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The method of express analysis provides the measurement of radiation spectra of medical radionuclides by a de-
tection module based on an uncooled silicon planar detector and a "scintillator-silicon photosensor” type module. A
spectrometric device for express analysis of radionuclide concentration has been developed and its prototyping has
been carried out, confirming the operability of the device. The spectrometer analyzer is powered from the USB port
of the PC (including a laptop) that provides the possibility of autonomous operation. Test measurements were car-
ried out using the prototype of the spectrometer and X-ray sources, as well as spectral distributions of the radiation
of real samples of ®™Tc¢ in a special container (glass ampoule). For a Si-PIN-detector with a thickness of 300 pm,
the emission spectrum consists of a line of “™Tc with an energy of 140.5 keV and two peaks of the characteristic X-
ray radiation (CXR) of technetium. The calculation in GEANT4 shows the matching of the *™Tc activities obtained
from the registration of CXR and the main line. A measurement of the technetium concentration both by the 140.5 keV

line and on the CXR radiation was proposed that significantly increases the speed of the data accumulation.

PACS: 07.85.Fv, 61.80.Cb

INTRODUCTION

Modern nuclear medicine uses radioactive isotopes
in the form of radiopharmaceuticals, which allow carry-
ing out various diagnostic and therapeutic procedures
[1, 2]. The most important radionuclide used in 80...90%
of the procedures is ®™Tc. This isotope is formed during

the K shell and total quantum yield is of ~ 8.3% of the
main line intensity 140.5 keV. K, lines have a yield
intensity per decay of 6.25%, Ky — 1.157%.

and X-rays for *"7¢

Table 1
Energy and intensities of the main lines of gamma

the decay of the parent isotope *Mo [3, 4]. The *"Tc Gammas from ®™T¢ (6.01 h)
isotope is separated by physicochemical means and used E, (keV) I, (%)
as a radioactive label in various chemical compounds. A 110 511 Y89
perspective isotope is also ®’Cu. This isotope has a short : %m
half-life and low-energy emission lines what reduces the X-rays from "7Tc (6.01 h)
radiation dose on the patient's body. E, (keV) l, (%) Assignment
The NSC KIPT developed the physical and techno-
logical basis for the production of **Mo/*™T¢ [3, 4] and 12;2% 42118 ? Kaz
67 - . . ¢ Ky
Cu [5, 6] using the bremsstrahlung of an electron ac- 50.599 0333 ToK
celerator. The obtained real pharmaceutical drug *™Tc . . b3
was contained in glass ampoules with a wall thickness 20.619 0.644 TC Ky
of ~ 1 mm. Due to the fact that the obtained pharmaceu- 20.789 0.00357 T¢ Kes
ticals are of different activity, the production of such 21.005 0.146 Tc Ky
drugs requires the determination of the concentration of 21.042 0.0302 TC Kog

the medical radionuclide in a short time. For the express
analysis of the medical radionuclides *™Tc and *Cu
concentration a spectrometer analyzer with interchange-
able detection modules was developed in NSC KIPT.
One of the detection modules based on an uncooled
planar silicon detector, the second module is a scintilla-
tor-photodetector system.

The spectrometer-analyzer was powered from the

The half-life of ®’Cu is 61.83 h. The ®’Cu emission
spectra also consists of several lines (decay mode f)
and is presented in Table 2.

and X-rays for ®’Cu

Table 2
Energy and intensities of the main lines of gamma

Gammas from ¥Cu (61.83 h)

USB port of the PC (laptop) that provides the possibility E, (keV) I, (%)

of autonomous operation. gég?? 176.01
99m 67 : .

1. RADIATION LINES™"T¢, >'Cu 184577 8.7

The half-life of ®™Tc is 6.01 h, the energy and rela-

X-rays from ¢’Cu (61.83 h)

tive intensity of its main lines of gamma and X-ray radi- E, (keV) I, (%) Assignment
ation show in Table 1 [7, 8]. The radiation of techneti- 8616 105 7n Ky
um consists of the main line of 140.5 keV (the intensity 8.639 384 Zn Kal
of the quantum yield per decay 89%) and several lines 9'572 0 '239 2
of the CXR technetium. The K-lines of the CXR techne- i : Zn Kps
tium arise after the internal conversion of electrons from 9.572 0.464 Zn Kgy
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The low-energy CXR is strongly absorbed by the
walls of the glass ampoule and is not suitable for ex-
press analysis of the drug. Therefore, the detection of
Cu is detected by gamma radiation lines. The lines
with E, = 91.266 and 93.311 keV are detected by the Si-
PIN detector and line 184.577 keV — by the system of
Csl(T1) scintillator — Si-PIN-photodiode.

