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Photoproduction amounts of %°™Tc.

We report on the development of a relatively new method for the production of “Mo/**™Tc. The method
involves the irradiation of natural molybdenum using high-intensity bremsstrahlung photons from the
electron beam of the LUE50 linear electron accelerator located at the Yerevan Physics Institute (YerPhi). The
production method has been developed and shown to be successful. The linear electron accelerator at YerPhi
was upgraded to allow for significant increases of the beam intensity and spatial density. The LUE50 was also
instrumented by a remote control system for ease of operation. We have developed and tested the %*™Tc
extraction from the irradiation of natural MoOs. This paper reports on the optimal conditions of our method of
%Mo production. We show the success of this method with the production and separation of the first usable

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

99mTe s the most widely used isotope in nuclear medicine today
[1,2] with over 30 million diagnostic medical imaging scans every year
around the world [3,4].

99mTe decays to the ground state °°¢Tc with a half-life of 6 hours by
emitting a 140 keV photon that is detected by imaging detectors. With
the short half-life of °*™Tc it is important that the production takes
place within close proximity of the hospitals or clinics in which they
will be used.

Fortunately, ®Mo decays predominantly to °™Tc with a half-life of
66 hours as shown in Fig. 1. Medical centers or commercial radiophar-
maceutical distributors typically purchase **Mo/*®™Tc generators from
which ®*™Tc (and as a by-product also 9°¢Tc) can be extracted periodically
in a simple chemical process as it accumulates from the decay of the *Mo
parent. The ™Tc is then bound into the pharmaceuticals for use in the
imaging procedure [4-7]. According to the Scientific Centre of Radiation
Medicine and Burns at Armenian Ministry of Health, the need in Armenia
for this %™Tc isotope is approximately 5,000 doses per year. Presently,
Armenia gets this isotope from abroad with a frequency of 1 generator
9Mo/%™Tc every 1-1.5 months. This is sufficient for 40-50 patients per
generator or about 500 patients per year. Thus there is an urgent need for
a constant and reliable supply of this ®™Tc isotope. This work will
alleviate some of the gap between the need or demand and the supply of
99MT¢ isotope in Armenia.

In the spring of 2009, the National Research Universal (NRU) reactor
in Chalk River was shut down for more than a year for repairs related to

* Corresponding author. Tel.: +374 93 625 256; fax: +374 10344 736.
E-mail addresses: ravakian@mail.yerphi.am (R. Avagyan), albert@mail.yerphi.am
(A. Avetisyan), keropyan@mail.yerphi.am (1. Kerobyan), rubendallakyan@mail.yerphi.am
(R. Dallakyan).

http://dx.doi.org/10.1016/j.nucmedbio.2014.04.132
0969-8051/© 2014 Elsevier Inc. All rights reserved.

heavy water leaks. This caused an unprecedented shortage of medical
isotopes, most importantly °°™Tc and prompted investigations on
alternative methods of isotope production. One of the considered
options was photonuclear reactions [8-14]. Metastable *™Tc could be
obtained in photonuclear reactions by the irradiation of '®Mo by an
intense photon beam (see Fig. 2).

At YerPhl, we have an electron accelerator, where the electron
beam is converted to photons via bremsstrahlung. This method, while
successful, does not provide a sufficient specific activity to be used for
mass production and therefore it not used by standard Mo/Tc
generators. It could, however, meet the demand for local and regional
city clinics.

2. Electron beam

The linear electron accelerator (LUE50) at Yerphi was designed,
built, and used for many years as an injector for the Yerevan ring
synchrotron [13]. Several significant upgrades were needed to the
machine in order to use it for %™Tc production. These included the
electron gun and a new high intensity metallic cathode with slightly
modified gun electrodes. The result was that the maximum beam
production intensity was increased to 10 pA from an initial 3 pA. An
electron beam of E. = 40 MeV was produced using two of the three
sections of the accelerator. The electron beam was transported to the
target as a beam spot of 12 mm diameter (as measured by a vibrating
wire scanner [16]). The beam pulse length was ~1.1 psec with a
repetition frequency of f = 50 Hz.

