a terminated
"Pest” input which feeds the maln input through a capacitor C3 adjusted to
the same value as the feedback feedback capaciter Cz. A "Timing" output
is obtained by differentiating the "Energy" output in Cp3 and Ryy.

Transistor TR}, with a heavily decoupled bage, filters the power
supply between the power output stages and the input transistors. The
circuit was designed for optimum noise performance and a full noise
analysis 15 given in Rppendix C.

although provision for input protection 1s made on the printed cir-

cuit board, this is not shown, since 1t 1s not possible to fully protect



the input FET without increasing the input noise. Dicde D3 protects the
second translstor In the event of an EHT breakdown, and so limit any
damage to TR).

Potentiometer RV| enables the qulescent "Energy"” cutput to be set to

To ensure stability several gain control networks are used. These
are fully described in Appendix B. The d.c. power to the preamplifiler is
filtered using series ferrite inductors Ly, Ly and feed through capacitors
Csy, C25. The sensitive circuits are electromagnetically shielded from
the filter clrcuits of the d.c. power and EHT bias supplies. Te¢ ensure
gocd screening, the preamplifier is housed in a 130 mm x 105 mm x 30 mm
copper plated steel case, which is further tin plated for aesthetic rea-
gsong. All connectors are flange mounted to ensure good contact with the
case.

Figure 3 shows the complete preamplifier with its 1id removed.

5. TEST RESULTS
5.1 Sensitivity
The preamplifier was found to respond like a true charge sensitive
amplifier with a sensitivity given by

SE = e v_ (3}
e C eV

where 9, " charge of an electron
€ = energy required to create an electron ion pair (3.6 eV for Si)
C_ = value of feedback capacitor.
In the preamplifier the feedback capacitor C; (fig.2) is set to nomin-
ally 2 pF, giving a sensitivity of 22.4 mV/MeV.
The "Test" capacitor C3 is also set to 2 pF, thus givhe circuit

a gain of unity for "Test™ signals.

5.2 Noise

Meagurement of equivalent input nolse was carried out using an Ortec
450 research amplifier set to a range of equal integrating and differentiat-
ing time constants.

The results plotted in fig.4 show for 1 ue shaping constants a noise of
3 keV for zero detector capacitance and of 23 keV for a 1000 pF detector.
The latter is equivalent to a "nolse slope™ of 23 eV/pF, which is higher
than predlcted by egn.{71) (Appendix C). Part of the difference is account~-
ed for by the rather poor frequency response of the Ortec 450 amplifier,
which for 1 ps shaping has a measured high frequency rolleoff of approximate-
ly 60 db/decade, correspending to three effective integrators.

It can be shown that a shaping amplifier with three integrators would
give a noise slope 2.3 eV/pF greater than c¢alculated in eqn.(70) for four
integrators. The remalning difference ls mainly due to the simplified noise
model of the input FET and the resulting expression for series noise wvoltage
in ecm. (42).

The noise measured with no detector capacitance is less than predicted
by eqn.{65). 0.3 keV of the difference can be accounted for b& the three

instead of the expected four integrator response of the Ortec 450 amplifier

5.3 Rise Time

Rige time was measured for a 1 V output pulse into a 50 §I load. The
results are tabulated in fig.5 and show good agreement with calculations in
Bppendix C.

5.4 Effective Dynamic Input Capacitance

Connecting a 1000 pF capacitor across the input of the preamplifier
results in a 3.5% drop ln peak output for 1, 2 and 5 ps shaping constants,

indicating a dynamic input capacitance of approximately 30000 pF.



5.5 Temperature Coefficient

The output level drift and temperature coefficient of galn were
measured over a +10°C to +50°C temperature range, using a 50 2 load.

The d.c. level drift was less than 1 mV over the full temperature
range and the average temperature coefficient of gain was-—TSO ppm/eC.
5.6 EHT Breakdown

The EHT breakdown was measured by feeding the preamplifier output

through a 1 ps shaping spectroscopy amplifier into a discriminator-rate-

meter. With the dlscriminator set to 6 db above electronic noise level, the EHT

bias to the preamplifler was increased fram 0 V to 1.2 kV resulting in a
breakdewn pulse rate of 0.5 counts/s over a period of 100 seconds.

5.7 Output Amplitude

. Linear response was obtained for ocutput pulses up to £ 5 V into a 50 §
load or ¥ 11 Vv into a 1 ki load.
5.8 ﬁinearitz
Integral linearity was measured with a 50 & load., Measurements at 1 V
increments from 1 V to 5 V with 1 us shaping showed the nonlinearity to be

less than 0.03% of full (5 V} scale.