2. SPECTROMETER-ANALYZER
FOR EXPRESS ANALYSIS OF MEDICAL
RADIONUCLIDES CONCENTRATION *™T¢
AND *Cu WITH REPLACEABLE
DETECTION MODULES

The sealed modules of uncooled planar silicon de-
tectors and read-out electronics developed and fabricat-
ed at the NSC KIPT showed high stability when using
in high-energy physics, nuclear physics experiments,
devices for monitoring the concentration of elements,
and in medical diagnostic devices [9 - 11].

In Fig. 1 two types of detection modules used in the
present work are presented, an uncooled silicon PIN
detector (on the left) and a detection system Csl(TI)
scintillator — a silicon PIN-photodiode (on the right).

Fig. 1. Two types of detection modules:
the uncooled Si-PIN detector (on the left)
and the detection system Csl(TI) scintillator —
Si-PIN-photodiode (right)

A spectrometric channel based on an uncooled Si-
PIN detector of 300 um thickness provides detection of
radiation in the energy range E, = 5...150 keV with a
resolution of FWHM = 1...1.2 keV. Radiation with an
energy E, > 50 keV is more efficiently registered with
the help of detection systems consisting of a scintillator
CsI(TI) and a Si-PIN-photodiode. In [12 - 14] the effi-
ciency of quanta registration of different energies for
detecting modules based on an uncooled planar Si-
detector, as well as a scintillator-photodetector system,
was considered.

S SRR

Fig. 2. Prototype of the spectrometer-analyzer for
the express analysis of the *™Tc activity consists
of sealed detector, preamplifier, module with
a spectrometric amplifier, ADC converter and PC
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In Fig. 2 spectrometer-analyzer prototype for the fast
analysis of the concentration of *™Tc is shown. The
monitor shows the spectrum accumulation.

Fig. 3 shows the experimental emission spectrum of
a real pharmaceutical preparation ®™Tc, placed in a
glass ampoule with a wall thickness of ~1 mm, ob-
tained by a Si-PIN-detector of 300 pum htickness.
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Fig. 3. Experimental emission spectrum of the real
pharmaceutical preparation *™Tc, obtained by the Si —
PIN-detector of 300 um thickness (blue curve).

Red curves — the fitting of CXR peaks (K, Ky)
and 140.5 keV

The emission spectrum consists of a main line of
140.5 keV, Compton distribution (49.8 keV - edge),
and two CXR lines of technetium (with energy K, =
18.36 and Kj = 20.6 keV). K, lines have a yield intensi-
ty per decay of 6.25%, Kz — 1.157% (Table 1). Each
emission line has its own absorption coefficient in me-
dia and its registration efficiency in Si detector. The
calculation in GEANT4 shows the agreement of the
%MTe activities obtained from the registration of CXR
and the main line. A measurement of the technetium
concentration both by the 140.5 keV line and on the
CXR radiation was proposed, what significantly in-
creases the speed of the data accumulation.

For experimental measurements the ratio of K,/ Kg
was ~ 5.15...5.35 (the estimate from Table 1 gives a
ratio of ~ 5.4), and the ratio of the sum of CXR quanta
(Ko + Kg) exceeded the sum of the quanta at 140.5 keV
peak at 15.2 times, what is close to the simulation re-
sults for the glass of 1 mm thickness.

The dependence of drug activity over the time was
measured. Figs. 4, 5 shows the experimental values of
drug activity measured at different times (red squares)
and the estimated activity rating with allowance for de-
cay (blue line).

99mTc
only 140.5 keV

Counts / sec

(I) 5‘0 1(‘)0 1‘50 2(‘)0 250
t, min
Fig. 4. Experimental values of the activity of the drug
for the 140.5 keV line, measured at different times (red
squares) and calculated activity with allowance
for decay (blue line)
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Fig. 5. Experimental values of drug activity
(the entire spectrum is summed in the interval
AE = 10...140.5 keV) measured at different times
(red squares) and calculated activity with allowance
for decay (blue line)

These two measurements showed the same decrease
in activity 1.45 times in 233 minutes. The speed of ac-
cumulation the entire spectrum in the energy range
AE =10...140.5 keV exceeds the speed of dialing along
the line 140.5 keV by about 37 times. Calculations in
GEANT4 give approximately the same ratio of the reg-
istered integral spectrum to the baseline. This opens the
possibility of calibrating the spectrometer over the inte-
gral spectrum and significantly increases the speed of
the analysis.

