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Abstract. A prototype pulsed electron beam irradiation facility for radiation processing of food and medical products is being commissioned at our centre in Indore, India.
Analysis of surface dose and uniformity for a pulsed beam facility is of crucial importance
because it is influenced by various operating parameters such as beam current, pulse repetition rate (PRR), scanning current profile and frequency, scanning width and product
conveying speed. A large number of experiments are required to determine the harmonized
setting of these operating parameters for achieving uniform dose. Since there is no readily
available tool to set these parameters, use of Monte Carlo methods and computational
tools can prove to be the most viable and time saving technique to support the assessment
of the dose distribution. In the present study, Monte Carlo code, MCNP, is used to simulate the transport of 10 MeV electron beam through various mediums coming into the
beam path and generate an equivalent dose profile in a polystyrene phantom for stationary
state. These results have been verified with experimentally measured dose profile, showing
that results are in good agreement within 4%. The Monte Carlo simulation further has
been used to optimize the overlapping between the successive pulses of a scan to achieve
±5% dose uniformity along the scanning direction. A mathematical model, which uses the
stationary state data, is developed to include the effect of conveyor speed. The algorithm
of the model is discussed and the results are compared with the experimentally measured
values, which show that the agreement is better than 15%. Finally, harmonized setting
for operating parameters of the accelerator are derived to deliver uniform surface dose in
the range of 1–13 kGy/pass.
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1. Introduction
The use of electron accelerators for food irradiation and medical sterilization has
enjoyed great interest in the last decade as they can be used for preservation,
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Figure 1. MeV Linac-based prototype irradiation facility.

hygienization, shelf-life extension, quarantine or sterilization of food and medical
products [1–3]. The doses required to achieve the desired effect in different products
are usually based on experimentally arrived values. Since absorbed dose is the
quantity of energy used to achieve the desired effect, it is necessary to ascertain
that the product is irradiated suitably. The lowest acceptable dose is the dose
required to achieve the desired effect in the product, while the highest dose that
is permitted for a given process is specified by the regulatory body giving legal
permission for the operation [4]. The actual minimum dose (Dmin ) and maximum
dose (Dmax ) in the product must be within these limits. The ratio Dmax /Dmin ,
termed as dose uniformity ratio (DUR), is of vital importance and should be close
to unity for maximum throughput [5]. Surface dose uniformity for Rhodotron-type
machine (CW accelerator) generating continuous electron beam has been studied
and reported by Ziae et al [6] for high dose application. Surface dose uniformity
in pulsed electron accelerator is influenced by various operating parameters such
as pulse repetition rate (PRR), scanning current profile, scanning frequency, scan
width, product conveying speed etc. Uniformity over the surface can be achieved by
proper harmonization of these parameters. Once the uniformity over the surface is
achieved, variation of dose along the depth can be determined with the help of depth
dose profile, which is mainly beam energy and product density dependent. Hence,
in this paper more emphasis is given to achieve dose uniformity over the surface.
Judiciously, we have used Monte Carlo simulations and experimental dosimetry
data to optimize these operating parameters for pulsed electron beam irradiation
facility.
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2. Description of the facility
Figure 1 shows the snapshot of the prototype irradiation facility, based on 10 MeV
Linac at Raja Ramanna Centre for Advanced Technology, Indore, India. The Linac
generates electron beam pulses in the range 1–300 Hz PRR, each with 10 µs duration. The beam scanning system consists of a scanning magnet and a trapezoidal
shape vacuum chamber (scanning horn) used for scanning the electron beam (along
x-axis) over the full width of a product.
The scanning horn is attached with a thin Ti foil (50 µ) to transmit electrons
from vacuum to atmosphere. The scanning magnet is energized by a sawtooth-type
current profile to produce a time varying magnetic field for sweeping the beam in
an angular width of ±15◦ . A product conveying system, whose speed can be varied
in the range 0.5–4.7 m/min is used to transport the products (along y-axis) in front
of the scanning horn.
3. Dose uniformity and modelling algorithm
Dose uniformity along the scanning direction can be achieved by partial superimposition of successive beam pulses by deflecting the beam across the product. The
pulse repetition rate (PRR), limited to ≤300 Hz, places limit on the scan frequency
that can be used. From dose and uniformity point of view, this, in turn, imposes
limit on conveyor speed. Proper harmonization of scan frequency, scan width, pulse
repetition rate and the conveyor speed is necessary to achieve optimum contiguity
of successive pulses for uniform dose delivery. For a given scan frequency (f ), surface dose uniformity is achieved at a high dose level, in situations, when conveyor
speed (v) is low and the beam spot diameter (d) is large. Further, when v/f > d,
the consecutive beam scan will not overlap sufficiently, and impose a limit on the
minimum dose that can be delivered in low dose, high throughput applications [7].
Since there is no comprehensive model available for optimization of these parameters, we have judiciously used the Monte Carlo simulations and experimental
dosimetry data to develop such a model for achieving uniform surface dose.
The model is developed in three steps. In the first step, the radial dose profile of the electron beam from Linac is simulated with the Monte Carlo code
MCNP [8] and validated with experimental measurements for stationary state
(both beam and product are stationary). In the second step, Monte Carlo simulation is extended to optimize the scanning frequency by optimizing the overlapping between the successive beam spots (beam scanned over stationary product),
to achieve ±5% variation in dose uniformity along scan direction. In the third
step, numerical calculations through MATLAB have been performed to include
product movement (conveyer speed) and determine the harmonized setting of the
parameters to achieve uniform surface dose and then compared with dosimetric
measurements.
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Figure 2. Electron beam cross-section measured at
the exit of the scanner.

