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Radiation emission from

the “Rhodotron-TT200” cavity
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Abstract: In this paper, the X-rays emitted from the Rhodotron-TT200 cavity have been studied in depth.

We found that the Bremsstrahlung interaction is the only contribution of X-ray generation important to safety.

The X-ray dose rate in the Rhodotron vault is calculated for normal conditions based on MCNP4C results.

The presented calculation shows good agreement with the experimental measurements, which consequently

confirms the reliability of the calculation for use in shielding design and other safety aspects.

Key words: electron beam, rhodotron, beam loss, X-ray dose rate, MCNP code

PACS: 28.41.Te, 29.20.-c, 29.25.Bx DOI: 10.1088/1674-1137/35/7/013

1 Introduction

With regard to the radiation protection aspects in

nuclear facilities, it is important to analyze the radi-

ation emitted from accelerators from phenomenolog-

ical points of view. Therefore, this precise study of

X-ray dose rate generation in the Rhodotron-TT200

[1, 2] cavity is an approach to this purpose.

“Rhodotron-TT200” produces a 10 MeV electron

beam with maximum current of 10 mA using 107

MHz RF in a coaxial cavity with an outer diame-

ter of 208 cm and 9 deflecting magnets to re-inject

the electrons into the cavity after each pass. In each

pass, electrons obtain 1 MeV energy. Therefore, af-

ter 10 passes through the cavity diameter, their en-

ergy will reach 10 MeV and will be sent to the irra-

diation room. During the acceleration process, the

particle loss in the slits of the deflecting magnets will

cause the production of X-ray photons contributed by

“Bremsstrahlung” interaction as the main source and

electron-positron annihilation as the smaller source.

The X-ray flux and the dose-rate emitted from the

deflecting magnets are calculated in normal condi-

tions (no accident) and compared with the experi-

ment in order to evaluate the reliability of the results

for shielding calculation and other safety considera-

tions. We will see that the distribution of the lost par-

ticles due to system instability cannot be predictable.

However, the total value of the beam loss will remain

constant. We are going to construct a simulation in

order to determine the beam loss values and the cor-

responding distributions as observed in normal oper-

ation. The procedure followed in this paper uses a

trial and error method to find an optimized program

to simulate the radiationt that is reasonably compati-

ble with the experimental data. Then one can predict

the values of particle loss in each magnet and the re-

lated parameters precisely.

To determine the contribution of cyclotron radi-

ation, regarding the maximum energy of electrons

and bending radius of 17 cm [3] in deflecting mag-

nets, the photon energy emitted from the deflector

is in the order of 10−3 eV. Hence, there will be no

X-ray contribution caused by cyclotron radiation in

the “Rhodotron” accelerator. MCNP4C [4] has been

used to design the cavity (Fig. 1) and to calculate

the X-ray dose rate [5]. The experimental method is

discussed in Sec. 2 and the calculation is presented

in Sec. 3.

2 Experimental method

The experimental X-ray measurements were per-

formed using a GM counter tube LB 6500 with 20%
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accuracy. To omit the X-ray effects emitted from

beam line components such as the 270◦ bending mag-

net, we shielded those components with lead bricks.

Otherwise, we would not be able distinguish between

“Rhodotron” and beam line component radiation.

Due to the intrinsic instability of the system and

also to maximize the accuracy of the results, the dose

rate corresponding to each magnet was measured over

three different days. The average values are taken as

the standard values for comparison with the simula-

tion results. The average beam loss current obtained

from the system indicators is as much as 229 µA with

an error of 5%, which is in good agreement with the

values discussed in Refs. [6, 7]. The other param-

eter that should be included in the accuracy mea-

surement is beam stability. According to the system

specification, the accuracy of the beam is considered

to be as much as 5%. The head of the detector was

placed 25 cm from the magnets with the same dis-

tances from each slit. The detector position and the

distance to the magnet L are shown in Fig. 1. Since

the accuracy of the detector position can be ignored,

the total accuracy corresponding to the experimental

measurements will be as large as 30%. The obtained

experimental data are shown and compared with the

calculation results in Figs. 3 and 4.

Fig. 1. Horizontal cross section of the cavity,

designed by MCNP. Point “A” represents the

beginning of the 10 MeV beam line.

3 Calculation and results

Due to the continuous beam injection and the

space charge effects [6, 7], during the acceleration pro-

cess, an unwanted fraction of electrons will be lost in

the cavity and deflector slits. These particles will

hit the cavity body at the beam exit in particular

or in the entrance slits of the deflectors and gener-

ate X-rays via Bremsstrahlung. Therefore, the dose

rate value of the photons will be very important to

safety. To obtain comparable results to the experi-

mental values, the average value of beam loss (229

µA) is considered as the radiation source in the sim-

ulation. In addition, calculations are performed for

the point corresponding to the detector position, as

explained in the experimental method in the previous

section.

The MCNP4C results have errors of less than 5%,

using tally F5. The “SDEF” card is defined for 19

source positions (18 sources representing 9 magnets

slits and one representing the slits of the outgoing 10

MeV beam line). The probability of the distribution

is considered as equal as first and then, finally, these

probabilities are optimized in order to give the same

conditions as in experiment.