6. CONCLUSIONS
Two prototype preamplifiers have been constructed and are currently
undergoing evalnation tests with charged particle detectors.

The meagured "noise slope" meets the design specification glven in
Appendix A. It should be possible to reduce lt by using selected input FET's.
The measured equivalent input noise with zero detector capacitance is

higher than the design objective, but that is largely due to a requirement
for a relatively low value of EHT bias resistor, 10 Mil. By increasing the

values of the blas resistor and of the 22 Mil feedback resistor, it is

possible to reduce that noise.

The preamplifier shows a 3.5 times greater sensitivity of output to
detector capacltance than aimed for in the target specification. To meet
that specification would require a 10 db increase in the preamplifier's
open-loop gain. However it is felt that the above short-coming will be
ingignificant under experimental conditions.

The -150 ppm/°C temperature coefficient of gain is due mainly to the
temperature coefficient of the cable'matching resistors R3g and Rzgq (fig.2).
In production units these will be changed and it is expected that the over-

all temperature coefficient will be halved.
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APPENDIX A

PROVISIONAL SPECIFICATION OF A GENERAL PURPOSE CHARGE SENSITIVE
PFREAMPLIFIER

Sengitivity: 20 mv/MeV

Input pulse polarity: +ve or -ve
Cutput polarity: inverse of input
Noise™: < 2 keV FWHM

Noise slope: < 25 eV FWHM/pF

Rige time: < 30 ns with zero detector capacitance
Decay time: 50 us
Timing output rise time: < 50 ns with zero detector capacitance
Sensitivity of output to < 10_5 1
detector capacitance: pF
Maximm output voltage from 50 R * 5 V into 50 R
series output:
Integral nonlinearity: < 0.1%
Connectors: input, test, output, timing - BNC
EAT bias - SHV
power - 2 pole BNC
Power supply iz v
Package: gteel, 130 mm x 70 mm x 58 mm

*si equivalent noise measured with Ortec 450 research amplifier at 1 us

equal shaping constants.
APPENDIX B

GAIN AND STARILITY CALCULATIONS

The circuit has effectively seven active devices in the forward signal
path. Even though the majority of these have cutoff frequencies in excess
of 1 GHz, the total propagation delay was meapured as approximately § ns.
This would contribute 90 degqrees of phase ghift at' 50 MHz, therefore to
ensure stabllity, the unity loop gain crossover frequency should be less
than 50 MHz,

The low frequency open loop voltage galn of the circuit is given in
eqn.{2). The low frequency current gain of the current gain stage shown in
fig.2 is given by .

Rz

A, = —+ 1 = 55 4)
Rz)

The effective load impedance ZL at the collector of TRs in fig.1 is approx-
imately 20 kfi with the preamplifier output terminated in 1 kR, but reduces
to approximately 10 kfi when terminated in 50 {i. To reduce the effect of
varjiation in zL on the open leoop response, a fixed 22 kil resistor Ryg is
added between the collector of TR5 and earth, thus reducing ZL to approxi-
mately 10 k2 and giving an open loop gain of

HVO qiml Ai ZL
for a g of 35 mA/V.
iml

= 2x 10% = 86 d (5}

The dominant lag is determined by stray capacitance at the collector
of TRg. The input capacitance of the cutput buffer is negligible due to
the bootstrapping of the buffer input transisters TRy and TRg and so the
total stray capacitance 1s relatively small and estimated to be approxi-
mately 5 pF. Thils gives rise to a break frequency of

1

£ = ———— =3 MH=z
6
o 27 CE ZL (6)



where cs is the stray capacitance at the collector of TRg.
To control the gain bandwidth produced, & 5.6 pF capacitor C)5 in
series with a 560 1 resistor Ryp is connected between the collector of TRg

and earth, so reducing the break frequency to

o = Zmlcs ¥ = prz, | 0 MR N

Frequency stabilisation is achieved by controlling the open loop gain
as well as the feedback fraction. Two possible schemes of controlling the
forward gain are shown in fig.2; one 1s based on two transitional lags
determined by Rps = 1 kf2, C35 = 100 pF and Rpg = 330 {1, Cog = 56 pF respec-
tively, and a simpler one using a single transitional lag determined by
Rpg = 180 9, Cy5 = 330 pF.