4. Results and discussion
4.1 Radial dose profile: Simulation and measurement
Monte Carlo simulation is carried out using MCNP to determine the radial dose
profile on product surface. In order to obtain the input parameters of electron beam
for Monte Carlo simulation, the cross-section of the beam was measured with FWT
radiochromic film. The film is placed 5 mm away from Ti foil and exposed by a
single pulse of 10 MeV beam at 200 mA peak current. Density pattern developed on
the film is shown in figure 2. The beam spot has circular cross-section with 15 mm
diameter. The spatial density distribution within the beam diameter could not be
derived due to the saturation of the film. However, the beam dynamics study of the
Linac suggests that electrons have Gaussian distribution within the beam envelope.
Hence for Monte Carlo simulation, it is considered that almost all the electrons
(>95%) are contained within 15 mm diameter and they posses Gaussian distribution
within the envelope. The Gaussian profile of the envelope can be derived by a
characteristic parameter σe , such that 4σe = 15 mm (in Gaussian distribution,
95% particles are contained within ±2σ). Further, electron sampling from the
above distribution is carried out by dividing the beam envelope into annular rings of
increasing radius in 1 mm interval and probability of electron density in the annular
rings for Monte Carlo simulation is considered as proportional to the differential
area lying under the Gaussian curve.
In order to determine the radial dose profile, the electron beam is considered to
incident normally on a polystyrene phantom located 40 cm away from Ti foil. The
phantom is divided into an array of small cells of 1 cm3 for dose scoring and ∗ F8
tally of MCNP is used to score the energy deposited in each cell. Cut-off energy of
electron is set to 20 keV and 106 histories are run to reduce the statistical error to
less than 3%.
Figure 3 shows the simulated radial dose profiles for two cases, beam 1: diameter
15 mm (σe = 3.75) and beam 2: diameter 16.5 mm (σe = 4.125). The FWHM of
the dose profile from beam 1 and beam 2 is found to be 49.2 mm and 51 mm.
Although, the incident electron beam had 10% difference in their σe , no significant
difference in the radial dose profile is observed. It reveals that the radial dose profile
is less sensitive to σe provided the distribution of electrons within the envelope does
not change.
The functional dependence of the dose variation on radial distance can be
approximated by a parametric equation:
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Figure 3. (a) Comparison of the radial dose profiles for beam 1 (σe = 3.75)
and beam 2 (σe = 4.125). (b) Three-dimensional dose profiles for beam 1
(σe = 3.75).
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A
√

