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The most frequently used radionuclide in diagnostic nuclear medicine, 99mTc, is generally obtained by
the decay of its parent radionuclide, 99Mo. Recently, concerns have been raised over shortages of
99Mo=99mTc, owing to aging of the research reactors which have been supplying practically all of the global
demand for 99Mo in a centralized fashion. In an effort to prevent such 99Mo=99mTc supply disruption and,
furthermore, to ameliorate the underlying instability of the centralized 99Mo=99mTc supply chain, we
designed an X-band electron linear accelerator which can be distributed over multiple regions, whereby
99Mo=99mTc can be supplied with improved accessibility. The electron beam energy was designed to be
35 MeV, at which an average beam power of 9.1 kW was calculated by the following beam dynamics
analysis. Subsequent radioactivity modeling suggests that 11 of the designed electron linear accelerators
can realize self-sufficiency of 99Mo=99mTc in Japan.
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I. INTRODUCTION

Nuclear medicine is a branch of medical imaging where
active ingredients labeled with medical radionuclides, called
radiopharmaceuticals, are used for examining and treating
diseases in a noninvasive way [1]. Each year, over 80% of
nuclear medicine scans are performed with technetium-99m
(99mTc) across the globe [2,3], attributed to its decay
characteristics and chemistry ideal for radiopharmaceuticals.
Namely, 99mTc emits γ-rays of 140.5 keV, by which

adequate spatial resolution can be obtained with a gamma
camera optimized to that energy [2,4,5], and has a physical
half-life of 6 hours, which leads to balanced effective half-
lives of its radiopharmaceuticals and thereby allowing
sufficient drug uptakes while limiting patient radiation
doses [6,7]. Furthermore, 99mTc is able to form various
radiopharmaceutical complexes, by virtue of its multiple
oxidation states ranging from −1 to þ7 [8–10].
In general, 99mTc is obtained through generation from

the negatron (β−) decay of molybdenum-99 (99Mo),
because the 11-fold longer physical half-life of 99Mo
can prolong the time during which 99mTc remains avail-
able [10,11]. In practice, 99Mo having a high specific
activity (HSA) is loaded on an alumina (Al2O3) column
in a chromatographic device, referred to as a 99mTc

generator, from which 99mTc is eluted with normal
saline [12,13].
The majority of HSA 99Mo is produced via the fission of

uranium-235 (235U) in research reactors [13,14] for a
number of reasons: First, the 235U fission cross section
for thermal neutrons and the 99Mo fission yield are as high
as 584 b and 6.1%, respectively [3,13]. Second, several
state-run multipurpose research reactors have been provid-
ing 235U target irradiation services at near-cost prices
using government subsidies [13,15]. Furthermore, weap-
ons-grade highly enriched 235U (HEU) which can greatly
improve the 99Mo productivity has been available to these
reactors [3,13,14,16].
Currently, six such reactors are in operation around the

world [13], shown in Fig. 1. All but one of them, however,
are over 40 years old, facing component and system aging
and thereby making the 99Mo=99mTc supply chain subject
to the associated interruptions. In 2009–2010, for instance,
the National Research Universal (NRU) reactor in Canada
and the High Flux Reactor (HFR) in the Netherlands
concurrently shut down for component repairs, which
brought about 99mTc shortages on a global scale [13,17].
Consequently, 99mTc-based medical procedures amounting
to the shortfalls had to be canceled, postponed, or sub-
stituted with alternative ones [13,18].
Moreover, because of the end of service life, permanent

shutdowns of the aging reactors in the near future are
unavoidable: the OSIRIS reactor in France already shut
down in December 2015 [13,19], and the NRU reactor will
be decommissioned in March 2018 following its cessation
of 99Mo routine production in October 2016 [11,13].
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On this account, several accelerator-based alternatives to
the fission-based 99Mo=99mTc production scheme have
been explored, including (1) direct production of 99mTc
via 100Moðp; 2nÞ99mTc using a cyclotron [20,21]; (2) pro-
duction of 99Mo via 100Moðn; 2nÞ99Mo using a cyclotron as
the neutron source [22]; and (3) production of 99Mo via
100Moðγ; nÞ99Mo using an electron linear accelerator (linac)
as the photon source [7,23–30]. Among these proposals, we
consider the electron-linac method a viable approach for
the following reasons. (i) 99Mo can be produced in large
quantities by using the giant resonance of 100Moðγ; nÞ99Mo
[7,26,31]. (ii) Compared with the fission method, less
diverse and less hazardous operational radioactive wastes
are produced along with 99Mo [3,11,26,32]. Also, 99Mo
production facilities can be decentralized by utilizing the
smaller size of an electron linac, in which case the 99Mo
delivery time to end users can be reduced from around six
days to one day. (iii) In contrast to the cyclotron-based
99mTc direct production [33–36], the interference in 99mTc
radiopharmaceutical formulation by other Tc isotopes can
easily be avoided by discarding a first 99mTc eluate from
loaded 99Mo.
We agree with the views presented by other authors

[11,13,32] that the current global 99Mo=99mTc supply chain
is inherently fragile because the 99Mo-producing reactor
facilities are available only in a few specific countries. In
this respect, we envision that producing 99Mo over various
regions by multiple electron-linac facilities can stabilize the
99Mo=99mTc supply chain, for which we designed a
dedicated compact X-band electron linac.