To determine the loop bandwidth and stability of the amplifier, it is
convenient to consider the forward open lcop voltage gain from the gate of
the input FET to the output of transistors TRg, TR)p and the feedback path
between that output and the input of the FET.

The forward open locp gain characteristic of the amplifier with a
gingle transitional lag compensation of the TR3, TRy doublet is shown in
fig.5. The two corner frequencies associated with the above compensation
are given by

1
£ = T———— = 270 KHz
1 2m Cps % Ry3 8)

1
£ = T = 2.7 MBz
2 2n Cy5 Rag 9)

The third break frequency is given by egn.(7)
The feedback fraction ie given by
Cz
g = —m— (10)
C'I' + C2
where C; ~ teedback capacitor shown in fig.2.

CT - total input capacitance of the preamplifier.

The total input capacitance is the sum of the detector capacitance CD
and the open loop input capacitance ci of the preamplifier.

= + = + C + Z + 1)}C 11
CT CD Ci CD g8 (gm1 L1 } ga (11}
where cgs = gate to source capacitance of the input FET

ng - gate to drain capacitance of the input FET
= transconductance of the input FET

ml

z 1 - drain load of the input FET-

L .

The third term in egn.(11) represents the Miller capacitance of the FET.

In the clrcuit Cp << CT and eqgn.(11) simplifies to

Cz Ca

g = — - (12)
C cC_+C + Z + 1)C
T T qd

An L-R network inserted between the drain of the input FET and the
emitter of TRp detexmines le and so controls the feedback fraction.
With zero detector capacitance eqn.{12) simplifies to
€2
g = — — {14}

L
+
o * Coa

and for high frequencies where the reactance of the 50 pH inductor exceeds

470 @, 18 given by

7] (15)

c_+ Z C
g8 gml Ll 94

At high frequencies the drain locad 2 1 is the parallel combination of Ry
L
and Ry

1200 + 470
ZLl T Y300 + a70 - 340 % e

For cgs = 30 pF and cgd = 10 pF the feedback fraction for zero detector
capacitance is

2 (17}

for low frequencles, and

10



B - 2 . 1 = -
- 150 0.123 37 db (is}
for high frequencies.

With a 1000 pF detector connected to the input of the preamplifier,

eqn. {12} can be written as
g = — = —— = 0,002 = - 54 db (19)

The c¢losed loop gain is given by

ACL = % {20)

Figure & shows the open loop gain characteristles for the preampli-
fier with zero detector capacitance and with a 1000 pF detector connected.
It shows closed loop bandwidths of 40 mHz and 6 MHz respectively, which
would result in minimum pulse rise times of 9 ns and 60 na.

Using two transitional lags in the current gain stage gives more loop
gain at high frequencies but results in more overshoot in the pulse re-
sponse with large capacitance detectors, due to reduced phase margin in the
loop. The dotted line in fig.6 shows the open loop gain characteristlc with
such compensation. For zero detector capacitance the closed loop bandwidth
is unaltered, but increases from 6 MHz to 9.5 MHz for a 1000 pF detector
resulting in a corresponding decrease in minlmum rise time from €0 ns to
37 ns.

A 10 pF capacitor C)» provides a low impedance lcad for transistor TRy

at high frequencies (greater than the bandwidth of the complete preampli-

fier), thus aiding the stability of the current gain stage.

11

APPENDIX C
NOISE PERFORMANCE CALCULATIONS

The effect of nolse in an amplifier can be analysed by representing
all nelse sources by an eguivalent series noise source v and an equiva-
lent parallel noise current in as shown in fig.7.

The effect of the equivalent parallel nolse current can be analysed by
considering a charge seqsitive preamplifier follcﬁed by a shaping amplifier
with equal integrating and differentiating time constants as shown in
fig.8.

In practical circuits the equivalent preamplifier input capacitance
ci >> CD and so all the nolse current can be assumed to flow into the pre—
amplifier.