3. Experimental layout for irradiation

A special experimental setup [17] shown in Fig. 3 has been
designed and mounted for material irradiation that provides remote
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Fig. 1. The ®*Mo decay scheme showing the decay of **™Tc [7].
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Fig. 2. °™Tc production by the photoexcitation of '°°Mo.

controlled motion of the target module across the beam direction
adjusting the center of the target to the beam axis.

The target body module (Fig. 4) was made of copper. A thick
tantalum plate has been installed on the entrance window to convert
the electron beam to photons. A GEANT4 Monte-Carlo simulation of
the optimal density of the converter has been performed. The
resulting dependence of the photon yield on the converter thickness
is presented in Fig. 5 which indicates that the optimum thickness of
the tantalum radiator is about 2 mm (0.5 radiation length).

Beam intensity was measured by the Faraday cup (No. 1 on Fig. 3)
[18]. In this case, the Faraday cup is a metal (conductive) cup designed
to trap charged particles and consists of a 5 cm thick lead bottom and
a magnet to repel secondary electrons. Intensity measurements were
performed when the target module was remotely moved out of the
beam position. During the irradiation, only a part of the secondary
beam was captured by the Faraday cup, and therefore a more precise
recalibration was required to get the experimental beam intensity.

At an electron beam energy of E. = 40 MeV, and a beam current
I ~ 10 pA, the total beam power is P = 400 W. The target module
and Faraday cup were cooled by water and air. To avoid charge
leakage from the Faraday cup, only pure distilled water (with high
specific resistance 0.2 MOhm - cm) was used in the cooling system.
The water temperature and beam current were displayed on a

S —4

Fig. 4. The body of the target module with identified components: 1 is the framework, 2
is the beam entrance window, 3 indicates the tantalum plate, 4 is the water cooling
pipe, 5 cap and 6 is the target capsule (shown in greater detail in Fig. 6).

computer monitor. The data acquisition and visualization of these
parameters were done via LabView [19].

4. Irradiation modes

The oxide of natural molybdenum, MoOs; was used for the
irradiation. The abundance of the stable isotope, '°°Mo/™*Mo is
9.63%. The irradiated material was packed in a special aluminum
capsule (Fig. 6). Two styles of target materials were used - a stack of
pressed pellets (left) and full length pressed powder (right) covered
by thin copper foil of 0.045 g/cm? areal density. The first type of target
was used to measure the dependence of induced activity on the depth
of target, and the second one was used for the trial production.

Gamma-spectra were measured by a 3 M3/3-X 905-4 type Nal(TI)
detector (producer - ORTEC) [20] and an HPGe (ORTEC) [21] detector.

5. Investigation of excited specific activity

One of the main parameters for the production of radioisotopes is
the resulting specific activity normalized to the mass of the main
isotope ('°°Mo in our case), from the photonuclear reaction
producing the final medical isotope, the beam current, and the
duration of irradiation - Bq/mgu A h. The data available for the specific
activity of Mo published by different experimental groups have a
very large variance (90 to 3200 Bq/mguA h [9]).

The irradiation was done with a beam current of [. = 5.5 pA for
5 hours. The energy spectrum from the irradiated material measured

Fig. 3. Experimental setup with labels showing the various components as 1, 2, 3, and 4: 1 is the Faraday cup, 2 is the moveable target module, 3 is the luminofore for the beam spot
size and position along with video TV control (left photograph) and vibrating wire scanner module (right photograph), and 4 is the target module moving system.
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Fig. 5. Dependence of photon yield on the converter thickness.

by the Nal(Tl) detector is shown in Fig. 7. The spectrum was fit by a
Gaussian, the mean value of the Gaussian function is Ey ~ 140 keV.
Two peaks are seen with energies E ~ 140 keV from %°™Tc and
E ~ 180 keV from “*Mo.

The normalized specific activity calculated from the measure-
ments reflected in this spectrum was A =~ 3000 Bq/mgu A h which is
close to the maximum value of the published range of results [10].

6. Investigation of the depth dependence

To find the optimal thickness for the irradiated material inside the
target capsule, we investigated the dependence of the excitation
activity on the depth of the target material. A Monte-Carlo simulation
(Fig. 8) using GEANT4 [22,23] was used to analyze the number of
escaped photonuclear neutrons from the MoOs target.

