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HIGH-SENSING DETECTING SYSTEMS
FOR X-ray FLUORESCENCE SPECTROMETER

Abstract. In this paper, the characteristics of the signal produced by the action of X-ray radiation on silicon
detectors are considered. The electronic scheme of a detection system based on a silicon-lithium p-i-n detector for an
X-ray fluorescence spectrometer is proposed. To extract the signal from the detector, a charge sensitive preamplifier
was designed on the basis of an operational amplifier. The charge sensitive preamplifier is fully compatible with the
Si (Li) strip detector operating in the signal frequency range close to 12.5 MHz. Also, the calculation of the signal
frequencies of the detector is proposed, taking into account the size of the detector and stripe contacts. The resulted
electronics and calculations are useful for manufacturing of an industrial detecting system based on Si (Li) detectors.
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Introduction. Nowadays, the mining and metallurgical complex is one of the basic parts of indus-
tries. In the modern world, analyzers that determine the chemical composition of a substance are widely
used in mining and metallurgical industries. X-ray fluorescent system has a number of advantages among
the analyzers of elemental composition. These include simplicity of analysis and sample preparation, the
possibility of conducting both qualitative and quantitative analysis, a short analysis time, the definition of
a wide range of clements and ranges of their concentrations. Special mention should be made of the
advantage of the X-ray fluorescent method of analysis, such as the rapid analysis of petrogenic elements
(Si, Al, Ca, Mg, S etc.). Therefore, improving the sensitivity of devices receiving data on useful minerals
is one of the main priorities of instrumentation. An important part of the spectrometer is the sensitivity of
the detector and the high stability of the output signals in spectrometers. Such systems based on semicon-
ductor detectors are widely used by X-ray fluorescence spectrometers to determine the real composition of
geological samples [1, 2]. Compared to other similar detectors, silicon-lithium detectors have the follo-
wing advantages: high energy resolution; linearity of signals over a wide range of energies for particles of
different types; lack of sensitivity to magnetic fields; stability and small overall dimensions [3-12].
Despite the fact that such systems were invented and put into operation for a long time, the versatility of
using different types of silicon detectors makes them relevant for development and research to date.

For the successful operation of detection systems, it is very important to construct suitable elec-
tronics, since detection of signals using silicon band detectors is complex. This is due to the following
characteristics of the detectors: small multichannel signals, pending intelligent electronics for signal
detection (high gain and noise suppression), leakage current (DC)

In [13-15], electronic parts of multichannel silicon detectors were considered. As the analysis of the
results of these studies shows, one of the important parts of the system is a filter for extracting signals
from the detector.

In this paper, it is proposed to calculate the charge amount, and to develop an electronic signal filter
for these detectors. The work is devoted to signal modeling and designing a charge sensitive preamplifier-
circuit based on an operational amplifier for X-ray fluorescence analyzer systems. As detector of the
system it was used Si (Li) detector.
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Methods and experiment. Development of Si (Li) p-i-n structures with a diameter of the sensitive
region of ~ 50-50 mm and a thickness of >1.5 mm is a technological challenge. In particular, it is
necessary to create a sufficiently extended, uniformly lithium compensated sensitive region. To obtain
these characteristics of a large-size silicon detectors, parameters such as temperature, diffusion annealing
time, voltage values, and drift conductivity are important. Detectors which obtained with this method with
an operating voltage U, = 100-500 V, at room temperature has a value of I = 0.5-1 A, the value of the
dark current, and has an R = 5 kQ resistivity. The working area of the detector has metal contacts Au
(200 A).

To successfully reading of the detector signals, it is needed to create a suitable charge sensitive
preamplifier. For this purpose, a charge sensitive preamplifier was designed on the operational amplifier
which is shown in figure 1.
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Figure 1 -
a — schematic diagram of the charge sensitive preamplifier based on the operational amplifier;
b — block diagram of the shaper with a single differentiation and n-fold integration.