II. DESIGN OF X-BAND ELECTRON LINAC

A. Design considerations

If f denotes the operating frequency, the effective
shunt impedance per unit length is proportional to f1=2

in normal-conducting copper structures [37,38]. A higher
radio frequency (rf) can therefore provide a higher accel-
erating gradient, which in turn offers structural compact-
ness. Thus, we decided to use the 11.9942-GHz X-band rf
[39] of the Compact Linear Collider (CLIC) [40], although
many industrial and medical electron linacs operate at the
subharmonic S-band rf [37,41,42].
A side-coupled biperiodic structure (SCS), which pro-

vides also a high shunt impedance despite its π=2-mode
operation [38,43,44], was chosen to be the accelerating
structure.
When setting the final electron beam energy, on the other

hand, we made efforts such that the bremsstrahlung
photons, generated at a naturally occurring tungsten
(natW) converter via natWðe; γÞ, can have energies close
to 14 MeV, the peak resonance energy of the 100Mo
photoneutron reaction 100Moðγ; nÞ99Mo [45].
To make it clear, we outline the basic features of the linac

as follows: (i) The final electron beam energy is 35 MeV, at
which 99Mo can be produced in sufficient quantities at
reasonable capital costs. (ii) The first SCS is covered with a
focusing coil to suppress its beam-breakup (BBU) insta-
bility [46]. (iii) Two accelerating modules are used, each
composed of two SCSs and fed by one X-band 6 MW
klystron.
The designed X-band electron linac is schematically

illustrated in Fig. 2 [47].

B. Final electron beam energy

The strategy for setting the final electron beam energy
was modeling and referring to the yield of photonuclear-
produced 99Mo. First, we modified a Bateman equation
[48], such that it describes both the decay and production
rates of 99Mo radionuclides in a Mo target:

dNpðtirrÞ
dtirr

¼ −λpNpðtirrÞ þRtar; ð1Þ

where Np is the number of 99Mo radionuclides, tirr is the
Mo target irradiation time, λp is the decay constant of 99Mo,
andRtar is the reaction rate of 100Moðγ; nÞ99Mo over the Mo
target volume V tar, which we define as

Rtar ≡ V tar

Z
Eγ;max

Eγ;min

ϕðEγÞΣðEγÞdEγ; ð2Þ

where ϕ is the time-independent bremsstrahlung flux in the
Mo target, Eγ is the bremsstrahlung energy dependent
largely on the electron beam energy Ee, and Σ is the
macroscopic cross section of 100Moðγ; nÞ99Mo.
Equation (2) is a consequence of

ϕðEγÞ ¼
1

V tar

Z Z Z
V tar

ϕðr; EγÞdV tar; ð3Þ

with [49,50]

 0

 5

 10

 15

 20

 25

 30

11

G
lo

ba
l 99

M
o 

pr
od

uc
tio

n 
ca

pa
ci

ty
 (

%
)

Operation period as of 2017 (year)

OPAL, Australia (2006−)

OPAL

43

Maria, Poland (1974−)

Maria

52 56 60

LVR-15, Czech Rep. (1957−)

LVR-15

HFR, Netherlands (1961−)

HFR
BR-2, Belgium (1961−)

BR-2
SAFARI-1, S. Africa (1965−)

SAFARI-1

FIG. 1. Operation periods and global 99Mo production
capacities of large-scale research reactors.
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ϕðr; EγÞ≡ vnðr; EγÞ ¼
dΦðr; EγÞ

dtirr
; ð4Þ

where r≡ xx̂þ yŷ þ zẑ is the position vector, and v, n,
and Φ are the speed, number density, and fluence of the
bremsstrahlung photons, respectively. The definition of
100Moðγ; nÞ99Mo macroscopic cross section, on the other
hand, is given by [49,50]

ΣðEγÞ≡N hσðEγÞ ¼
�
ωhρ

Mh
NA

�
σðEγÞ;

where N h is the atomic number density of 100Mo, σ is the
microscopic cross section, ωh is the mass fraction of 100Mo,

ρ is the mass density of the Mo target,Mh is the molar mass
of 100Mo, and NA is the Avogadro constant.
Multiplying the solution of Eq. (1) by λp, we obtain the

99Mo activity

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�

× V tarIb

Z
Eγ;max

Eγ;min

ΦMCðEγÞΣðEγÞdEγ; ð5Þ

where Ib is the electron beam current, and ΦMC is the
bremsstrahlung fluence calculated by a Monte Carlo (MC)
simulation code, which we hereafter refer to as an MC-γ
fluence. The derivation is provided in the Appendix.
For obtaining MC-γ fluences, we simulated electron

beams of 1-mm diameter from 20 to 70 MeV at 1-MeV
intervals using PHITS [51] and EGS [52] MC programs. Here
the lowest electron beam energy, 20 MeV, was set con-
sidering the 8.29-MeV threshold and 14-MeV peak reso-
nance energies of 100Moðγ; nÞ99Mo [45], and the fact that
photons lose their energies while traversing a Mo target.
The electron beams were simulated to impinge on a natW
converter for generating bremsstrahlung photons. The
photons then collided with enrMo, a Mo target enriched
to 95% in 100Mo, placed immediately behind the natW
converter. The dimensions of this target assembly are
summarized in Table II.
As for the 100Moðγ; nÞ99Mo cross section, we used the

one contained in the nuclear data library TENDL-2009
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FIG. 2. Schematic representation of the X-band electron linear accelerator. The abbreviations are explained in Table I.

