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a b s t r a c t
X-ray conversion is a frequent need for irradiating the products that cannot be processed by electron
beams, duo to their limited penetration capacity in materials, in radiation sterilization of disposable
healthcare products and food irradiation. In this paper, we report the design of a conversion facility with
a 5-MeV/120-kW electron accelerator, regarding the considerations on selection of the target materials
and target structure, design of the electron beam transport line and approaches to improve the conversion
efﬁciency and lifetime.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Ionizing radiations are widely used for radiation processing of
various products, from cross-linking of wires and tubing using
electron beams, to sterilization of disposable healthcare products typically in a cobalt-60 ␥-ray irradiator. Electron beams in
energies of several MeV to 10 MeV can also be used to irradiate suitable cartons for sterilization of the healthcare products.
This means that, to ensure appropriate dose uniformity (e.g.
U = Dmax /Dmin ≤ 1.5, as requested by many manufactures of the disposable healthcare products), the product carton’s areal density
(areal = thickness × density) is no greater than Ropt (E), the optimum
range at beam energy E, in the single side irradiation mode, or no
greater than 2R50e (E), the half entrance range at beam energy E, in
the ﬂipping irradiation mode [1]. It happens frequently, however,
that the above requirements on areal cannot be met for a certain
product to be irradiated by even 10 MeV electron beams. In this
case, X-ray conversion of MeV electron beams can be a desirable
alternative.
The penetrating ability can, however, even surpass that of a
cobalt-60 source when the 5–10 MeV electron beam is converted to
X-rays. In the representation of the depth-dose distribution of irradiation from one side, the penetration range of 5- or 10-MeV X-rays
is greater than that of gamma rays emitted by cobalt-60 or cesium137 sources, and the penetration range increases with increasing
electron energy [2].
The processing capacity of the X-rays is comparable to that of
60 Co ␥-ray sources. The X-ray conversion efﬁciency, i.e. ratio of the
total X-ray power to the incident electron-beam power, is 8%–9%

∗ Corresponding author. Tel.: +86 21 3919 4645; fax: +86 21 5955 5351.
E-mail address: hezifeng@sinap.ac.cn (Z.-F. He).
http://dx.doi.org/10.1016/j.elspec.2014.04.005
0368-2048/© 2014 Elsevier B.V. All rights reserved.

at 5 MeV, 12%–13% at 7.5 MeV and 16%–17% at 10 MeV, in a tantalum target of optimum thickness [3,4]. So, the X-rays converted
from a 5-MeV/100-kW electron beam facility can have a nominal
power of around 8 kW, and about half the power can be absorbed
by the products considering the various kinds of losses in the X-ray
irradiation of the products. On the other hand, the total power of
␥-rays from a 1-MCi cobalt-60 ␥-ray source is 14.8 kW [5], but the
␥-ray utilization efﬁciency is typically 25% for 92% uptime of a 60 Co
irradiator in optimal design.
Generally, a powerful electron accelerator equipped with an Xray converter can be used to irradiate products with electron beams
in most time of its annual operation, and to convert the electronbeams into X-rays whenever the density and thickness of a product
are out of reach with the electron-beams. Thus, such a versatile and
ﬂexible irradiation facility is advantageous in processing capacity
and efﬁciency, and economical beneﬁts as well. In this paper, we
report our studies on X-ray conversion of 5-MeV/100-kW electron
beams.