σd 2π
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2
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,

(1)

where D(r) is the dose at radial distance r from the beam centre, A (area under the
curve) and σd are the characteristic parameters describing the radial dose profile.
In order to validate the simulation results, an experiment was carried out to
measure the radial dose profile on the surface of polystyrene phantom placed 40 cm
away from the Ti window, with an array of FWT radiochromic films (size: 5 mm
× 10 mm each). Dosimetry has been carried out as per the procedure described
in ISO/ASTM standards [9] and necessary precautions have been taken to reduce
the measurement uncertainties (combined type A and type B) within ±5% at 95%
confidence level. Figure 4a shows the darkening produced in the exposed films.
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 4. Electron beam cross-section measured with FWT films. (a) Exposed array of FWT films, (b) measured isodose lines and (c) radial dose
profiles.

Optical density of each film is measured with a spectrophotometer at 510 nm,
which is directly proportional to the dose absorbed by the film. Figure 4b shows
the measured isodose lines, showing circular symmetric pattern. Figure 4c shows
the dose profiles along the two diameters parallel to x-axis and y-axis. Both profiles
have Gaussian shape with a FWHM of 46±2 mm, which has close agreement (within
5%) with the simulated results.
4.2 Dose profile under beam scanning
As explained earlier, during irradiation the electron beam needs to be scanned over
the entire width of the product. There have been several approaches to dissipate
the energy content over the extended area. The approach in which a single pulse
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is scanned over the full width has never worked reliably for low-dose applications
(0.1 to 1 kGy), because homogeneity of dose in scan direction is always achieved
at higher dose with multiple overlap of subsequent pulses [10]. Further, to sweep
the 10 MeV beam over a typical width of 50–100 cm within 10 µs (pulse width),
the magnetic field should be varied in the range ±600 G within the same time
period. Such requirement poses many practical difficulties on magnet lamination,
chamber wall thickness, eddy currents and magnet power supply. We have adopted
a scheme of multiple beam spot overlapping in forward scanning and quick fly back
in reverse direction. In this way scanning is carried out in one direction in time Ts
(scan time) and electron beam returns quickly to the starting position in a short
time (<1/PRR) and keep on repeating this scan procedure. Dose uniformity along
scanning direction is achieved by partial overlapping between the successive pulses.
Monte Carlo simulations are performed to optimize the extent of the overlapping
of pulses. The simulation is carried out for monoenergetic 10 MeV electron beam
having a diameter of 15 mm (σe = 3.75 mm) and scanned within an angular width of
±10◦ . The total angular width is divided into N equally spaced angular widths and
their centre is designated as the emerging direction of different pulses coming during
the scan. Dose uniformity on product surface located 40 cm away from Ti foil is
shown in figure 5. For N = 27, 23, 19 and 15, variation in dose uniformity along the
scanning direction is found to be ±0.2%, ±0.6%, ±1.2% and ±7.3% respectively.
Now, for a given PRR, the beam scanning frequency, f , can be derived from N , such
that f = 1/Ts and Ts = N/PRR (Ts is the scan time for N number of beam pulses
in one direction). Dose uniformity variation within ±5% is achieved for N = 17,
which corresponds to a maximum scanning frequency of 5.8 Hz at 100 Hz PRR.
The study reveals that, when scanning frequency f > 5.8 Hz, overlapping between
the successive pulses is not sufficient, causing poor dose uniformity. However, for
scanning frequency f < 5.8 Hz the dose uniformity improves at the cost of dose
accumulation. Hence scanning frequency should be less than 5.8 Hz to restrict the
variation in dose uniformity within ±5%.
4.3 Harmonization of beam scanning and conveyor movement
Dose uniformity calculations as mentioned above have been performed by considering the product in stationary state. However, in actual practice the products are
transported in front of scanning beam using a product conveying system. Consequently, both product and beam position keep on changing with time. Under such
a dynamic situation, simulation with MCNP is not feasible. Therefore, a mathematical model has been developed which uses the stationary state data generated
from MCNP to derive the harmonized setting of scanning frequency, scan width,
PRR and conveyor speed in dynamic situation. The algorithm of the model, which
is developed in MATLAB is described below:
The radial dose profile on the product surface has circular symmetry with
Gaussian shape as described by eq. (1). Let the electron beam be scanned along
x-axis, over a width w (−w/2 to w/2), on the product surface with scanning frequency f . Due to the scan, the centre of successive pulses will be shifted by a
constant displacement ∆x given by
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Figure 5. Dose profile along scanning direction for different number of angular bins.