The mean square cutput noise voltage due to in is given by

v Z = = 2 2 21
vno a7 ln JH({Gw) 14 duw (21)

which for a white noise noise gource can be written as

i 2 =™
v 2 = 1H{dw) ]2 aw (223
no

27 i}

where H(jw) = transfer function from the input of the preamplifier to the
output of the shaping amplifier.
For the circuit in fig.B8

. - 1 juw T 23
Hijw) je C * 1+ Ju T2 {23)

where T is the value of the shaping constants
T = €C)R; = CaRp (24}

substituting from e¢m.(23) into egn.(22)

v 2 = A - x - {25)

2m g 21+ w? ) c 2 8

—_— iz @ 72 gu i?2 o
f n
no

Giving an rms output voltage,



i
Ve = - ’1 (28)
C 8

The ocutput of circuit in fig.8 due to an input charge a, is given by,
-t

.19 T q "
vso(t) - -8 - - 5 L T _ {27)
t 1+ : '
cF ( ST) CF T

The peak of the above output occurs at t= T and is

v = (28)

From eqns.{26) and (28), the egivalent rms nolse charge a4, due to noise
current in is,

T
=i e ’— ma {29)
i n a

This corresponds to an egivalent FWHM energy noise in a detector of,

2.35 1 e e
- n

|

E . = (30)

ni . 9

where € - enerqy required to produce an electron ion pair in the detector
q, - charge of an electren = 1.6 x 10-19 ¢
For a silicon detector € = 3.6 eV, glving,
E, = 5.11 /Tx 1019 ev Femn {31)
which for equal 1 us shaping time constants is,
E, = S.1i x 1013 xev rwmm (32)
The effect of the equivalent serles noise voltage can be analysed by

congidering the e¢ircuit shown in fig.9, in which the mean square output

noise voltage due to input noise v 1s given by

f vnz IH{duw) 2 dw (33)

v 2 = L
27 0

where the trangfer function is,

CD Juw T
H{ju) = — x ——— (34)
Cp (1 + jw T)2

13

For a white noise source the mean square cutput noise is,

c 2V ?  wir? — c,?
zZ - d = Vv -— (35}
Yno 27 CF2 e 1 +aiT2 ™ n 8T C

Glving an rms output noise of,
C
B (36)
ne " oc_ VBT
F -
From eqms.{28) and (38}, the equivalent rms noise charge Q. due to a noise

voltage v is,

CD e
a = v, T (37)
Y8BT
This corresponds to an equivalent FWHM energy noise in a detector of,
2.35 CD e £
En = v, T (38)
q_ ¥8T
e
which for a silicon detector is,
cD
E = 5. v — x 1012 ev runM {39}
n RoyT
For equal 1 us shaping time constants the above gives,
E = 5.1v C_ x 1022 oy FunM . {40)
n n D
This can be expressed as an equivalent "nolse slope”
eV FWHM
E_ = 5.1v_x 1010 ——— (41)
ns n
pF

The most significant noise sourées assoclated with the circuit in
fig.2 are shown in fig.10

The series ncise voltage generated by the input FET is given by,

4 x 0.7k T
= f— 3
v L - (42)
n
g9
ml
where k - Boltzman constant

Tj ~ FET channel temperature

14



For the J109 (siliconlix) FET operating with a gml = 35 mp/V and dissi-
pating approximately B0 mW, the channel temperature will be approximately
20°C above ambient, giving

nv
v = 0.6 — . {43)
nl iz

The 1.2 kfl drain load resistor contributes,

1 ik T, nv
v = — = 0.1 — (44}
n2 g R VHz
ml 6

where Ta ~ ambient temperature.

Similarly the 1.8 kfi feedback reslstor R;3 in the current gain stage con-

tributes,

= 0.1 — (45)

1
v = —
n3 g

v = Y2g 1 {46)
n4 e’b
g
ml
where Ib - base current in TRj.

For an estimated base current of 50 pA the equivalent input noise ig,
nVv
= 0.1 — {47)
The total series noise due to the above uncorrelated noise source is,
nv

v = vy Z2+v T4 v 24 v 3 = 0.62 — (48)
nT nl n2 n3 n4 iz

It is seen that the total series noise is mainly due to the input FET.
Substltuting into eqn. (41} gives a "noise slope® of
ev

E = 32 — FWHM {49)
ns
FF :

15

At zero detector capacitande the noise due to the Beries nolse genera-
tor will be determined by the preamplifier's open loop input capacitance
which for the J109 is 40 pF, giving
En = 40 x 32 = 1300 &V = 1.2 keV FWHM {50)

The parallel noise dee to the FET gate leakage current is given by,

B = J/oa T
lnl 2q, I (51}
which for an egstimated gate current IG =0.2 nA is
A
i = 40 x 10715 — (52)
nl YHz