To further test these simulation results a special experiment has
been performed. A number of identical pellets, 2 g natural MoOs each,
have been fabricated and then irradiated under electron beam with
energy Ec = 40 MeV and beam current I ~ 8 pA for 2.5 hours. Then
activity of each pellet was measured by a Nal(TI) detector. Results of
the measurements after 15.7 hours from the end of irradiation are
presented in Fig. 9. Each point shows the counts in the gamma-ray
peaks of interest. Also the sums of the activities resulting from these
pellets are shown on Fig. 8 along with GEANT 4 Monte-Carlo
calculations for comparison.

The data in Fig. 9 show that with increasing the thickness of the
target, the activity of each pellet is reduced. Self-absorption of the
photons limits the thickness of the target.
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Fig. 7. The energy spectrum resulting from the irradiation of the MoO3; measured with a
Nal(Tl) detector.
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Fig. 8. The dependence of the activity on the depth of natural MoOs target. The solid line
is the GEANT 4 Monte-Carlo calculation. The data points are the measured values and
their associated uncertainties.

Thus, the determination of the optimum length for the target will
provide economic benefits in the production of isotopes ®*™Tc. This is
particularly important for the irradiation of enriched '°°Mo.

7. Trial production of %°™Tc

For the low specific activity option the only reasonable option is
the direct extraction of *™Tc from the irradiated material [15]. For

Fig. 6. The two modes of target preparation. The photograph on the left shows pressed pellets used in an aluminum tube whereas the photograph on the right reflects the same tube

filled with the oxide powder with a copper film.
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Fig. 9. The dependence of measured activity on depth of natural MoOs; target.

Fig. 10. The main part of the centrifuge extractor complex.

that, a centrifuge extractor based on methyl ethyl ketone (MEK)
solvent technology was chosen. This technology has been successfully
used for many years in Russia [24]. The irradiated MoOs is dissolved in
KOH alkali, and then MEK liquid is added to that solution. The
irradiated MoO; dissolves in KOH while %*™Tc dissolves in MEK so
that we have mixture of two solutions with very different densities.

The centrifuge extractor was designed at the A.N. Frumkin Institute of
Physical Chemistry and Electrochemistry in Moscow [25] and allows
the separation of the two elements with high purity, followed by the
separation of the °°™Tc from MEK by evaporation. The complete
automated system, developed by “Federal Center of Nuclear Medicine
Projects Design and Development” of Federal Medical - Biological
Agency of Russia (FMBA), was commissioned and installed in a “hot”
cell shown in Fig. 10.

The natural MoOs is a powder with an absolute density 4.96 g/cm>.
After pressing, its volume density became ~2.4 g/cm>. A natural MoOs
target with a mass of 20 g and areal density 0.8 g/cm? has been
irradiated under electron beam with energy E. = 40 MeV and
average current of I, ~ 9.5 pA for a duration of T = 100 hours. The
irradiated material was then processed by the centrifuge extractor
and the first trial amount of %™Tc has been produced. The decay
correction to the EOB (end of bombardment) yielded ~ 2.96 10° Bq
(80 mCi).

On subsequent days a new allotment of °*™Tc was produced from
the ®*Mo decay and extracted daily for a period of 5-6 days with a
value of extracted activity by coefficient k ~ 0.7 in comparison to the
previous day.

The efficiency of extraction is >95%, according to the specification
of the centrifuge.

The energy spectrum from the extracted °*™Tc is shown on Fig. 11.
The clean peak at energy of E ~ 140 keV from ®*™Tc is apparent. The
peak around 180 keV from °°Mo is clearly absent (Fig. 7). The left part
of the spectrum is the edge of Compton scattering in the detector.

8. Conclusion

The theoretical and experimental investigations of the feasibility
of 9™Tc¢ production by photonuclear reactions using an electron beam
have been carried out. The optimal thickness for the target of MoOs to
be irradiated has been found by theoretical simulations and compared
with experimental measurements. The best thickness was ~30 mm.
The extraction of the final product of ®*™Tc from the irradiated
material has also been established. The required equipment was
commissioned and installed. The full technology chain of °°™Tc
production has been implemented and tested; the first trial amount of
99mTc jsotope was produced. One of the most important results is the
normalized specific activity A ~ 3000 Bq/mgu A h which could allow
production of °*™Tc by the use of high intensity electron beams via
photonuclear reactions. The next step would be to increase the beam
intensity by repetition of the frequency and increasing the pulse
length in order to enhance the intensity by a factor of 5-10. We aim to
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Fig. 11. The energy spectrum of the extracted °*™Tc. The quality of the separation is excellent since there is no evidence of any **Mo gamma-rays at 180 keV.
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increase the production yield to cover a significant part or the full
demand for °*™Tc in Armenian clinics.