TABLE I. List of abbreviations (Abbr) used in Fig. 2.

Abbr Meaning Abbr Meaning

AM Accelerating module Mo Molybdenum target
BD Beam dump PS Power supply
BM Bending magnet QD Defocusing Q-magnet
cam Camera QF Focusing Q-magnet
CT Current transformer SC Steering coil
EG Electron gun SCS Side-coupled structure
FC Focusing coil SM Screen monitor
GV Gate valve VG Vacuum gauge
IP Ion pump W Tungsten γ converter
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[45], coplotted with several MC-γ fluences in Fig. 3. The
coplotting shows the influence of electron beam energy on
the amount of bremsstrahlung photons having energies
close to the giant resonance of 100Moðγ; nÞ99Mo.
Figure 4 illustrates the 99Mo activity obtained from

Eq. (5), revealing that, at least over the given energy range,
the yield of 99Mo increases almost linearly with electron
beam energy at a faster rate with a longer irradiation time.
Next, we generated a three-dimensional (3D) 99Mo

activity plot and its two-dimensional (2D) projection,
shown in Figs. 5(a) and 5(b), respectively. While the 3D
graph provides an overview of the dependence of 99Mo
activity on tirr and Ee, the 2D contour map suggests that tirr
can be a decisive criterion in choosing the final electron
beam energy. For example, to acquire a 99Mo activity of
1.25 GBq μA−1, which equals the fifth contour line from
the bottom, the required beam-on time of the 20-MeV
electron beam is found to be 273 h, whereas the 25-MeV
one would complete the same task in only 75 h. If the same
activity is obtained at a shorter irradiation time, more
frequent 99Mo production runs can be performed and less
thermal energy will be accumulated in the target module,
implying that a high final beam energy is preferable.
Also desirable is a high beam current, as the 99Mo yield

is directly proportional to beam current. To realize a

compact, high-energy and high-current electron linac,
however, both a high accelerating gradient and a high-
power rf source can become necessary, which can in turn
increase the rf power costs [38,53]; we stress that reducing
the capital costs is crucial for realizing the decentralized
99Mo=99mTc supply, because this will demand multiple
electron-linac facilities. Besides, the induced radioactivity
in and around beam line components, which can increase
with electron beam energy [54,55], was another consid-
eration for the choice of final beam energy.
Considering together these factors requiring different

final beam energies, we decided to set the final beam
energy such that it provides adequate 99Mo productivity at
reasonable capital costs and, finally, selected 35 MeV: in
Fig. 5(b), the contour-line curvatures up to around the
eighth contour line from the bottom, or 2 GBq μA−1, are
satisfactorily small at 35 MeV, above which energy
no drastic increase in the 99Mo activity is observed.
Besides, the 35-MeV final beam energy falls within
those of previous electron-linac approaches found in
Refs. [23–27,32], 30–60 MeV.

C. rf design

1. X-band rf power

Equation (5) shows that considering the 99Mo yield, an
X-band rf source exhibiting a reasonably high duty cycle is
desirable. We thus decided to use E37113 of Toshiba

TABLE II. Geometrical parameters of the target assembly.

Target Shape Parameter (cm) Volume ðcm3Þ
natW for natWðe; γÞ Disk Radius 2 1.257

Thickness 0.1
enrMo for 100Moðγ; nÞ Truncated cone Lower radius 0.15 0.495

Upper radius 0.6
Height 1
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FIG. 3. Solid line, associated with the left y-axis: microscopic
cross section of 100Moðγ; nÞ99Mo. Lines with points, associated
with the right y-axis: bremsstrahlung fluences simulated at
different electron (e) beam energies.

 0

 1

 2

 3

 4

 5

 6

 7

 20  25  30  35  40  45  50  55  60  65  70

 (h)  (cm3)

0.495

99
M

o 
ac

tiv
ity

 
 (

G
B

q 
μA

-1
)

Electron beam energy  (MeV)

50
72

100
200
300
400

FIG. 4. 99Mo activity calculated from Eq. (5) at different
irradiation times, varying with electron beam energy.

JANG, YAMAMOTO, and UESAKA PHYS. REV. ACCEL. BEAMS 20, 104701 (2017)

104701-4



Electron Tubes & Devices Co., Ltd. [56], a pulsed klystron
designed to output a 6-MW peak power of 11.9942-GHz rf
with a duty cycle of 5 μs × 400 pps ¼ 0.002, or 0.2%.
Using two of them will then provide a 12-MW peak or
24-kW average X-band rf power.
The klystron-output X-band rf power Pk, however, is

considerably reduced before fed into the accelerating
structure, owing largely to the high-loss nature of high-
frequency microwaves in waveguides. This reduction was
quantified by the attenuation constant in rectangular wave-
guides per unit length [57],

αatt ¼
1

whσeδsk0kz

ffiffiffiffiffi
ε0
μ0

r
ðk20wþ 2k2chÞ

20

ln 10
;

with the parameters given in Table III. The result was
0.0984 dBm−1; a 5-m long WR-90 waveguide would then
consume 0.492 dB. Also reducing the X-band rf power
before the cavities is summarized in Table IV. In total, the
peak X-band rf powers which can be delivered to the
accelerating modules AM-A and AM-B, denoted by P0’s,
would be 4.008 and 4.197 MW, respectively.

