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ABSTRACT

A néw type ofvpreamplifier is described that promises a
significant imprerment in the energy resolution of sémiconductor
»deféétor spectfometérs. While other applicationsféf the principles
are anticipated, this papér deals only with their use fdr_X;ray
fiudrescence spectroscopy. We have achieved a total eiectronic

v.contributioh'to the resolution of ab§uf 150 eV (FWHM - silicon)
Qith further small improvements considefed likely in.the neaf future.
This includes the detector leakage néise.contribution. A conven-
tional system using components of the same inheréht quality exhibits

a resolution of nearly 300 eV.

i
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'I. INTRODUCTION

Althoughbthe energy resolution obtained at high energies in
semiconductor detector nuclear spectrometers is determined mainly
by statistical fluctuations of charge ppoduction in the detector,
electronic noise in the input cibcuif of the pulse amplifier becomes

the major limitation at low energies. While the statistical limi-

_tations in detectors are of a fundamental nature, and detector

research for high-energy applications is therefore confined to
attempting to realise the ultimafe statistically possible resolution,
the noise performance of preamplifiers has not yet approached a
fundamental limit, The.resolution capabilities of semiconductor

spectrometers at very low energies have improved from about 2 keV

. (FWHM) in 1965 to 0.3 keV in late 1968. While the larger part of

fhis improvement can be attributed to the availability of low»noise
FET's, a s‘teady vimprovement due to improved techniques must also be
given credif.
£

Work on high~resolution preamplifieme using FET's has involved
large expenditures of effort in the selection of FET's to give the
best performance. Thls work haa been.compllcated by a number of

e

factors but the most 1mportant is that the noise performance of a
élven FET under the operating conditions which apply 1n nuclear pre-
ampllflers bears very little relatlonshlp to the normgl“y;measured

and spec1f1ed parameters. In part, this results from the high source

impedance feeding the FET, but we also achieve some noise reduction
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by reducing the'0peratihg temperature below‘that commonly used in
conventional FET applicétibns, and- this carries‘us outside the normal
temperature boundéAof manufactu;ers’ interest. ﬁowever, general
guidélines; such as using high mutual conductance-(and inevitably

high capacity) FET's for high capacity detectors, and vice-versa for
iow capacity deteétors, are commonly employed. It is also observed
that the best_absélute\performance is achieved using FET's. that
perform’we;l at fhe lowest temperature. 'Perforﬁance differs consider-
ably bgfween units of the same p&pe designation, but made by-different'
manufacturers,-énd between individual units from one manufacturer,

With a given FET the performanée depends upon the cépacity loading

on its input and_evgry effort is made (consistent with the application)
to mip;mizé'this capacitance, Adjustment of the FET témperature for

optimum temperature is also desirable,

The preamplifiers referred.to in this paper use Téxas Instrument
2N4416 FET's with the conditions optimized a$ stafed above. The FET'S
'whicﬁ are now thevbest availablg for low capacity detégtors; were
selecfed and their perfénnance wOuld-put them in the fébviO% of the
‘reéént tranéisto£s>of this type that we have measured. Lithiuﬁu
drifted silicon‘detector$ of our own manufacture are eﬁployed; they
are 3ﬁm thick gsmmz in area éndvexhibit‘méésured capacitieé of about
1.3pF. They are_made from silicon sufficiently freg.from~trappiﬁg
phenomena that no peak asymﬁeﬁry is observed when tested with 1 MeV

electrons at 77°K (= 2.1 keV resolution). Consequently we can safely
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assume a complete lack of trapping effects on resolution for low
enefgies. The detectors 6perate up to 800 volts and are used near

to 77°K.

Work on FET's has overshadowed the smaller amount of effort
expanded on festing high-valued resistors which are generally used
as the dc feedbackﬂelement in the charge-sensitive pfeamplifier con-
figuration shown in fig. 1. The resistors degradé the system perfor-

mance in several ways:

1) The resistor contributes normal thermal resistor noise.,

Operation at 77°K can reduce this type of noise but presently

available resistors vary in a rather unpredictable manner with

temperature, Many change value radically at low temperatures, and

in some cases the changes are permanent.