The first stage of the circuit for the silicon detectors is a preamplifier designed to integrate the electric
charge received from the sensor and to amplify the voltage. This is the most important unit, because it
determines the overall sensitivity of the system. The preamplifier consists of an operational amplifier
configured as a charge sensitive amplifier. The charge sensitive amplifier uses a negative feedback
network with a capacitor and a resistor.

A high impedance for the preamplifier is used to bias the detector signal. The sensor is connected to
the input of the preamplifier via a coupling capacitor. This capacitor isolates the preamplifier input from
any DC bias that can lead to saturation, as well as from the leakage current of the sensor. Thus, a signal is
generated.

The charge sensitive amplifier and shaper, which includes the signal transmission lines between the
channel blocks, is exposed to various noise and interference. The total fluctuations of the signal in the
channel are made up of two components:

— fluctuations of the signal proper, arising during its formation,

— electrical noise of the channel circuit elements, independent of the signal.

— ] ——
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Fluctuations of the signal itself due to the probabilistic nature of the formation and collection of
clectron-hole pairs in the silicon detector have a distribution close to the Poisson distribution, and its width
Nen 1s half the maximum value with sufficient accuracy:

Nep = 235+«VE xe* F )

where E is the energy loss in the detector, € is the average encrgy of formation of one electron-hole pair in
silicon, F is the Fano factor equal to 0.12 for silicon.

Let us return to Fig. 1 and consider the operation of the channel from the bandpass filter. A short
current pulse produced by an ionized particle charges the capacitance of the detector Cd and the feedback
capacitance C= Cp,. This leads to a voltage jump at the output of the amplifier:

AU = —2 @)

d
Cfb+T

where k is the loop gain of the preamplifier, Q is the charge in the detector. The rising edge AU is
determined by the time of charge collection, the speed of the preamplifier and its load, and the decay is
the type of the discharge circuit. In the discharge circuit of the feedback capacitance, a high-resistance
resistor is most often used (figure 1), less often a digit key [16]. The minimum possible preamplifier
front is determined by the acquisition time of the carriers. The mobility of electrons in silicon is
i = 1250 em*/(V-s), for holes p, = 450 cm*/(V-c). The carrier velocity is v = p-Er, where E; is the electric
field strength. Obviously, the collection time depends on the thickness of the detector and is 10-
20 nanoseconds for the most common detectors with a detector thickness of 300-400 microns and an
operating voltage of -100V. The second factor is the input time constant of the charge sensitive amplifier
[17] tin = Cy-Ry, where the input resistance is:
Cin

- gm*Ceq

3)

where g, is the steepness of the input stage, C;, is the input capacitance of the preamplifier. The input
resistance of the preamplifier is purely resistive and low impedance, so T, is usually comparable with the
time of collection of carriers. The main factor of speed, as experience shows, is the frequency band of the
preamplifier, determined from its first pole. Further shaping of the signal and its filtering from noise is
performed by the shaper.

The signal conditioning in time and noise filtering is performed by the shaper with the transfer
function K (S).

Let us consider in detail the types of shapers most often used for silicon detectors. Since the use of
silicon detectors in high-energy physics implies, as a rule, multichannel reading electronics and, as a
result, minimization of its size and consumption, the use of very complex shaping chains is not advisable.
Let us consider the most frequently used schemes of shapers. The most common type of shaper is the so-
called CR- (RC) " shaper. Its transfer function k (s) without taking into account the signal inverting by the
links of the shaper has the form:

in

k() 25w ()] (4)

1+stgq 1+s#*71;

where 14 is the time constant of differentiation, t; is the integration time constant, k is the amplification
factor compensating for the amplitude loss. Usually the shaper is implemented according to the scheme
shown in figure 1-b.