3. CALCULATIONS OF THE INTENSITY
OF THE MAIN GAMMA LINE AND X-RAY
LINES IN GEANT4

Fig. 6 shows the visual representation in GEANT4
of the trajectories of gamma and X-ray quanta (green
lines) for a system: ampoule with liquid (cylinder, yel-
low), glass (red) and detector (Si, 300 um, blue). For
simplicity, the trajectories of quanta are shown directed
to the area of the detector are normal to its surface.
Quanta arise randomly in the volume of a liquid.

Fig. 6. Visual presentation in GEANT4 of the trajecto-
ries of gamma and X-ray quanta (green lines)
for a system: ampoule with liquid (cylinder, yellow),
glass (red) and detector (Si, 300 um, blue)

A feature of the passage of low energy quanta
through thin layers of matter is their strong absorption.
The trajectories of quanta in Fig. 6 are rectilinear, but
some of the quanta are absorbed in the glass and liquid,
and the quanta passing into the Si detector are only par-
tially registered in it. In GEANT4 the relative intensities
of the main gamma and X-ray lines registered in Si,
300 pum for *™Tc for various glass ampoule thicknesses
are calculated. The results are presented in Table 3.
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Table 3
Energy and relative intensities of the main lines
of gamma and X-ray radiation registered in Si, 300 um
for ®™Tc for various glass thicknesses
of the ampoule

E, 0.2mm | 0.5mm 1 mm 2mm
18.36 24.79 18.83 11.52 5.41
20.6 3.95 3.27 2.33 1.43
140.5 1 1 1 1

As one can see from the data for 1 mm of glass, the
calculated increasing of the value of CXR quanta over
the main peak is ~14, what is close to the experimental-
ly measured value of ~15.2.

The results of calculations in GEANT4 of the rela-
tive intensities of the main emission lines of *™Tc for
various plastic materials of the exit window with a
thickness of 0.5 mm are presented in Table 4.

Table 4
Energy and relative intensities of the main lines
of gamma and X-ray emission registered in Si, 300 um
for ®™Tc for various materials of the output window,
thickness 0.5 mm (GEANT4)

E, Teflon Plexiglass | Kapton
18.36 28.34 30.81 30.74
20.6 4.40 4.69 4.65
140.5 1 1 1

In the case of a thin plastic window, the increasing
of the number of CXR quanta over the main peak is
~ 35 times.

Note that excitation of CXR Tc and Mo by the main
line 140.5 keV is also possible. For the provisional
thickness Tc and Mo ~ 100 um, the yield of CXR (Ka. +
KP) in the full angle does not exceed 0.7% of the inten-
sity of the main line for Tc and 0.6% for Mo.

The line KB CXR Tc with an energy of 20.6 keV
may re-emit, exciting CXR Mo. This increases the pos-
sible amount of Mo CXR (K, + Kg) up to ~ 0.62% of
the intensity of the main line in solution Mo 50% / Tc
50% and thickness ~ 100 pum. One should take into ac-
count that K-lines of CXR Tc from the process of inter-
nal conversion of electrons together give a quanta yield
of ~ 8.3% of the intensity of the main line of 140.5 keV.
In such an estimate, the distorting effect of additional
CXR of technetium and molybdenum is ~1.32 / 8.3 =
16%. In pure solution the increase in CXR Tc is ~ 0.7 /
8.3 =8%.

An analysis of the experimental spectrum gives the
CXR lines exactly to the energies 19.35 and 20.6 keV.
The K, peak of the Mo line of 17.47 keV would be lo-
cated 13 channels to the left. Such a difference would be
fixed by the detection system. In addition, the ratio K, /
K for Tc would change noticeably. This fact means that
the amount of residual Mo is at least an order of magni-
tude smaller than the case considered.
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4. MEASUREMENT OF THE *™Tc
ACTIVITY WITH A DETECTION MODULE
BASED ON THE SCINTILLATOR-
PHOTODETECTOR SYSTEM

The emission lines of the sources **Am, *’Co, *"T¢
were measured by the detecting system of the scintilla-
tor Csl(TI)-Si-PIN photodiode.