2) 1In order to reduce the resistor noise contribution, it is

1)

necesséry to use a very high value™ ., However, the optimum frequency
band for the filter network reqﬁired to givé the'bestbgignal>to noise
ratio in these applications lies in thellOO KHz region, - All high-
valued resistors éxhibit changes in both fhe resistive and reactive
components of their impedance if the frequencybexceeds a few KHz,

The variation in the resistive pért of the impedance for a typical

(nominal) 1000 megohm resistor with frequency is shown in fig. 2.
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The reduced vaiue at high freéuencies caﬁses an increase in the
noise contribution of thiS>component*. The physical reasons for

the changes in resistors with frequenéy are not élear, but distfib-
uted capacitance effects are certainly partly responsible and tﬁere
are also likely to be end contaét effects in some resistors. It is
reasonable to suppose that the problemé inherent in the high-
resistivity films used. to make these resistors will prohibit the
manufacture of well-behaved high-valued resistors at high frequencies

in the forseeable future.

3) Extraneous noise of an unexplained nature is known to be
: ' . 2) s .

produced by these resistors”™’. This is not surprising as even low-
valued carbon resistors are known to exhibit so-called current noise,

-and many‘of the'high-valued resistors are madevof’pyrolitié carbon

films,

4) .By its very presence, the resistor increases stray capacity
to ground on the input of the FET, Wé have seen eariier.that mini-
miéingbthis capacitance is important.if fhe ultimate energy resolu~-
tion is to be achievéd, and theréfore it is obvious that the‘presenge

of the resistor degrades performance.

E

It should also be noted that the variation in resistor value with
frequency causes the response of the charge-sensitive stage of fig, 1
to depart from the single time-constant behaviour which might be
anticipated. This results in problems at high counting-rates in all
semiconductor detector spectrometer systems, since pole-zero cancel-
lation methods of correcting for the response of the front-end stage
are then inadequate. Consequently, opto-electronic feedback may be
used to alleviate these problems too. This will be discussed in a
later paper, '
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These'éonsideratidns led to the thoqght of avoiding the resistor
altogether. This could be.accomplished by using the open-circuit -
srate approach of E;ads)_but at.the cost of losing the feedback con-
sidered necessary by nearly all workers in the field. The following
section shows how the feedback can be accomplished while avoiding

the use of high-valued resistors, by employing light as the feedback

coupling element,

II. OPTO-ELECTRONIC FEEDBACK

Fig.»S'shows the_arrangement used in the new preamplifier.* 1f

1t lS compared with the conventional arrangement of fig., 1, we see

that the light coupllng replaces the feedback resistor’ Rf. For-

tunately, the recently available light-emitting diodes give light
intensities'almost proportional to the curreﬁt,throﬁgh'fhe diode*,
This means_that the relationshiﬁs shown in'figg 3 apply, assuﬁing
that the‘resistance Rg is much larger than thé_increméhtél impedance
of thevlightnemitting diodé-over its operating range. The parameter
@ repfesents a'coupling coefficient inQolved in the light_pfoduétion
and_goupling process.. It is easily adjustable over a wide range of
values by suitably_positiqning the light source with referenée fo
the photodiode, by the use of absorbers br light pipes and by other

methods.

* We have tested a number of diode typés including GaAs diodes which

emit light in the infra-red region and Ga-As-P diodes and GaP diodes
emitting in the red region of the spectrum. None obeyed a linear law
when the light output was plotted agalnst current, but a power law
(Light < IN) with 1 < n < 2 applied in all cases. Over a limited

range of currents an approximate linear law is assumed in this paper.
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In fig. 3, the current into the FET gate from the photodiode is given

. . [] t : .
by: i = V /R Where_ Re = R/8.

The light feedback therefore acts like a feedback resistor.. A~

typical value of RS might be 100 ohms while @ can .easily be adjusted

'

£ ranging from

over the range from lO°6'to 10-10, giving values of R

8 2

107 to lOl ohms. Moreover, the light coupling is practically instant-

aneous, the response of both diodes is measured in nanoseconds and

'

the value of Rf is therefore independant of frequency, at least up

to many MHz,

in the arrangement shownviﬁ fig. 3, the photodiode adds capacity
to  the input gate, and in this respect it suffers from the same dis-
‘advantage as the resistor. In practice the role of the photodiode
can be assumed by thevdrain-gate junction diode in the FET* thereby
avoiding this disadvantagefin low-energy systems. Use of the FET in
this manner necessitates opening its case so we have taken the oppor~
'tunity to complefely remove the FET from its casé and to_moﬁnt it in
- an assémbly which reduces capacity-én the gate_lead.“ Furthermore, it
has proven possible to incorporate the feedback papacitdr as;ép
‘vihtegral part of the FET mounfing thereby fufther redﬁéing Stbay:
‘capacity to ground. Meéhanical details of this assembly will be

,déscribed later in the paper.