The noise due to the 22 MR feedback resistor R is,

4k '1‘a A
i = = 2.7 % 10714 — (53)

n2 Ry e

Similarly the noise due to the 10 M EHT bias resistor R) isg,

4k T a
i 0= = 4.1 x 1071% — (54)
n3 R) "Hz

The total equivalent parallel noise is

1= /1 T+4 £+;L4=«.'..9x0-1"i {55)
nT nl n2 n3 /Hz

From eqn.{32) it is seen that the noise generated by inT is

E = 5.1x4.9x 0-1% x 10713 = 2,5 kev FWHM (56)
Thus at zero input capacitance the expected nolpe will be the sum of
components gilven in egns.{50} and (56},

E_ = V2.52+ 1.32 = 2.8 keV FWHM (57

nT

while for a 1000 pF detector, the expected noise will be the sum of the
components given in eqn. (56} and the product of "nolse slope"” and detector
capacitance giving

E, = v2.57+ 327 = 32 kev FwmM (58)

It can be seen that for large capacitance detectors the nolse will be

16



mainly determined by the "noise slope™. which corresponds to an rms noise of,

The above results are a useful measure of the preamplifier's nolse per- Va CD

v = (0.1

no —

formance, however noise measurements were carried out using an Ortec 450 re— CF VT

®7)

seach amplifier, which provides shaping equivalent to a single differential From egns.(60) and (67) the equivalent rms energy noise in a detector is,

and four integrators. The output of the test circuit, shown schematically ¥n CD €
En = —/_— (68)
in fig.11 due to an input signal charge q is, 2q, 'T
q T q 4 which for T=1 ps in a silicon detector corresponds to a "noise slope" of,
v (e = { -1 2 = 8 e~t/T {59)
cp(1+ sT)® 240, T* E_ ev
€, = — = 2.6v x 1010 —  FunM (69)
Preducing a peak output of, = PF :
q Substituting for vn from eqn.(48) gives,
v = 0.2 C—s : (60)
BSOmax F ev ]
Ena = 16 — FWHM {70)
The mean square output noise voltage due to in is given by, PF
1 dw 1 2 With no detector capacitance the contribution due to the series noise gener-
- = — - = p.o7 = 61)
v 2 27 (1 + w? 72)5 c 2 . ator v_ is given by,
no 0 F n
By T Es ¢ {71)
which corresponds to an rme noise of, )
where C:L - input capacitance of the FET resulting in a noise of 640 eV FWHM.
i
v = 0.26 —= /7 (62) The above contribution is much smaller than that given in egn.(65),
no
F which will therefore determine the nolise for small capacitance detectors.

E = 3 2— /T {63)

For T=1 us for a silicon detector this gives a noise of,

E = 74 1013 kev FWHM (64)

substituting from egn.(55) gives

E_ = 3.4 keV FWHM _ {65)

The mean square output due to the series noise v, is,

v 2 ] 2 p2 2 2

—_— % Yn us T Yn® %
Vno = dw = 0.01 ——m — {66)

27 CFZ {1 + w? p2)5 T ch

17 18



FIGURE CAPTIONS

Fig.1 Simplified schematic diagram of the preamplifier.
Fig.2 Full circuit dlagram of the preamplifier.
Fig.3 Photograph of preamplifier with the 113 removed.
Fig.4 Nolse performance curves.
- -— o . +24y
Fig.5 Meagsured rise times.
Fig.6 Bode galn diagram.
Fig.? Charge sensitive amplifier with equivalent nolse sources. Ingyt
Fig.8 Preamplifler with parallel Input noise.
Fig.9 Preamplifler with series input noise. 1
Fig.10 Preamplifier with most signliflcant noise sources. —24vy

where v - geries nolse due to FET channel nolise

nl

v 2 - series nolse due to resistor Rg

n

v 3 - series noise due to resistor Rj3

n

v . - series noise due to base current shot noise in TR;
n

1 . - parallel noise due to FET gate leakage current
n

i » - parallel noise due to feedback reslstor Ry

n

i 3 ~ parallel nclse due tc EHT blas resistor R;

n

Figa.tt Preamplifier wlth Ortec 450 research amplifier.

Fig.1
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Risetime (10% - 907)

Compensation % Detector capacitance

0 pF 1000 pF
Single lag 10ns 70ns
Double lag 10ns 35ns

* Two transitional lags R25 = 1kQ, C25 =100 pF
R26 = 3300, C26 = 56 pF

One transitional lag - omit R26 and C26
R25 = 1800, C25 = 330pF

Fig. 5
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