2. X-ray conversion
2.1. Physical properties of electron bremsstrahlung X-rays
The X-ray converter consists of the target material of high-Z
metal elements, where part of the incident beam power is converted into a spectrum of bremsstrahlung X-rays, and the base
material of low-Z metal element, which provides mechanical
support (but absorbs little X-rays) and allows the coolant to take
away the excessive heat generated inside the converter because
of the complete energy deposition of the electron beams. The
X-ray spectrum is dependent on the incident beam energy, with
the maximum photon energy being the incident beam energy (in
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little probabilities, though). For spectra corresponding to incident
electron energy of 5, 7.5 and 10 MeV, the most probable photon
energy is quite the same, at about 0.3 MeV (can be slightly affected
by the base and coolant [3]), and the average photon energy is
about 20% of the maximum energy [4,6].
The photon emission is concentrated in the direction of electron
beam incidence, and more so at higher energy. This characteristic
does not change when base and cooling layers are added. It means
that the X-rays are scanned as the incident electron-beams are
scanned. The concentration in the forward direction also improves
the penetrability of X-rays, as most of the irradiation is perpendicular to the surface of the product. Because the effective X-ray
energies are about half of the incident electron energies, the penetrability is improved with photons which have higher energies than
1.25 MeV (average) of photons from cobalt-60. The X-rays also have
better uniform dose distributions than cobalt-60 gamma rays when
the products are irradiated from two-sided [2].

2.2. X-ray conversion efﬁciency
The conversion efﬁciency is deﬁned as the ratio of the total
bremsstrahlung power emerging from the converter to the total
power of the incident electron beams. It takes into account losses
due to the leakage of electrons from the target and the attenuation
of X-rays within the target.
The conversion efﬁciency is related to the target materials. In
any materials, electron beams lose energy via ionization and phoneemitting processes. A certain material has its critical energy Ecr ,
deﬁned as the incident beam energy at which the ionization loss is
equal to the radiation loss. For a material of atomic number Z, the
critical energy is Ecr (MeV) ≈ 800/(Z + 1.2). As can be seen from the
critical energy, the radiation loss is smaller than the ionization loss
for the electron in the tantalum target when the incident energy is
less than 11 MeV. However, it is limited to 7.5 MeV when the X-rays
are used for food irradiation or sterilization [7]. It is thus better to
select a material that has a higher atomic number so as to increase
the conversion efﬁciency. However, these high-Z materials introduce problems in the mechanical processing; e.g., tungsten is hard
and brittle, and lead and bismuth are of low melting temperatures
[8].
The conversion efﬁciency is also related with the average range
of electrons in the material. For an incident electron of energy E0 ,
the range can be determined as


r0 (E0 ) = −
0

E0

dE
S(E)

(1)

where S(E) = (−dE/dx)col + (−dE/dx)rad , the subscript col denotes all
energy losses in particle collisions, and the subscript rad denotes all
energy losses of the primary electrons that lead to bremsstrahlung
production. When the target thickness is about 0.4r0 [9], the X-ray
emission in the beam incidence reaches a maximum. When the target thickness is more than this optimal value, the X-ray absorption
of the target increases more than the X-ray production, and the
X-rays emission begins to decrease. For 1–10 MeV electrons, the
optimization formula is

hopt =

0.89 · (E − 0.7)0.46
 · Z 0.17/E

0.2

[cm],

(2)

where E is the electron beam energy in MeV,  is density of the
target material in g/cm3 , and Z is the atomic number of the target
material [10]. Table 1 summarizes the different target designs.

153

Table 1
Thickness of the target material.
Organizations

Beam energy

Beam power

Material and
thickness

TRCRE, JAERI,
Nissin Co. [11]
IBA [4]

2 MeV

60 kW

Ta, 0.5 mm

5 MeV10 MeV

N/A

JISCO [12]
BINP [13]
Tsinghua Univ.
[14]

5 MeV
5 MeV
10 MeV

N/A
50 kW
20 kW

Ta, 1.2 mm
Ta, 1.6 mm
Ta, 1.0 mm
Ta, 0.8–1.0 mm
Ta, 1.7 mm;
W, 1.5 mm

2.3. The structure design
The ﬁrst step to design the converter structure is to decide
the layer thicknesses. The ﬁrst layer shall produce the maximum
number of X-rays. The subsequent layers shall have as little X-ray
absorption as possible and thus comprise low-Z materials. The total
thickness shall be such that all primary electrons are stopped in
the converter, so as to avoid excess electron-beam dose accumulation on surface of the product. In general, each layer thickness,
h, should satisfy (h/RCSDA ) > 1 (RCSDA is the continuous-slowingdown approximate range) [15]. When an electron with kinetic
energy E0 has a penetration depth of h in the material, the rest
energy of the electron can be estimated according to [16],
Eh =