The natural MoOs was chosen for this investigation since it is a low
cost material and easy to work with. After the 9°™Tc extraction from the
irradiated material, the MoOs could be recovered in its primary state for
re-use in new irradiations. This is an important aspect when we use the
very expensive, enriched '°°MoOs. As the procedure of recovery will be
implemented with high efficiency, the use of enriched °°Mo0; target
material will or can become much more effective by commercial
aspects. The use of enriched '°°MoO; will increase the ®*™Tc activity
more than 10 times. The approximate processing time from EOB to final
99mTc is 13 hours consisted of ~12 hours of target “cooling” (in case of
natural MoOs) and ~1 hour for the extraction procedure.

Acknowledgements

This work was performed under financial support of Armenian State
scientific budget, under the agreement with the International Science
and Technology Center (ISTC), Moscow - ISTC Project A-1444 (supported
financially by Canada), and ISTC Project A-1785p (partner - Closed
Nuclear Centers Program CNCP, UK).

The authors gratefully acknowledge Dr. Tomas Ruth (TRIUMF, Canada)
for his kind help and support, and also staff of accelerator department of
AANL (YerPhl) provided electron beam for experimental investigations.

References

[1] Isotopes for Medicine and the Life Sciences. In: Adelstein S], Manning FJ, editors.
Washington, USA: National Academy Press; 1995.

[2] Principles of Nuclear Medicine. In: Wagner HN, Szabo Z, Buchanan JW, editors. 2nd
ed. Philadelphia, USA: W. B. Saunders; 1995.

[3] International Atomic Energy Agency (IAEA). Production and supply of Molybdenum-99,
IAEAGC(54)/INF/3 Suppl. https://projectx-docdb.fnal.gov:440/cgi-bin/RetrieveFile?
docid=1102;filename=PXIE_99mTc_99Mo_PX_DOC_1102_V2.pdf;version=2; 2010.

[4] Nuclear Technology Review. Annex: production & supply of 99Mo, 2010, no.
August; 2010. p. 36-9.

[5] Ponsard B. Review of the *Mo/°™Tc supply situation and new projects. Radiother
Oncol 2012;102:5169.

[6] Fong A, Meyer TI, Zala K. Making medical isotopes: report of the task force on
alternatives for medical-isotope production. TRIUMF; 2008 [Vancouver].

[7] M.S. de Jong, CLS. Saskatoon, SK S7N 0X4, Canada: "Producing medical isotopes
using X-rays". Proceedings of IPAC, 2012, New Orleans, Louisiana, USA.

[8] Dzhilavyan LZ, Karev Al, Raevsky VG. Possibilities for the production of
radioisotopesfor nuclear-medicine problems by means of photonuclear reactions.
Phys At Nucl 2011;74(12):1690-6.

[9] Bennett R, Christina J, Petti D, Terry W, Grover S. A system of 99mTc
production based on distributed electron accelerators and thermal separation.
Nucl Technol 1999;126:102-21.

[10] Sabelnikov AV, Maslov OD, et al. Preparation of °*®Mo and ?*™Tc by ®Mo(g, n)
photonuclear reaction on an electron accelerator, MT-25 Microtron. Radiochemistry
2006;48(2):191-4.

[11] Gellie RW. The (v, p) and (v, n) reactions in molybdenum. Aust | Phys
1968;21:765-8.

[12] Accelerator-based alternatives to non-HEU production of 99Mo/99mTc". http://
www-naweb.iaea.org/napc/iachem/working_materials/RC-1212-1-report.pdf.

[13] Avagyan RO, Avetisyan AE, et al. Design of a 20 MeV electron beamline for
experiments on radiation processes. ] Contemp Phys (Armenian Acad Sci)
2010;45(1):47-9.