∆x =

wf
.
PRR

(2)

The position of successive pulse centres along the scanning line on product surface
can be calculated as
Cn = −w/2 + (n − 1)∆x,

n = 1, 2, 3, . . . , N.

(3)

−w/2 is the lower bound of the scan (position of first pulse centre) and N is the
maximum number of beam pulses per scan. The distance of a point lying on the
scanning line, from nth beam centre is given by
dn (x) = Mod[x − {−w/2 + (n − 1)∆x}],

n = 1, 2, 3, . . . , N.

(4)

x is the x-coordinate of the point of interest where dose is to be calculated. Total
dose at the point in a scan is calculated by integrating the incremental dose due to
all the N pulses coming during the scan, i.e.
D(x) = D1 (d1 ) + D2 (d2 ) + D3 (d3 ) + · · · + DN (dN )
or
D(x) =

A
√

σd 2π

n=N
X

2

2

e−dn /2σ .

(5)

n=1

Now, let the conveyor system be transporting the products along y-axis, with a
uniform speed υ. The displacement of a product point along transverse direction
within a time gap of two successive pulses is given by
∆y =
464

υ
.
PRR
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Figure 6. Surface dose profile for harmonized setting at a conveyor speed of
4.7 m/min.

Let us assume that when the first pulse falls on the product, the transverse distance
of a sample point P (x, y) from the beam scanning line is −s. As the product is
transported, the x coordinate of the sample point remains constant while the y
coordinate keeps on changing with time, which can be determined by
yk = −s + (k − 1)

υ
,
PRR

k = 1, 2, 3, . . . , j,

(7)

where k = 1, 2, 3, . . . represents incident beam pulse number.
The radial distance of the product point P (x, y) from the centre of the kth pulse
is given by
rk = (d2k + yk2 )1/2 .

(8)

dk is given by eq. (4). When k = N, 2N, 3N, . . ., beam scanning cycle completes
and value of k resets to 1. Dose for different rk ’s is calculated using eq. (5).
Overall integrated dose at the point of interest P (x, y) is calculated by adding the
incremental dose due to all j pulses coming during the product movement under
the electron beam field of width 2s (extended along y-axis from −s to +s), which
is calculated as
D(x) =

k=j
A X −rk2 /2σ2
√
e
.
δd 2π k=1

(9)

Numerical integration of eq. (9) has been carried out for a typical scan width of
52 cm and experimentally measured values of A and σ. It is found that to achieve
surface dose uniformity variation within 5% under the above-mentioned conditions,
the conveyor speed should be less than 12.7 m/min. Figure 6 shows the simulation
results corresponding to a conveyor speed of 4.7 m/min (max. set value).
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 7. Measurement of uniform field width.