Fig. 7 shows the results of gamma-ray spectrum
measurements of the ***Am source — line with E, =
59.54 keV and *’Co, E, = 122 keV. The size of the scin-
tillator CsI(TI) is 5x5x10 mm, Si-PIN-photodiode is
5x5x0.3 mm.
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Fig. 7. Gamma spectrum of the ***Am source —
E, = 59.54 keV line and *'Co, E, = 122 keV

Fig. 8 shows the results of gamma-ray spectrum
measurements of *™T¢ the 140.5 keV line. The size of
the scintillator CsI(TI) is 2x2x10 mm, Si-PIN-
photodiode is 2x2x0.3 mm. Calculation of the drug ac-
tivity was carried out according to the number of counts
in the peak *™Tc. The processing is performed by fit-
ting the peak of 140.5 keV.
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Fig. 8. The experimental gamma-ray spectrum
of ®"Tc, the 140.5 keV line (blue curve). The red curve
is the fitting of the 140.5 keV peak in ORIGINS

Comparative measurements of drug activity by three
spectrometers were performed: by High Purity Cooled
Germanium Detector (HPGe) Canberra, by Si-PIN-
detector and Csl(TI)-Si photodiode system. Taking into
account the decrease in the *™Tc emission intensity
with time, all the results practically coincide. For exam-
ple, for 1 ml of the drug: HPGe gives the activity result
25,900,000 Bg; 300um Si-PIN photodiode -
25,351,000 Bq in 471, 2x2x10 mm?® CsI(TI) — Si-PIN-
photodiode — 25,971,000 Bq in total solid angle 4x. All
the results are calculated to the end of the bombardment
(EOB) time.

120

CONCLUSIONS

A spectrometer analyzer with replaceable detection
modules was developed in NSC KIPT for the express
analysis of medical radionuclides *™Tc, ¢’Cu concentra-
tion. One of the detection modules is based on an un-
cooled planar Si-PIN-detector (300 um), the second one
is based on a detection system Csl(TI) scintillator — Si-
PIN-photodiode. The spectral distribution of radiation
of real samples of the pharmaceutical preparation **™Tc
in various experimental geometry was measured by two
detection systems.

The emission spectrum consists of a main line of
140.5 keV, Compton distribution (49.8 keV — edge) and
two CXR lines of technetium (with energy K, = 18.36
and Kg = 20.6 keV).

The calculation in GEANT4 shows the agreement of
the ®™Tc activities obtained from the registration of
CXR and the main line.

A measurement of the technetium concentration
both by the 140.5 keV line and by the CXR radiation
was proposed what significantly increases the speed of
the data accumulation.

In the case of a thin glass or plastic window, the in-
creasing of the value of CXR quanta over the main peak
is ~ 35 times.

Comparative measurements of drug activity by three
spectrometers were performed: HPGe, Si-PIN-detector
and CsI(TI) — Si-photodiode system. Taking into ac-
count the decrease in the *™Tc emission intensity with
time, the results practically coincide.
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CIIOCOB KCIIPECCHOTI'O OMNPEJAEJEHUS KOHLUEHTPALIUY MEJULIMHCKUX
PAJIMOHYKJIUJOB *"Tc, ¢’ Cu C HCMOJb30BAHUEM CIIEKTPOMETPA
HA OCHOBE Si-IIJIAHAPHOTO JIETEKTOPA

A.C. fees, C.K. Kunpuu, H.H. Macnos, B./]. Os¢uunnux, M.1O. Illlynuxa, I'.Il. Bacunves, B.U. fnosenko

Mertoanka 3KCIpecc-aHanu3a MpelycMaTpUBaeT U3MEpPEHHE CIIEKTPOB M3IYYCHUS MEAMLMHCKUX PaJUOHYKIIH-
JIOB JETEKTUPYIOIIAM MOJYJIEM Ha OCHOBE HEOXJIAXKJAEMOT0 KPEMHUEBOIO IUIAHAPHOTO JETEKTOpa U MOAYyJIEM THIA
«CUMHTHWUIITOp — KpPeMHHUEBBbIH (oToceHcop». Pa3paboTaHO CHEKTPOMETPUYECKOE YCTPOWCTBO ISl JKCHpecc-
aHaIM3a KOHLECHTPANH PAJHOHYKINIOB M IIPOBEJCHO €0 MaKETHPOBAHKE, IOATBEPKIAoNIee PaboTOCIOCOOHOCTh
ycrpotictBa. [Iutanme cnexTpomerpa-aHamm3aropa BeimoHeHO 0T USB-mopra I1IK (B ToM umcie, HOyTOyKa), 9TO
obecrieunBaeT BO3MOKHOCTE aBTOHOMHOH pa®oTel. [IpoBeneHBI TECTOBBIE U3MEPEHUS C HCIIOIb30BaHNEM pabodero
MaKeTa CIIEKTPOMETPa U HCTOYHUKOB PEHTTEHOBCKOI'O M3IY4YEHHs, a TAK)KE UCCIEN0BaHbI CIIEKTPAIbHBIE paclpe/e-
JNICHHsT M3ITydeHHs PeatbHBIX 00pasinoB ~ “Tc B ClENMATbHON ymakoBke (crTexysHHOM ammyine). Jms Si-PIN-
netekTopa ToamuHOH 300 MKM CIEKTp U3ITy4eHHUS! COCTOUT U3 JTUHUH ¥MTe ¢ sHeprueit 140,5 koB u AByX mHKOB
XapaKTepUCTUYHOTO PEHTTeHOBCKOTO H3nyueHus TexHerus. Pacuer B GEANT4 moka3siBaeT corjacue akTHBHOCTEH