Results and discussion. Taking into account the above parameters, it is possible to estimate the total
capacitance of a detector with a reverse bias of Cr and an interband capacitance Cs and a volume
capacitance Cb [16]. The meaning of the experimental data of Cb is Cb = 300 pF [10]. Cs can be found
from this expression:

Co =2+ (w+1)(0.03 + 1.62222) [ (5)

P cm

where L is the length, and w is the width of the bands, and p is the step. The total capacitance
Cr = Cb + Cs =330 pF. The resistance of the metal electrodes is R = p L/w-t, where p = 2.44 pQ-cm is the
resistivity, t is the thickness, for this p-i-n detector R = 0.1 Q.
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From these calculations it can be said that radiation conditions and detector geometry play a key role
for the output signal of the detector, and the total working area of the detector determines the frequency of
the detector signals. For example, the current density in the bright detector field can be 0.1 nA/em?, it
gives 160 ns between the events of electrons per cm” of the working region [18]. In our case, the active
working area is 40 mm x 5 mm = 2 cm”, so the electrons will affect on detection contact every 160/2 = 80 ns.
From the above calculations, we can say that the electronics of the proposed detector operates at a
frequency £>1/80 ns or 12.5 MHz.

In order to the charge sensitive amplifier to act as a current integrator, the values of the feedback
resistor and the capacitor of the charge sensitive amplifier should be chosen so that the time constant
should be high. At the same time, the total input capacitance must be low to minimize noise, so the feed-
back capacity should be small. However, this value is set according to the capacitance of the sensor, and
therefore, must be large enough to minimize the cross-linking between contacts. On the other hand, to
minimize thermal noise, a high feedback resistance is required.

puls width 130 ns
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Figure 2 — Voltage at the output from the shaper when the preamplifier pole is compensated for the input pulse
from the preamplifier with the resistor in the discharge circuit and withk=1, n=1, T=t/ 1, 1=14=1

Voltage from the output of the shaper defines by expression:
Uout (s) = 1 (6)

1+ s+

with k=1, n=1.
It is seen from figure 2 that the recovery time of the baseline sharply increases, in comparison with
the recovery of the shaper after the action of a single voltage pulse.
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Figure 3 — Spectrum of preamplifier output signal

Figure 3 shows the output signal spectrum of the preamplifier. A bandwidth preamplifier passes a
certain frequency range by cutting off a lower frequency and cuts a higher frequency. It is clearly seen from
figure 3 that the preamplifier passes the peak frequency of 12.5 MHz with a capture width of 4-10” sec.

— 0 ——
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Next, an electronic circuit can be described which, together with the Si detector, must provide a nar-
row digital pulse each time the electron acts close to the corresponding band. Fig.4. shows the functional
blocks of a typical front circuit used with semiconductor detectors, where the detector converts the energy
of the incident radiation into electrical pulses, which are amplified by the preamplifier and generated by
the signal processing unit, also called the shaper.

Detector Preamplifier Amplifier Analog to digital
conversion

Radiation

>

Figure 4 — Operational electronic block of X- ray detecting system

The amplification circuit has the task of increasing the signal-to-noise ratio (SNR), which is achieved
by limiting the bandwidth and which, in turn, changes the time characteristic (shape) of the pulse[19, 20].
Therefore, there is a tradeoff between the SNR and the speed of the system. The final block in figure 4 is
used to digitize the analog pulse for further processing and/or data transfer.

Conclusion. In the work it was determined that the output of the silicon p-i-n detector is in the region
of 12.5 MHz with a capture width of 4-107 sec. Also, considering the foregoing considerations, it can be
said that the bias voltage sources of the detectors should have a low level of noise and interference,
especially in the low-frequency region, since the charge sensitive amplifier for this type of noise is a low-
pass filter. Contacts of detectors should have low impedance, much lower than the noise resistance of the
input stage, determined by the steepness of its first transistor. The parallel noise of the discharge resistance
of the charge sensitive amplifier has a maximum if the feedback time constant is equal to the formation
time of the shaper.
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PEHTTEHAIK ®JIYOPECHEHTTIK CHEKTPOMETPJIEPTE APHAJIFAH
ACA CE3I'TllI AETEKTOPJBIK KYUEJIEP