* While good diodes exhibit excellent frequency response to light, we
observe ‘a long time-constant component in the FET response,. particularly
to IR light. This may be attributed to diffusion of charge from the v
bulk semiconductor, For low-energy systems this is of no importance, but-
if this technique is used to replace resistors in high-energy systems, it
is possible that a red~emitting light must be used and/or a well-behaved
photodiode.
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| The arréngemént of fig. 3 may be thoﬁghf'bf aS'abéervo loop
WhiCh maintains a mean current in,the phb%édiode équél to the leakage
current of the silicon radiation detector fhéreby'stabilizing tﬁe de
operating point Qf.the stage;v Howevér, sfétistical fluctuations in
'the detector leakage and those inrthe ﬁhotodiqdefaré'hot correlated
so the total noise is jusf \/5_'tiﬁes thét.whiéh would arise from
defector leakage aléne. ‘This constitutéé'the shunt noise in the input
circuit while the FEf channel noise is the principal series noise
source, Calculations and tests show that all other noise sources can

be made to contribute only very minor amounts of noise,

During tests of the new circuit;'wé obéef?éd that many FET's
prodﬁce-excess néise if the drain»gate voltage exceeds a few volts,
The efféct is‘aiso observed if the géte current is measured as a
fuﬁéticn of drain voltage with the FET operafed_in_its norma; mode
i.e.'not_wifh~source disconnected asvis usually dénevin méasufements
of,gate leakage, but with cﬁrrent flowing'through’the'FﬁT.» Here a’
rapid increase in the gatg'current at drain voltages greater than a
certaiﬁ value is seen., We attribute'this to'the_onsef:of.an avalanche
process in the channel with collection of the holes,at-the éate. It
is aﬁalégoué_to positivé.ion collection'at thé grid.of<a'vachﬁm:tube._
'As the avalanche voltagé exhibits é positive fehperature éoefficient,~
the critical vdltage becoﬁes.smaller as the temperature is reduced,

so the the anomalous situation can arise.whereby the gate‘current

increases at low temperatures. vThis applies only if the drain voltage
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exceeds a certain Valué. and leads‘ to the optimum temperature for noise
being dependént‘on drain voltage. These considerations indicate that

the drain voltagé'shduld always be lower than the critical value but not
too low, as this would increase the drainfgate capacitance, Thgse
factors, which have hbt previously been appreciated, have led to some

confusion in earlier FET testing for preamplifier applications.

.The completé preamplifier used in the tests described in the
following pafagraphs is showﬁ in fig. 4, Its design is in most reépects
similaf to_é conventional charge-sensitive unit employing a cascode
stage‘followiﬁg the FET. The output from the charge sensitive loop
feeds the light-emitting diode whose light is directed onto the PET.

A light-emitfing diode is also pointed at the silicon detector to permit
adjustment of the detector leakagé. This is onlyvessential if the drain-
gate leakage exceéds the detector leakage (an unusual éituation),.but

it is useful to be able to vary the detector leakage in tests on the
system;' We should note that very effective 1ight shielding between the
feedback light and the detector must'Be provided to prevent the loop
exhibiting ovefall positive feedback as the large size of the detector

‘'makes ‘it much more light sensitive than the FET,

III. EXPERIMENTAL RESULTS

‘A meaningful comparison between the new preamplifiéf and a con-

ventional one can best be made by measuring the noise in the two systems

as a function of the time-constant of an equal RC integrator~differentiator
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filter, if the.noise2 is plotted versus thé time-constant on a log-log
plot, a stpaight line relatiohship is expeéted_at short times where
series. input circuit noise is>dominant, and again a long times where
Shuntvnoise is dominant. Such a plot is given in fig. 5. The FET's
used inrthe‘fwo systems had'previously been measured as having nearly
equalvperformance in a convenfibnal preamplifier, We can therefore
regard the two curves in fig. 5 as reﬁresentiné a fair éomparison
between fhé twovpréamplifiers. Inspectioﬁ‘of fig. 5 shows that the
two systems give éimilar results at shoft time-constants although the
reducédvstray capacity in the light coupledrsyétem makés.itsvperforn
~ mance superior. At long time constants, howevef, the sﬁperiority of
the light coupled systém is véry obvious. MoreoJef, the slope of the

line for the new preamplifier at short time constants is correct.