[14] Galea R, Wells RG, et al. A comparison of rat SPECT images obtained using *°™Tc
derived from 99Mo produced by an electron accelerator with that from a reactor.
Phys Med Biol 2013;58:2737-50.

[15] Technetium-99 m radiopharmaceuticals: manufacture of kits. IAEA-TECDOC-466;
2008.

[16] Avetisyan AE, Arutunyan SG, Vasiniuk IE, Davtyan MM. Yerevan Synchrotron
injector electron beam transversal scan with vibrating wire scanner. Proc Natl
Acad Sci Armenia 2011;46( 6):389-97.

[17] Avagyan RH, Avetisyan AE, et al. Experimental plant for investigation of the
possibility of production pf medicine intended isotopes on the basis of linear
accelerator. Proc Natl Acad Sci Armenia 2012;47( 1):9-16.

[18] Brown KL, Tautfest GW. "Faraday-cup monitors for high-energy electron beams"
(PDF). Rev Sci Instrum 1956;27(9):696-702. http://dx.doi.org/10.1063/
1.1715674 [Bibcode 1956RScl...27.696B. Retrieved 2007-09-13].

[19] LabView user manual. http://www.ni.com/pdf/manuals/320999e.pdf.

[20] 905 Series Nal(Tl) Scintillation Detectors. http://www.ortec-online.com/Solutions/
RadiationDetectors.aspx.

[21] Review of the physics of semiconductor detectors. http://www.ortec-online.com/
Solutions/RadiationDetectors/index.aspx.

[22] Allison ], et al. GEANT4 developments and applications. IEEE Trans Nucl Sci
2006;53(1):270-8.

[23] Prokopovich DA, Reinhard MI, Cornelius IM, Rosenfeld AB. GEANT4 simulation of
the CERN-EU high energy reference field (CERF) facility. Radiat Prot Dosimetry
2010;141(2):106-13.

[24] Zykov MP, Romanovskii VN, Wester DW, et al. Use of extraction generator
for preparing a °°™Tc radiopharmaceutical. Radiochemistry 2001;43
(3):297-300.

[25] Egorov AV, Zikov MP, Korpusov GV, Romanovsky VN, Filyanin AJ. Production
of 99mTc on the centralized generator in St. Petersburg. ] Nucl Biol Med
1994;38(3):399-402.


http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0050
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0050
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0130
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0130
https://projectx-docdb.fnal.gov:440/cgi-bin/RetrieveFile?docid=1102;filename=PXIE_99mTc_99Mo_PX_DOC_1102_V2.pdf;version=2
https://projectx-docdb.fnal.gov:440/cgi-bin/RetrieveFile?docid=1102;filename=PXIE_99mTc_99Mo_PX_DOC_1102_V2.pdf;version=2
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0065
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0065
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0005
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0070
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0070
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0015
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0015
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0015
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0020
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0020
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0020
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0075
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0025
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0025
http://www-naweb.iaea.org/napc/iachem/working_materials/RC-1212-1-report.pdf
http://www-naweb.iaea.org/napc/iachem/working_materials/RC-1212-1-report.pdf
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0085
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0085
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0085
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0030
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0030
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0030
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0030
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0030
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0090
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0090
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0095
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0095
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0095
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0100
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0100
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0100
http://dx.doi.org/10.1063/1.1715674
http://dx.doi.org/10.1063/1.1715674
http://www.ni.com/pdf/manuals/320999e.pdf
http://www.ortec-online.com/Solutions/RadiationDetectors.aspx
http://www.ortec-online.com/Solutions/RadiationDetectors.aspx
http://www.ortec-online.com/Solutions/RadiationDetectors/index.aspx
http://www.ortec-online.com/Solutions/RadiationDetectors/index.aspx
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0035
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0035
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0125
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0125
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0125
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0040
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0040
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0040
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0040
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0040
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0045
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0045
http://refhub.elsevier.com/S0969-8051(14)00263-7/rf0045

	Photo-production of 99Mo/99mTc with electron linear accelerator beam
	1. Introduction
	2. Electron beam
	3. Experimental layout for irradiation
	4. Irradiation modes
	5. Investigation of excited specific activity
	6. Investigation of the depth dependence
	7. Trial production of 99mTc
	8. Conclusion
	Acknowledgements
	References