2. Side-coupled structure

By displacing its unexcited coupling cavities off the
beam line [43], an SCS exhibits a high effective shunt
impedance per unit length Rsh that is characteristic of the π
mode, yet operating in the π=2 mode which offers field
stability [38,53].
For designing an SCS, we parametrized its accelerating

cavity and adjusted the gap length g using SUPERFISH [59],
a simulation package of electromagnetic (EM) field solvers,
such that Rsh becomes sufficiently high. Figure 6 plots
this Rsh as a function of g, or RshðgÞ, showing that
Rshð7.5 mmÞ ¼ 152.04 MΩ=m is the largest. The cavity
structure is depicted in Fig. 7.
The coupling slots in Fig. 7, however, were omitted in

the SUPERFISH simulations, which could lead to reductions
in the unloaded quality factorQ0, and Rsh. Accordingly, we
decreased the SUPERFISH results of all SCSs by 20%, and
those of the first SCS further by 10%, as this will contain
the buncher section. The resultant cavity figures of merit
are summarized in Table VI.
On the other hand, as the beam aperture diameter is as

narrow as 4 mm, even a small transverse deflection of the
beam will lead to its collision with the disk and hence BBU
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TABLE III. Parameters of αatt at f ¼ 11.9942 GHz.

Symbol and meaning Value Unit

w WR-90a cross-sectional width 22.86 × 10−3 m
h WR-90a cross-sectional height 10.16 × 10−3 m
σe Copper electrical conductivityb 5.813 × 107 Sm−1
δs Skin depth 5.994 × 10−7 m
k0 Vacuum wave number 251.334 m−1

kz z-direction wave number 210.434 m−1

kc Cutoff wave number 137.428 m−1

ε0 Vacuum permittivity 8.854 × 10−12 Fm−1
μ0 Vacuum permeability 4π × 10−7 Hm−1

aDefined by the Electronic Industries Alliance designations for standard rectangular waveguides.
bRef. [58].
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[38]. Also, high impedances of the dipole modes can result
from the nose cones, in which case BBU occurs at a
relatively low beam current. To reduce BBU, a focusing
coil will surround the SCS-1, in which the beam has low
energy and hence is more affected by the dipole modes.

3. Output beam current

The steady-state accelerating voltage in a beam-loaded
standing-wave structure is given by [38,44,60]

Vst ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P0RshL

p �
2

ffiffiffi
β

p
1þ β

�
−
RshLIb
1þ β

; ð6Þ

where β is the waveguide-to-cavity coupling coefficient,
and L is the structure length.
Inserting Eq. (6) into the power delivered to electron

beams Pb ¼ VstIb, we obtain the rf-to-beam efficiency

η ¼ Pb

P0

¼ 2Vst
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βP0RshL

p
− V2

stð1þ βÞ
P0RshL

: ð7Þ

Setting Vst ¼ 17.5 MV in Eq. (7) so that two klystrons can
achieve the 35-MV goal axial voltage, assuming a typical
β ¼ 2.5 [61], and using the P0 of AM-B and Rsh of
SUPERFISH given in Tables IV and VI, respectively, we
are left with η ¼ ηðLÞ, graphed in Fig. 8. Although
ηð2.939mÞ ¼ 0.714 was found to be the highest, we opted
for L ¼ 2 m to keep the linac compact, at which η is still as
high as 0.682.
Since, however, manufacturing a 2-m long SCS at

f ¼ 11.9942 GHz is a technical challenge, we decided
to halve the SCS and combine the fragments into
one module. Namely, one accelerating module fed by
one X-band klystron will consist of two 1-m long SCSs,
and two such modules will be used.
As L ¼ 1 m was determined, Eq. (6) reduced to VstðIbÞ,

but now with P0’s and Rsh’s of the respective SCSs.
Figure 9 shows the Vst’s of individual SCSs and their
sum, from which we can find

X4
m¼1

Vst;mð158 mAÞ ¼ 35 MV;

where m is the SCS index; since the beam energy gain is
ΔW ¼ qVst where q is the elementary charge, the peak

TABLE IV. rf power losses in the X-band microwave circuit.

rf power loss (dB)

Item consuming rf power Unit loss (dB) Number of items AM-A AM-B

αatt (waveguide) 0.0984/m 5 0.492 0.492
Waveguide flange 0.03/item 10 0.3 0.3
Circulator 0.5/item 1 0.5 0.5
rf window 0.03/item 2 0.06 0.06
Power distributor 0.2/item 1 0.2 0.2
Phase shifter 0.2/item 1a 0.2 0
Total rf power loss (dB) 1.752 1.552
Klystron-output peak rf power
Pk (MW)

6 6

Structure-input peak rf power
P0 (MW)

4.008 4.197

aIn the AM-A only.
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beam energy and current are 35 MeV and 158 mA,
respectively. Taking into account the 0.2% duty cycle of
E37113, then, the average beam current and power are
316 μA and 11.06 kW, respectively.

D. Beam dynamics study

While the rf design study provided approximate output
beam energy and current, a number of possible physical
phenomena were overlooked, an example being the space-
charge effects. We therefore performed particle tracking
simulations using GPT [62], of which the EM field maps
were provided by SUPERFISH.
Figure 10 [47], the counterpart of Fig. 9, shows that at

the beam line exit, the peak beam current is approximately

130 mA at the goal beam energy of 35 MeV. Considering
the 0.2% klystron duty cycle, then, the average beam
current and power are 260 μA and 9.1 kW, respectively.
This beam current is smaller than that obtained from Eq. (6)
by a factor of 1.215, which we attribute to the limited
configuration input to GPT: in the simulation runs, we failed
to place the second pair of quadrupole magnets between the
SCS-3 and SCS-4 (see Fig. 2), owing to a technical
problem in the usage of the code. If such a focusing
element can be correctly set in the simulation, a higher
beam current can result.
In Fig. 11 [47] we show the GPT-calculated electron beam

size. The beam diameter at the beam exit is found to be less
than 0.8 mm, close to the 1-mm one used in the MC
simulations.