In order to make a valid comparison of the two systems in actual
vspectrum measurements, some decision must be made as to the type of
pulse shaping to be used. We have chosen to use a Gaussian shaper

y)

which is part of our high-rate amplifier sysfem . For the éonven-
tioﬁal:preamplifiér the peaking time of the GausSién was 2.25 micro-
séconds, whiéh is nearly optimum fér this System.. For fhe new
preamplifier we have used a peaking time of 7 micr;secénds; aithough
this is shorfen,fhaﬁ_the optimum time, and improved results could be
realiééd usingva larger yalue, it was feit‘that thié éompromise
between good nOise performance and good rate performance wouid be

fairly representative of normal use. The user can, of course, choose

his own compromise depending on circumstances.
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The.comﬁarison in performance ﬁefween tﬁevtwo Units for Mn and
Np k-rays is shown in_figs.‘s'and 7;n'ﬁe'need.hard1y add words to
the picture conveyed in these figures! However; we should point out G
that many pulse-height analyzers Wiil’nbt permif geod measurements on |

such long pulses and medifications to the analyzer may be ﬁecessary.

to realise these results.

It is unferfunate fhat the improved electrenic resolution is
ﬁot felly seen on the X;ray peake of figs. 6 and 7 as the statistice
of charge preduction in the defectbr are qu;te significant at even
these lok eﬁergies wifh such a good electronic syétem._.Fig. 8 shows’
the caicula&ed effect of_detector statistics on systems exhibiting
electronic resolutions of 125, 150, 175 and QQo:eV. Electronic
measurements show that the fundamental resolution of our present
“.system is about 150 eV; it becomes about 192 eV at the 6 keV of the;
an line, and about 260 eV at the 20 keV. of the main Np llnes. Fig, Q.
assumes a Fano factor of 0.12, a value which is subject to some
questlen but which represents a fair estimate based on present experl- '
fmental data obtained at much hlgher energles (1 MeV electrons), . A
number of measured resolptions for this X-ray system are shown in  2
fig.:8 and these poinfs are seen to fit reasonably well on theecﬁfve.,
This.indicates that the assumed Fano factor 0,12 cannot be much inA i
error. The system should permit en accurate determinatioh of the »i ) ,.“f
Fano factor for silicon and we intend to‘do this work in the near |

future, s, . ,
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These numbers suggést that further improvements in the electronics
will'do little to improve.egperiments except at very low energies,
and therefore fér'eleﬁeﬁts of low atomic number. Of course, this is
an area of great potential interest as it 1s the region of the dominant -
constifuents of biological material., Furthermore, we should remember
that electronic noise not only limits the energy resolution but also
limits the minimum energy that can be detected. A FWHM resolution
of 150 eV indicatés that noise counts over 300 to 400 eV are rare;
therefore'x-rayé of'nitrogen and possibly carbon should be detectable.
Of course the prdblem of getting them into the detector must be fécéa

‘before this can be done,

A few words must be said on the counting-rate performance of the
unit. The design uses a value of 10-9 for the'light couplihg coeffi-
éieﬁtfp and the maximum light-diode current is 50mA. The maximum
permitted detector current (average) is therefore 5 x lO-llA which
corresponds to a pountiﬁg-rate of about Slx J.Ou counté/seé.-of 30.keV
events. Actually the random nature of thévcounts féduées this rate
to under qu counts/sec, which is quite adequate for mdSt'X-ray
applications. .If thé-@oﬁpling céefficient g is inqreased, a higher_
counting rate can.be accomodated but fhévstanding éurreht in the
iight-soufce must be reducgd‘acdordingly, This should be avoided
~if possible as the light output becomes a more non-iipean function
of éurrent ét low currents. -The minimum current level can be, increased
by usihg the liéht pointéd at the detector to increase its ieakage -

but this gives increased noise, which may be tolerable in some

circumstances,
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As the counting-rate is limited mainly by the dc shift in the ' v
preamplifier, pulse-shaping of longer time constants is quite prac-
ticable, Measureménts'using a Gaussian shape peaking at 15 usec.

have given resolution of less than 140 eV FWHM in this system.