1
[(1 + ˇE0 ) e−˛ˇh − 1],
ˇ

(3)

where ˛ is the electron collision stopping power in the material,
and ˇ is Z/800 MeV−1 . The energy deposition of the electron in each
layer can then be calculated.
The second step is to choose the cooling mode of the converter.
Because of the electron beams’ huge energy deposition in the target
and the requirement for maximum passing through of the X-rays, it
is difﬁcult to design a structure that is thin enough while maintaining high heat transfer efﬁciency. There are three types of structure
for cooling X-ray converters at present. The ﬁrst is a thin layer of
high-Z material backed by a base of low-Z material that is adopted
in air cooling. It is of a simple structure, with limited ability of
heat transfer, though being suitable for low beam-power or pulsed
electron-beam converters. The second has a high-Z material layer
backed by a base of low-Z material in which there are channels for
the ﬂow of coolant. It has a cooling effect, and is suitable for highpower conversion. The third is a sandwich structure of multiple
layers of high-Z material and low-Z material [17]. It has complicated
structure but good heat dissipation.
It is a challenge to ensure ultra-high power heat dissipation
within a small thickness. The total thickness of a conversion device
is approximately 10 mm, so as to increase the X-ray conversion
efﬁciency. To achieve fast heat exchange of above 100 kW in such
a thin structure, the pressure of the coolant is great. The channel
wall, especially its upper and lower surfaces, will undergo greater
deformation in this case. Accordingly, the cross section of the cooling channel is usually arched [11–13,18]. Such a design ensures the
cooling layer thickness by avoiding changes due to deformation
caused by high-pressure cooling water.
The 100-kW converter we designed is shown in Fig. 1. Its layers are, seeing from the beam incidence direction, Ta (1 mm), Cu
(1 mm), water (4 mm) and Al (4 mm). The incident electrons strike
the Ta layer and produce in it the maximum number of X-rays.
When electrons pass through the Ta layer, the Cu layer should
produces the maximum number of X-rays by the electrons with
the rest energy. The electrons are ﬁnally stop at the Al layer. The
Cu layer absorb a small number of X-rays from the Ta layer but
produces more X-rays with the electrons which pass through the
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Fig. 1. Design of the X-ray converter of 100-kW electron beam power.

Ta layer. On the other hand, Cu layer promotes heat dissipation of
the entire target.
3. Design of the transport-line for 5-MeV/120-kW electron
beams
The 5-MeV/120-kW high-frequency and high-voltage electron
accelerator developed at SINAP is shown in Fig. 2. The no-load output voltage is 5.5 MV, and the energy instability and beam current
instability are less than 3%. It is now used in industries for radiation
crosslinking of large-size polymeric products and food irradiation.
An X-ray converter needs to be added to expand applications of the
accelerator.
However, it is not a good idea to place the converter in front of
the beam scan horn. This would reﬂect 3%–4% of the beam power
in the form of bremsstrahlung X-rays [3,11], and the accelerator
would suffer from vacuum deterioration and even discharge sparks,
when the X-rays enter into the acceleration tube [12]. If the electron beams go directly to the converter, installed in the position
of the titanium window, there is also the problem of the effect of
backstreaming ions on the vacuum [19].
For an irradiation facility using either electron beams or X-rays,
it is necessary to add another branch before the scanning magnets
in the original electron-beam transport line [12]. Electron beams
are deﬂected 90◦ to a scanning horn with an X-ray converter. This
X-ray scanning horn is large than the electron-beam irradiation
horn, due to the need of product irradiated by X-rays. Also, this
reduces the power density on the target surface, and thus ensures
the target under the conversion of the full beam-power output.
The electron beams have certain energy ﬂuctuations, so a
symmetrical achromatic system is used to solve the problem of corresponding dispersion through the deﬂecting magnet. Two design
schemes for the transport-line design are shown in Fig. 3, where
M is the 45◦ deﬂection magnet, Q3 is an achromatic quadrupole
lens, and Q1 and Q2 are the quadrupole lenses for controlling the
beam envelope. The scheme in Fig. 3(a) has less total height but