TABLE V. Design parameters of Fig. 7.

Symbol Meaning Value (mm)

λrf Wavelength of 11.9942-GHz rf 25
2a Beam aperture diameter 4
2b Cavity diameter 19.798
d Cavity length 12.5
s Disk thickness 2
g Gap length 7.5
rt Nose cone tip radius 0.5
rb Nose cone base radius 1.2

TABLE VI. Cavity figures of merit obtained from SUPERFISH.

Figure of merit SUPERFISH SCS-1 SCS-2 to SCS-4

Ratio to SUPERFISH 1.00 0.72 0.80
Q0 8446.78 6081.68 6757.42
Rsh (MΩ=m) 152.04 109.47 121.63
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III. 99Mo=99mTc SUPPLY CAPACITY OF THE
X-BAND ELECTRON LINAC

Finally, for examining the adequacy of the calculated
beam energy and current, we calculated the expected
99Mo=99mTc yields, and eventually the number of designed
electron linacs necessary for a specific country to be self-
sufficient in 99Mo=99mTc. We selected Japan as the country
of interest because, despite being the world’s second-largest
99mTc radiopharmaceutical consumer [63], Japan has nei-
ther domestic nor neighboring large-scale 99Mo production
facilities [19,63], and therefore is severely affected by 99Mo
supply disruptions [19].

A. One-day Bq for 99Mo pricing

In the 99Mo=99mTc market, a special unit of activity
referred to as six-day Ci is used for pricing 99Mo and, by
extension, representing the collective demand and supply of
99Mo=99mTc [13,64]. Being essentially the same unit as Ci
(1 Ci ¼ 3.7 × 1010 Bq), six-day Ci signifies the activity of
99Mo that will remain six days after it is separated from an
irradiated 235U target [13]. This concept is valid in the current
99Mo=99mTc market structure, where 99Mo is produced and
processed in a small number of countries and distributed
throughout the world, during which up to six days elapse.
In contrast, under the decentralized 99Mo=99mTc supply

scheme, the postirradiation tasks would take, at least in
Japan, no longer than one day.We hence propose using a new
unit for pricing 99Mo, called one-day Bq, which takes into
account both the shortened time scale and the SI derived unit.
Unlike six-day Ci, however, one-day Bq fails to quantify

the joint 99Mo=99mTc demand and supply, because data
relating the activity of photonuclear-produced 99Mo and
that of the extractable 99mTc are yet to be sufficient. We
instead used the 99mTc activity, which necessitated estimat-
ing the 99mTc demand and modeling the activities of
photonuclear-produced 99Mo=99mTc.

B. 99mTc demand in Japan

While emerging 99Mo=99mTc markets have been growing
and are expected to grow further at a rate of 3%–5% for the
next five years [3,65], Japan, classified as a mature market
[64], has seen declines in its 99mTc consumption over the
past few years: in 2002, about one-million 99mTc-based
medical scans were carried out [66], but it dropped to
0.9 million in 2008 [63], and to 0.7 million in 2012 [67].
We attribute these 99mTc market downturns to the recent

series of 99Mo=99mTc supply disruptions brought about by
the aging of the foreign reactors [63], and therefore expect
that the Japanese 99mTc demand will rise, so long as a
reliable 99Mo production source, including the designed X-
band electron linac, is secured. For this reason, we adopted
the 2002 one-million 99mTc scans, the highest figure among
those mentioned above, as the annual 99mTc demand in this
study; using the 740-MBq average dose of 99mTc radio-
pharmaceuticals [15,16,24], the 99mTc weekly demand was
therefore assumed to be Dd;week ¼ 14.23 TBqweek−1.

C. Radioactivity model of photonuclear-produced
99Mo=99mTc

We begin with setting a system of the modified Bateman
equation for 99Mo, or Eq. (1), and an original one for 99mTc:

�
N0

pðtirrÞ
N0

dðtirrÞ

�
¼
�−λp 0

λp −λd

��
NpðtirrÞ
NdðtirrÞ

�
þ
�
Rtar

0

�
; ð8Þ

where the prime ( 0 ) denotes the first derivative.
Solving the eigenvalue-eigenvector problem, we have

Lp ¼ −λp; Xp ¼
�

1
λp

λd−λp

�
;

Ld ¼ −λd; Xd ¼
�
0

1

�
; ð9Þ

where L is the eigenvalue of ð−λpλp
0

−λd Þ, and X is the
eigenvector corresponding to L.
Using Eq. (9), we obtain the general solutions of Eq. (8):

NpðtirrÞ ¼
�
1 − e−λptirr

λp

�
Rtar þ Npð0Þe−λptirr ;