IV. MECHANICAL DESIGN

The front end of the system is mounted on a standard "dipstick"
type of liquid nitrogen cooling dewér. This type of dewar was pre-
ferred over the LN tube cooling éystem due to its lowér micrbphonics.
Fig. 9 shows the @echanical arrangement 6fvtﬁe front-end, A.prime
consideration is. to maintain the lowest Possible-femperatqre on the
detector sincé its leakage qurrenf is a dominant noise factor at
lohg time-constants. Boron nitride is used as the electrical in-

. sulator for the detector voltage because its good thermal éonductivity
' peduces losses in the cooling path to the detector. The two light
sourées are mounted:directly on the cold member - this is poséible

as their efficiency increases at low teﬁperaturesv? and lucite light-
pipes convey the light to the detector and FET., The available light
far exceeds our requirements so the surfaces of the luCife pipes are
ﬁainted black to absorb light and the ends facing the detector and

FET are lapﬁed to a matte finish., As mentioned eérlier, light'éhields ' o

are also provided to restrict the light to its intended paths.

Removal of the FET from its metal case has proved tb be no
problem. The FET chip, which mounts directly on the gate lead in the

T.I. 2N4416, is removed from_the metal can with the source and drain



«]3-

UCRL-18698

gold wires still attached, It is then mounted in the boron nitride

mount shown in Fig. 9. Boron nitride was chosen for this mount due

- to its good thermal conductivity, which is necessary if adequate

cooling of the FET is to be achieved. A wire firmly attached to the
top of the mount provides a 0.2 pF capacity to the gaté leﬁd, énd
this is used as the feedback capacitor; The FET mount is mechanically
supported'from the cold member by a étainless steel tube which gives
a controlled thermal resistance in the cooiing path for the FET. A

heater contained in the FET end of the tube is used to vary the FET

temperature, - The possibility of using a chip version of the FET was

considered. However, the ability to test and select FET's before
removing from the case seemed important., The final mount is an inte-
gral one which permits testing of the FET before inserting it in the

holder.

Some simp;ifications in this deéign are expectéd after suffic--
ient measurements have‘been made to show that certain items cah be
omitted without loss in performance. A‘slight réducfioh_in.stray
capaciténce, withvconsequent imprdvement ih-fesolufion,vcan probably
be accompiished by the removal of insulating material where'éxpéfignce

shows it serves no useful purpose,
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V. CONCLUSION

‘Theluse of optb-electroﬁic feedbéck appears to result in a
very significant improvement in the energy resolution capabilities
of seﬁiconductor detector spectfometers used at low energies. While
the system looks complicateﬁ, our experience is that the assembly
and setting-up of the system present no difficulties.. In fact théy
involve less difficulty than'seiecting high-Valued resistors for
use in high-resolution systems. The ultimate in perfbfmance still
'reQuires excelient FET's but performance better than that of con-
ventional preampiifiers.can be achieved with very little FET selection.
The saving.of effort due to this could well be more important than

thé'improved ultimate performance capability.
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FIGURE CAPTIONS

1. Block diagram of a conventional charge-sensitive preamplifier,

2, Frequency effects in high-valued resistors,

3. Block diagram of opto-electronic feedback preamplifier.

4, Complete schematic of the preamplifier,

5.' Comparison of time-constant behaviour of the two types of

preamplifier, Measured with a pulse-shaper containing equal

6., a)
’b)
7. a)

b)

“RC integrator and

- Mn X-rays

Mh X-rays
Np.x¥rayé

Np X-rays

differentiator,

performance

performance

performance

performance

of new unit.

of conventional preamplifier.

of new unit.

of conventicnal preamplifier

The results in figs. 6 (a) and 7 (a) were obtained using a

Gaussian pulse=-shaper peaking at about 7 microséconds while

those of figs. 6 (b) and 7 (b) used a Gaussian peaked at 2.5 usec.

(nearly‘optimum”for'thisﬁsystem).

8. The behaviour of resolution with'ehergy due to combiﬁed

electronic noise and detector charge statistics. The Fano-

factor is assumed to be 0,12, Some experimental measured points

on the new system are shown.

Fig. 9. Mechanical details of the front-end assembly.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. ’

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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