Annortamus. JKyMmbpIcTa KPEMHHHIIK JACTEKTOPIACPACTI PEHTICHMAIK COyJIEICHY ApKbUIBI ANBIHATHIH CHTHAJ-
JAPABIH CHUMATTAMAChl KaPaCTHIPBIIFAH. PEHTTEHIIK ()IIyOPECHEHTTIK CIIEKTPOMETPIC APHAIFAH KPEMHHH-TUTHIUIIK
p-i-n ACTOKTOP HETI3IHAETI ACTEKTOPIIK KYHEHIH 3JICKTPOH/IBI CYJI0ACH YCHIHBIIAABL. CHTHAIABI ACTCKTOPAAH Ay
YIIiH ONEepanpsUIbIK KYIISHTKIII HETi3IHACTI EKIHII PETT1 KOIAKTHl PUIbTIpP skobamasapl. PunbTp, curHanasH 12.5
MI u-Kke MKAKBIH KHLTIK AHATIA30HBIHIA )KYMBIC JKaCalThH cTpunTiK Si(Li) ACTCKTOPMCH TOIBIFBIMCH COMKEC KIS,
CoHbpIMEH KaTap, KYMBICTA ACTEKTOP MEH CTPHUNTIK KOHTAKTLUICPAIH OJIIEMIH €CKEPE OTHIPHII, ACTCKTOP CHTHAIBI-
HBIH KHLUITiHIH eCenTeyi KearTipinreH. KeaTipiireH 3IeKTPOHNKA MCH CCCITCYJICP CTPHUITIK ACTCKTOPIC) HETI3iH-
JIeTi OHAIPICTIK JCTEKTOPIIIK >KYHeIep i )Kacay 1a maixanel O0JIbIN TaObLIAIbL.

Tyiiin ce3aep: AETCKTOP 3MCKTPOHUKACHL, (PUIBTPIEP, IETEKTOPAEC CHTHAIABI TCHEPALMSIAY .
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BBICOKOUYYBCTBHUTEJIBHBIE JETEKTUPYIOIIME CUCTEMbI
JJIA PEHTTEHO®JIYOPECHEHTHOI'O CHEKTPOMETPA

AnnoTtamus. B padore paccMOTpeH XapaKTEpPUCTHKH CHTHANA, CO3JABAEMOT0 BO3ACHCTBHEM PEHTTCHOBCKOTO
H3IyYCHHUS B KPEMHHEBBIX JeTeKropax. [Ipemmoraercst 3/meKTpOHHAs cXeMa ACTCKTHPYIOIEH CHCTEMBI, Ha 0ase
KPEMHHH-THTHEBOTO P-1-N AETEKTOPA I PEHTICHO()IyOPECIICHTHOTO CIIEKTpoMeTpa. [l W3BJICUCHHS CUTHANA OT
JETEKTOpa OBLT CIPOCKTUPOBAH MOJOCKOBBIH (DHIBTP BTOPOTO IOPSAKA HA OCHOBE ONCPAIIMOHHOTO YCHIMTEILL
OUIBTP MOMHOCTHEO COBMECTHM ¢ Si(Li) CTPHIIOBBIM ACTCKTOPOM, pabOTAFOIMIECM B THATA30HE YACTOT CHTHANA O3~
K0 K 12.5 MI'u. Taxxe, B paboTe MPEAI0KCH PACcUCT YacTOT CHTHANA JCTCKTOPA, YUHTHIBAS Pa3Mep ACTCKTOpA H
CTPUIIOBBIX KOHTAKTOB. HpI/IBGZ[eHHa}I QJCKTPOHUKA W PACUCTHI MOJC3HBI A1 U3TOTOBJICHIA HpOMBIH.U'IGHHOfI ac-
TEKTHPYIOIIEH CHcTeMBI HA OCHOB Si (L1) CTPUIOBBIX ACTEKTOPAX.

KimioueBnbie ¢/10BA: 3JEKTPOHMKA IETEKTOPA; (DMIIbTPHI, TCHEPALMS CUTHATOB B JCTCKTOPE.
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