NdðtirrÞ ¼
�
λpNpð0Þ −Rtar

λd − λp

�
e−λptirr

þ
�
Ndð0Þ þ

�
λpRtar − λdλpNpð0Þ

λdðλd − λpÞ
��

e−λdtirr

þRtar

λd
;

or, since AiðtÞ ¼ λiNiðtÞ,
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FIG. 11. Beam size in (upper) xz- and (lower) yz-planes.
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ApðtirrÞ¼ð1−e−λptirrÞRtarþApð0Þe−λptirr ;

AdðtirrÞ¼
λd

λd−λp
Apð0Þðe−λptirr −e−λdtirrÞþAdð0Þe−λdtirr þ

�
1−

�
λde−λptirr −λpe−λdtirr

λd−λp

��
Rtar:

Generally, the 99Mo activity is zero before Mo target irradiation begins, in which case the initial conditions Apð0Þ ¼
Adð0Þ ¼ 0 hold. In addition, we take into account the 99Mo branching fraction for the β− decay to 99mTc, B, and apply Eq. (2)
and theMC-simulation-oriented approach found in the Appendix.We then obtain the during-irradiation activities of 99Mo and
99mTc, respectively:

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�V tarIb

Z
Eγ;max

Eγ;min

ΦMCðEγÞΣðEγÞdEγ; ð10aÞ

AdðtirrÞ ¼ B

��
1þ λd

λp − λd
expð−λptirrÞ þ

λp
λd − λp

expð−λdtirrÞ
�
V tarIb

Z
Eγ;max

Eγ;min

ΦMCðEγÞΣðEγÞdEγ

�
: ð10bÞ

If ðRtar
0
Þ ¼ 0, Eq. (8) reduces to

�
N0

pðtdecÞ
N0

dðtdecÞ

�
¼

�−λp 0

λp −λd

��
NpðtdecÞ
NdðtdecÞ

�
; ð11Þ

where tdec signifies the time during which 99Mo is no longer produced and decays only.
Noting that Eq. (9) holds also for Eq. (11), and using again AiðtÞ ¼ λiNiðtÞ, we now obtain the postirradiation activities

of 99Mo and 99mTc, respectively:

Apðtdec;nÞ ¼
�
Apð0Þ expð−λpttraÞ; n ¼ 1

Apð0Þ expð−λptdec;nÞ; n ≥ 2
ð12aÞ

Adðtdec;nÞ ¼
8<
:

B
n

λd
λd−λp

Apð0Þ½expð−λpttraÞ − expð−λdttraÞ�
o
þ Adð0Þ expð−λdttraÞ; n ¼ 1

B
n

λd
λd−λp

Apð0Þ½expð−λptdec;nÞ − expð−λdtdec;nÞ�
o
þ Adð0Þ expð−λdtdec;nÞ; n ≥ 2;

ð12bÞ

where n is the ordinal number of 99mTc elution and hence tdec;n the time elapsed between elution runs n − 1 and n, and ttra is
the time required for transporting 99Mo-loaded 99mTc generators to end users. The initial conditions are

Apðtdec;n ¼ 0Þ ¼
� ð1 − κÞApðtEOPÞ; n ¼ 1

Apðtdec;n−1Þ; n ≥ 2

ApðtEOPÞ ¼ ApðtEOIÞ expð−λptproÞ;

Adðtdec;n ¼ 0Þ ¼
� ð1 − κÞAdðtEOPÞ; n ¼ 1

ð1 − ζÞAdðtdec;n−1Þ; n ≥ 2

AdðtEOPÞ ¼ B

�
λd

λd − λp
ApðtEOIÞ½expð−λptproÞ − expð−λdtproÞ�

�
þ AdðtEOIÞ expð−λdtproÞ; ð13Þ

where tEOI is the time at the end of irradiation (EOI), tpro is
the time during which the irradiated Mo target is cooled and
chemically processed, tEOP is the time at the end of
chemical processing (EOP), κ is the ratio of 99Mo lost at
EOP, and ζ is the 99mTc elution efficiency.

Figures 12 and 13 illustrate the during-irradiation
and postirradiation 99Mo=99mTc activities calculated
from Eqs. (10), (12), and (13) with the following values:
(1) V tar ¼ 0.495 cm3 given in Table II; (2) Ib ¼ 260 μA of
the beam dynamics study; (3) ΦMCðEγÞ at Ee ¼ 35 MeV
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plotted in Fig. 3; (4) ΣðEγÞ of the TENDL-2009;
(5) B ¼ 0.875 the known value [5,12]; (6) κ ¼ 0.2 assumed
based on κ ≤ 0.15 of the fission-99Mo production scheme
[16]; and lastly (7) ζ ¼ 0.7 based on ζ ≥ 0.9 of 99mTc
generators developed for use with 99Mo having low specific
activity (LSA) [13,68]. The higher κ and lower ζ allow
avoiding underestimation. As for the tEOI and 99mTc elution
conditions, explanations are provided below.
First, in the interest of efficient routine production of

99Mo, we selected tirr ¼ 72 h as the tEOI, by which two
production runs can be performed per week, and at which
the ratio of Ap to the 99Mo saturation activity Ap;sat ≡
Apðtirr → ∞Þ is as high as

1 − expð− ln 2
Tphy;p

1.09Tphy;pÞ
1 − limtirr→þ∞ expð−λptirrÞ

≈ 0.53; ð14Þ

where Tphy;p ¼ ln 2
λp

is the 66-hour 99Mo physical half-life.