Experimentally, the dose uniformity along scanning direction was measured in
accordance with ISO/ASTM [11], using FWT films (size: 1 cm × 1 cm). The
films were placed on a polystyrene phantom (60 cm × 25 cm × 5 cm) at regular
interval of 2 cm in three lanes L1 , L2 , L3 , each separated by 5 cm. Current in the
scanning magnet was adjusted to achieve a scanning width of 52 cm on phantom
surface located 40 cm away from Ti foil. The physical width of the beam scanning
on phantom surface was measured with a fluorescent screen and CC TV camera.
The electron beam creates diffused image on the fluorescent screen, causing an
uncertainty of ±1 cm in locating the position of the beam centroid. Hence, the
actual physical width of scanning is 52±1 cm. The beam scanning frequency was
kept at 5 Hz, marginally less than the value worked out from the above study,
keeping in view the inherent uncertainty of ±5% in dosimetry system. The conveyor
was operated at a maximum speed of 4.7 m/min. The measured dose profile for
300 mA beam current is plotted in figure 7. The exploitable width of uniform dose
is found to be 44 cm, in which variation in dose is within ±5%. A small hump at
one end is observed, due to the contribution made by the electrons scattered from
the metallic conveyor system used for transportation.
The absolute absorbed dose for harmonized setting of operating parameters has
been measured with polystyrene calorimeter calibrated and supplied by RNL Denmark. Calorimeter is passed to and fro in front of the radiation field at the optimized
operating parameters. Uncertainty associated with the calorimetric measurements
is less than 3% at 95% confidence level. Table 1 compares the simulated and
measured results for optimized parameters at 100 Hz PRR and 200–300 mA peak
current. The measured and calculated nominal dose rate per pass are in good
agreement, within 2–8%, while a difference of 13% is found in dose uniform field
width. The large difference is anticipated due to the uncertainty in locating the
beam centroid while measuring the physical scanning width. The study reveals that
466
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Table 1. Comparison of results for 10 MeV electron beam.
Simulated values

Measured values

Beam
Scan
Physical
Scan
Conveyor Uniform
Surface
Uniform
Surface
current current scan width frequency speed field width dose rate field width dose rate
(mA)
(A)
(cm)
(Hz)
(m/min)
(cm)
(kGy/pass)
(cm)
(kGy/pass)
300
300
200

6
6
6

52
52
52

5.8 (5)
5.8 (5)
5.8 (5)

2.35
4.70
4.70

50
50
50

2.85
1.32
0.90

44
44
44

2.80±3%
1.37±3%
0.98±3%

at a maximum conveyor speed of 4.7 m/min, minimum dose of 0.98 kGy/pass is
achievable and at a minimum speed, the maximum dose per pass will be 13.1 kGy.
5. Conclusion
Monte Carlo simulations have been carried out to simulate the radial dose profile
of electron beam in stationary state of the product and the beam. The results
have been verified by dosimetry measurements performed with FWT radiochromic
films. Simulations were further extended to optimize the overlap of successive beam
pulses to achieve the uniform dose along the scan direction. In order to consider the
dynamic mode of irradiation (the situation when the product as well as the e-beam
is in motion) a mathematical model has been developed to calculate the harmonized
setting of beam irradiation parameters. At 100 Hz PRR, the maximum scanning
frequency for achieving 5% dose uniformity is found to be 5.8 Hz using a ±15◦ scan
angle and the corresponding maximum conveyor speed is found to be 12.7 m/min,
which delivers a minimum dose of 0.35 kGy/pass using 10 MeV electron beam.
The operating parameters of the existing prototype facility are optimized to deliver
uniform surface dose in the range 0.98–13.1 kGy/pass.
Though the present methodology described in the paper has been applied to our
specific facility, it can be applicable to other similar e-beam irradiation facilities
having different operating parameters such as beam current, scan width, PRR,
conveyor speed etc. These calculations are being further extended to find out the
volumetric dose distribution within the irradiated product and will be reported in
a separate paper.
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