Fig. 2. A 5-MeV/24-mA electron accelerator.

greater width than Fig. 3(b), while the scheme in Fig. 3(b) requires
less on the beam transport elements, as its quadrupole lenses need
a smaller magnetic induction gradient. The selection should consider the overall plan of the facility and actual arrangement of in
the irradiation hall.
4. Improving the conversion efﬁciency and lifetime
To reduce damage due to ion reﬂux, a distributed target was
suggested in acquiring a pulsed X-ray photograph [20]. It is a structure of multiple thin layers of target materials, with a vacuum layer
between two metal layers. Simulation and experiment showed
that the distributed target had the same X-ray angular distribution
as a single layer target. The sandwich multi-structure target and
the distributed target have the common basis of changing the
target material from monolayer to multilayer. The difference is that
one has a cooling medium while the other simply has a vacuum.
The spatial density of the target materials is reduced while the
equivalent density is nearly the same. In this way, the energy
deposition per unit volume is reduced, hence the advantages of

Fig. 3. Two schemes of the transport line for dual application of radiation processing using electron beams and X-rays. (1) Sweeping magnet; (2) titanium window; (3)
converter.
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Fig. 4. Tantalum–copper boundary composed by explosion welding (a) and the thermal properties (b). DTa , DCu and DTa–Cu are thermal diffusivity of 1 mm thick tantalum,
2 mm thick copper and their composite, respectively; RTa–Cu is the contact thermal resistance of the Ta–Cu composite.

high heat transfer and resistance to electron-beam bombardment.
The sandwich structured target shall be a good X-ray converter
for high power electron-beam systems, with improved conversion
efﬁciency and lifetime.
It is important to reduce the thermal contact resistance between
the target layers. Explosion welding is a good way to ensure
close contact of the layers of different melting points, strengths,
thicknesses, thermal expansion coefﬁcients and hardness indexes.
Tantalum and copper are well suited for explosion welding. Fig. 4(a)
shows the Ta–Cu boundary at 100× magniﬁcation. The compound
boundary has high mechanical strength and high bonding rate. The
explosion welding interface is generally periodic ripple (wave formation), and is usually with a thickness only 0.1–100 m [21,22].
The wave formation at the interface increases the contact area and
promotes heat conduction between tantalum and copper layers.
The heat ﬂow will quickly spread to the entire copper layer after the
conduction from the localized high temperature on the tantalum
layer. The contact thermal resistance between tantalum and copper
layers is in the order of 10−6 m2 K/W. As copper is of high thermal conductivity, the Ta–Cu composite has high thermal diffusivity,
which improves heat dissipation, as shown in Fig. 4(b).
5. Conclusion
X-ray conversion of high power electron beams is an important
direction of development for the irradiation industry. Industrial
applications require that the accelerator and the conversion device
provide stable and high-quality X-rays, while the construction and
operation of the facility are economical. In realizing a more powerful accelerator of X-rays, the output power of a 5–7.5 MeV electron
accelerator needs to be increased. Equipped with an X-ray converter, a 5–7 MeV electron accelerator of high beam power can be a
powerful versatile irradiator to process products of extended category. A separate transport line for X-ray conversion is advantageous
in that it does not have the risk of accelerator tube damages caused
by backward rays and the EB/X-ray irradiations can be interchanged
smoothly without interrupting the accelerator operation.
Theoretical analysis and Monte Carlo simulation provide speciﬁc requirements on the target thickness for improving the X-ray
conversion efﬁciency. Because size of the scanning plane on the
target is limited, the heat exchange rate needs to be as high as possible in a certain volume. To improve the target lifetime, the beam
power per unit area and power deposition per unit volume shall
be reduced. The sandwich multi-structure target thus offers a great
advantage.
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