Equation (14) can be derived from Eq. (10a), and is also
shown graphically in Fig. 12(a).
On the other hand, we set the intervals between succes-

sive 99mTc elutions, or tdec;n, to 24 h, which allows simple
elution scheduling and provides as high Ad as 0.91Ap; this
ratio can be seen visually in Figs. 12(b) and 13, and
quantitatively in Eq. (12). In addition, we assumed the
99mTc generator life to be ten days, after which 99Mo that is
loaded in a 99mTc generator loses most of its initial activity:

exp
�
−

ln 2
Tphy;p

3.64Tphy;p

�
Apðtdec;1Þ ≈ 0.08Apðtdec;1Þ;

which can be obtained from Eq. (12a).

 0

 200

 400

 600

 800

 1000

0 24 48 72 96 144 192 240 288 336 384
0.0

0.2

0.4

0.6

0.8

1.0

 0  1  2  3  4  5  6

One-day Bq

A
ct

iv
ity

 (
G

B
q)

R
atio to 

Time elapsed in 99Mo facilities and radiopharmacies (h)

Multiple of 99Mo physical half-life

(a)

 0

 50

 100

 150

 200

 250

 300

 350

 0  24  48  72  96  120  144  168  192  216  240  264

1 2 3 4 5 6 7 8 9 10 11

One-day Bq

A
ct

iv
ity

 (
G

B
q)

Time elapsed in radiopharmacies (h)

Elution number 

(b)

FIG. 12. (a) Modeled activities of photonuclear-produced 99Mo and (b) its 99mTc eluates.

 0

 100

 200

 300

 400

 500

 600

 0  24  48  72  96  120  144  168  192  216  240  264  288  312  336  360  384
0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6 7 8 9 10 11

One-day Bq

A
ct

iv
ity

 (
G

B
q)

R
atio to 

Time elapsed during 99Mo production ( ), processing ( ), delivery ( ), and in radiopharmacies ( ) (h)

Elution number 

FIG. 13. Comprehensive view of the modeled activities of photonuclear-produced 99Mo=99mTc.

JANG, YAMAMOTO, and UESAKA PHYS. REV. ACCEL. BEAMS 20, 104701 (2017)

104701-10



Also important is to discard the 99mTc eluate at n ¼ 1,
because a substantial portion of 99mTc decays to its ground
state (99gTc) en route to radiopharmacies; as its chemistry is
almost identical to that of 99mTc, 99gTc degrades the quality
of 99mTc radiopharmaceuticals [33,35].
Finally, as two sets of 72-h Mo target irradiation can be

performed per week, the weekly 99mTc supply of the
35-MeV and 260-μA X-band electron linac would be

Ad;week ¼ 2

�
ζ
X11
n¼2

Adðtdec;nÞ
�
¼ 1.295 TBqweek−1; ð15Þ

where ζAdðtdec;nÞ’s are described in Figs. 12(b) and 13. It
follows from Eq. (15) that

Ad;week

2½Apðtdec;1Þ�
¼ 2.037;

meaning that the 99mTc yield of a 99mTc generator is
approximately twice the loaded 99Mo activity.
Dividing the weekly 99mTc demand in Japan addressed in

Sec. III B by Eq. (15), and using the ceiling function to
prevent underestimation, we arrive at

⌈Dd;week

Ad;week
⌉ ¼ ⌈ 14.23 TBqweek−1

1.295 TBqweek−1
⌉ ¼ 11; ð16Þ

which is the number of designed X-band electron linacs
that can meet the national demand for 99mTc in Japan.
Similarly, by substituting the weekly 99mTc demand of a

specific country into the numerator of Eq. (16), the number
of designed X-band electron linacs required for their 99mTc
self-sufficiency can be estimated.

IV. DISCUSSION

A. Operating frequency

Focusing more on the decentralization of 99Mo=99mTc
supply chain than on the 99Mo yield, we selected X-band rf
as the operating frequency, at which a satisfactory beam
current was calculated. If, however, electron linacs operat-
ing at the subharmonic rf’s are designed to output beam
energy and current similar to those of the X-band one with
better stability at an acceptable cost of compactness, the
subharmonic rf’s can become more advantageous.
Conversely, if the X-band electron linac is optimized to
provide a higher beam current at the same dimensions or a
more compact size at the same beam current, the selection
of X-band rf can be justified. One of the future studies is
therefore to compare electron linacs of different operating
frequencies exhibiting similar output beam energies and

currents, with emphasis on the operational stability and cost
effectiveness.

B. Final beam energy and current

The energy and current of electron beams are one of the
major parameters that affect the 99Mo yield. In this study,
we set 35 MeVas the final beam energy by referring to the
99Mo-yield contour map that we generated. The contour
map revealed that the degree to which the irradiation time is
reduced by increasing beam energy is dependent on both
the 99Mo yield in question and the starting beam energy to
be increased. For example, when a unit 99Mo activity of as
small as 0.25 GBq μA−1 is to be obtained, even though the
beam energy increases, no meaningful decrease in the
irradiation time is observed. If 1.25 GBq μA−1 is the goal
unit activity, on the other hand, increasing the beam energy
from 20 to 25 MeV will save an irradiation time of 198 h,
whereas doing so from 25 to 30 MeV will save 25 h only.
These are shown by the density of 99Mo-yield contour lines;
as such, the dependence of 99Mo yield on electron beam
energy and Mo target irradiation time can now easily be
seen on the same plane, which in turn can be used
for setting the final beam energy of a 99Mo-producing
electron linac.