M, noJiyueHHsbIX 10 peructpauuu XPU u ocHoBHOU nuHuHU. [IpeyioxkeHo U3MepeHne KOHLCHTpauul TEXHELHs
He Tosbko 1o uHuK 140,5 k9B, HOo 1 1o n3nyyenuto XPU, 4To CyIIeCTBEHHO YBETUYHUBAET CKOPOCTH Habopa JaH-
HBIX.

CIIOCIB EKCITPECHOI'O BUBHAYEHHS KOHIIEHTPAIIIl MEJJMYHUAX PATIOHYKJIIIIB
%¥MT¢, Cu 3 BAKOPUCTAHHSIM CIEKTPOMETPA HA OCHOBI Si-ILIAHAPHOI'O JIETEKTOPA

0.C. Jlecs, C.K. Kinpiu, M.I. Macnos, B./]. Osuunnux, M.FO. Illlynika, I'.Il. Bacunves, B.1. Anosenko

Mero/MKa excripec-aHallizy Inependadae BUMIp CHEKTPIB BUIPOMIHIOBAHHS MEIUYHHUX PaIiOHYKII/IB JAETEKTY-
I0YMM MOJyJIEM Ha OCHOBI HEOXOJIOJ)KYBaHOTO KPEMHIEBOTO IUIAHAPHOT'O AETEKTOpa i MOIYJIEM THITYy «CLUHTHIIS-
TOp — KpemHieBul (oToceHcop». Po3poliieHO CrieKTpoMeTpHYHHUN MPUCTPIil Al eKCIpec-aHali3y KOHLIEHTparil
PaTiOHYKII/IIB 1 MPOBEICHO HOTO MaKeTyBaHHS, IO MIATBEP/PKYE MPAIE3aTHICTh NMPUCTPOor0. JKUBIIEHHS CIIEKTPO-
MeTpa-aHamizaropa BukoHaHo Big USB-nopty [IK (B ToMy umcii, HOyTOyKa), 1m0 3a0e3rnedye MOXKIUBICTh aBTOHO-
MHOT poboTH. [IpoBeieHO TecTOBI BUMIpIOBaHHS 3 BUKOPHCTaHHSIM POO0OYOro MakeTa CIIeKTPOMETpa 1 JKepel peHT-
TeHIBCHKOTO BHIIPOMIHIOBAHHS, a TaKOX JTOCIIKCHI CIIEKTPaIbHI PO3IOALIN BUIIPOMIHIOBAaHHS pEallbHUX 3pa3KiB
9MT¢ y cnenianbhiil ymakosi (ckusHiit ammysti). st Si-PIN-getekropa ToBmHO0 300 MKM CIIEKTp BHIIPOMIHIO-
BAHHS CKIAZAcThes 3 Jinii " "TC 3 enepricto 140,5 keB i 1BOX MiKiB XapaKTEPHCTHYHOTO PEHTTEHIBCHKOTO BHIPO-
MiHIOBaHHS TexHenis. Pospaxyrok y GEANT4 mokasye y3roukeHHs akTHBHOCTeH "' T¢, OTPHMAHHX IO peecTpartii
XPB i ocHOBHOT] JiHii. 3aIPONIOHOBAHO BUMIpPIOBaHHS KOHIIEHTpAIlil TeXHeIist He TiIpKu 1o JiHii 140,5 keB, a i mo
BUINIPOMiHIOBaHHIO XPB, 1110 iCTOTHO 301JIbIITy€ MBUAKICTh HAOOPY JaHUX.
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