According to the MCNP output data for pre-

dicting the photons’ average energy, by dividing the

weighted energy created (6.0415×10−01 MeV) by the

total weight of photons produced (6.6673×10−01), one

can conclude that the X-ray average energy in the

vault is near 0.9 MeV.

Figure 2 shows the MCNP results assuming that

the particle losses in the magnets are distributed

equally. In this figure the total photon flux emit-

ted from each magnet over 5 different distances is

presented. In those magnets with a lower number,

the electrons with lower energy interact and produce

photons. However, increasing the beam energy will

increase the number of Bremsstrahlung interactions.

Consequently, as illustrated by this figure, increas-

ing the number of magnets will increase the repre-

sented photon flux. In addition, the values repre-

senting Mag. 1 and Mag. 8 are higher than the ex-

pected values, which refer to the effects caused by the

10 MeV out-going slit at the start of the beam tube

(Point “A” in Fig. 1). Since most of the photons are

emitted upwards or backwards along the beam direc-

tion, decreasing the distance to Magnet No. 1 and

No. 8 will decrease the photon contribution emitted

from point “A”. Therefore, the line represented by

L=10 cm is smoother than the other lines.

Figure 3 shows both the simulation and experi-

mental values of the dose rate at a distance of 25 cm

as the reference point from the magnets. The sim-

ulation presented in this figure is performed for the

equal distribution of beam loss in all the magnets

(called the ideal source), which is equivalent to the

line L=25 cm in Fig. 2. Opposite to the ideal source,

there is unequal distribution of beam loss in the
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Fig. 2. MCNP results for photon flux with re-

spect to each magnet (X-ray sources) for dif-

ferent distances.

magnets represented by circle symbols showing the

experimental values with a total accuracy of 30% dis-

cussed in Sec. 2. As illustrated in this figure and due

to the reasons mentioned above, reducing the beam

loss in Magnets 7 and 9 will cause the measured val-

ues to drop to smaller ones than expected. Leaning on

pure experimental data cannot give the particle loss

value in the magnets except by referring to the calcu-

lation results also. The output data, as we mentioned,

declare that the average energy belongs to 1 MeV

photons. Therefore, from this figure the measured

dose rates are 2.25×104 mSv/h and 2.2×104 mSv/h.

Using the flux-to-dose rate conversion factors [5] for

1MeV photons, we estimate that the emitted photon

flux from Magnets 7 and 9 as 1.25×109 and 1.1×109

photon/cm2/s, respectively, with 30% of accuracy. To

confirm this, we have to modify the sources in MCNP

to achieve the experimental values and then calculate

the related flux as discussed in Fig. 4.

Fig. 3. Experimental measurement (real condi-

tion) and calculation results (ideal condition)

of dose rate at a distance of 25 cm from the

magnets.

Figure 4 shows the dose rate after modifying the

probability distribution of the source in the input file.

The square and circle symbols represent the MCNP

and experimental data, respectively. Such a modifi-

cation of the source card will lead to obtaining results

comparable to the experimental data.

The corresponding flux to Magnets 7 and 9

according to MCNP in this figure is 1.3×109

photon/cm2/s and 8.7×108 photon/cm2/s, respec-

tively, which are close to what is extracted from Fig.

3. In other words, the experimental and modified

output data show an agreement of results.

Referring to the total particle loss (229 µA) on the

one hand and obtaining the agreeable dose rate when

the beam only hits the slits on the other, reconfirms

our assumption that there is no considerable loss in-

side the cavity.

Figure 5 presents the energy distribution of the

photons emitted from Magnets No. 1 and No. 9 with

Fig. 4. Experimental measurement (real condi-

tion) and calculation results of dose rate after

the source modifications at a distance of 25

cm from the magnets.

Fig. 5. Energy distribution of photons emitted

from the magnets 1 and 9.
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a peak at 1 MeV that certifies the value obtained pre-

viously. In this figure, although Magnet No. 1, emits

photons with a maximum energy of 1 MeV, due to

the other sources’ affects, one can observe the energy

range from a few keV to almost 6 MeV and so is the

case with the other magnets. The spectra correspond-

ing to the other magnets will lie between these two

lines with the same maximum energy of 1 MeV.

4 Conclusion and discussion

We have calculated the flux and dose rate distri-

bution of an X-ray in a vault caused by particle loss

in the cavity (the magnet slits). We understand that

there are no other considerable sources contributing

to the dose rate in the accelerator, ignoring the pho-

tons emitted from the beam line 270◦ deflecting mag-

net. Here, we have to emphasize that the nature

of this problem is statistical, which means that we

cannot ensure that there is no particle loss in the

other components of the accelerator body, but the

results confirm that the main part of the radiation

in safety aspects is what we have calculated and the

particle loss in other parts of the cavity can be ne-

glected. Therefore, the particles which may hit the

inner cylinder of the cavity will have no contribution

to the X-ray emission because the cavity will shield

such a small number of photons.

In this paper, the calculations were performed

by supposing that all 9 deflecting magnets are well

tuned and that the beam loss is distributed between

them equally (ideal condition). To achieve a simu-

lation comparable to the experiment, we performed

our calculation including the modified fractions of

particle loss in each slit (real condition). Now, after

obtaining the prediction method using MCNP code,

we can attempt to calculate the shielding design and

other safety purposes for the “Rhodotron” accelera-

tor, which is under development.
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