C. Target irradiation time

As electron beams having 35 MeV and 260 μA will
impinge on the natW disk and the resulting bremsstrahlung
on the enrMo target for 72 consecutive hours, a large fraction
of the beam power will be deposited into the natW-enrMo
target assembly as heat, for which a dedicated cooling
system is necessary. Water convection is the simplest
cooling method, but causes radiolysis and enrMo target
erosion [69]. Studies [69,70] have shown that a proper
coolant can be helium (He) gas circulating throughout Mo
disks, between which gaps are provided for the He flow. To
realize the 72-h irradiation, we will design such an inert-
gas-based target cooling system.

D. 99mTc elution from LSA 99Mo

Specific activity of the radionuclide in question i is
defined by [71,72]

Asp;i ≡ Ai

mi þ
P

j≠imj
; ð17Þ

where mj is the mass of a stable or radioactive nuclide j
coexisting with and isotopic to i. Equation (17) indicates
that 99Mo produced via 100Moðγ; nÞ99Mo inevitably exhibits
LSA, because both the reactant and product nuclides are the
isotopes of molybdenum.
As the LSA of 99Mo precludes the use of conventional

alumina chromatography for 99mTc separation [3,13], sev-
eral alternative methods [68,73,74] have been developed,
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upon which our assumed elution conditions, the time-
invariant ζ ¼ 0.7 in particular, are based. This field,
however, is still in its infancy, and therefore the elution
conditions used in this study can all be changed as the
technology progresses: certainly the value of ζ can be
adjusted, ζ can become time dependent, and the number of
elutions may not reach the used one, 11. Such changes will
greatly affect the 99mTc supply capacity of the linac.

E. Comparison of photonuclear-produced 99Mo

Wewere unable to compare our 99Mo-yield estimate with
those of the previous studies [23,25–27,29] for the follow-
ing reasons: First, at an instant of irradiation time, the
bremsstrahlung distribution in a target of enrMo and hence
the 99Mo yield depend not only on the electron beam
energy, but also on the compositions and dimensions of the
natW-enrMo target assembly, which are not necessarily the
same in different studies. Second, the 99Mo-yield normali-
zation is often inconsistent across studies. For instance,
some authors [25–27] used the masses of involved Mo
nuclides, beam power, and irradiation time to express their
unit 99Mo yields, while some, [23,29] including us, used the
beam power only. If a standard allowing such comparison is
established, more reliable yield estimations can be made in
future works.

V. CONCLUSION

In an attempt to stabilize and reform the current
centralized 99Mo=99mTc supply scheme, we designed a
5-m long, 35-MeV, and 260-μA X-band electron linac by
analyzing the microwave circuit and performing beam
dynamics simulations. Subsequently, we mathematically
modeled the yields of photonuclear-produced 99Mo=99mTc
putting emphasis on 99mTc, which suggests that by using 11
of the designed X-band electron linacs, Japan can become
self-sufficient in 99Mo=99mTc. This model is not confined to
Japan and, as such, the number of X-band electron linacs
necessary for a given country to achieve its self-sufficiency
in 99Mo=99mTc can be estimated by simply inserting their
99mTc weekly demand into the modeled equation.
As the vulnerability of the current global 99Mo=99mTc

supply chain is rooted in its small number of 99Mo-
producing reactor facilities available only in specific
countries, the designed X-band electron linacs that are
compact and hence easy to be installed throughout coun-
tries can be a promising alternative to the aging reactors.
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APPENDIX: SOLUTION OF A MODIFIED
BATEMAN EQUATION ORIENTED
TO MONTE CARLO SIMULATIONS

In its original form, Eq. (1) is written as

dNpðtirrÞ
dtirr

¼ −λpNpðtirrÞ þ ϕðr; EγÞΣðEγÞ;

whose Laplace transform is

NpðsÞ ¼
ϕðr; EγÞΣðEγÞ
sðsþ λpÞ

þ NpðtirrÞjtirr¼0

sþ λp
:

Taking the inverse transform yields the general solution

NpðtirrÞ ¼
ð1 − e−λptirrÞ

λp
ϕðr; EγÞΣðEγÞ þ Npð0Þe−λptirr :

In general, no 99Mo exists before Mo target irradiation
begins, from which it follows that Npð0Þ ¼ 0, yielding

NpðtirrÞ ¼
ð1 − e−λptirrÞ

λp
ϕðr; EγÞΣðEγÞ:

Multiplying by λp, we obtain

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�ϕðr; EγÞΣðEγÞ: ðA1Þ

Because ϕ is measured and Σ is defined in the Mo target,
we can rewrite Eq. (A1) as

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�

×
Z

Eγ;max

Eγ;min

dEγ

Z Z Z
V tar

dV tarϕðr; EγÞΣðEγÞ;

or, by Eq. (3),

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�

× V tar

Z
Eγ;max

Eγ;min

dEγϕðEγÞΣðEγÞ: ðA2Þ

The bremsstrahlung fluence obtained from MC simu-
lation platforms is [75]

ΦMCðEγÞ ¼
ΦðEγÞ

source particle
:

In addition, we use the definition of electric current and
Eq. (4), finding
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ϕðEγÞ ¼ ΦMCðEγÞIb:

Consequently, Eq. (A2) becomes

ApðtirrÞ ¼ ½1 − expð−λptirrÞ�

× V tarIb

Z
Eγ;max

Eγ;min

dEγΦMCðEγÞΣðEγÞ:
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