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Abstract The proton beam energy determines the range of

particles and thus where the dose is deposited. According

to the depth of tumors, an energy degrader is needed to

modulate the proton beam energy in proton therapy facil-

ities based on cyclotrons, because the energy of beam

extracted from the cyclotron is fixed. The energy loss was

simulated for the graphite degrader used in the beamline at

the superconducting cyclotron of 200 MeV in Hefei

(SC200). After adjusting the mean excitation energy of the

graphite used in the degrader to 76 eV, we observed an

accurate match between the simulations and measurements.

We also simulated the energy spread of the degraded beam

and the transmission of the degrader using theoretical

formulae. The results agree well with the Monte Carlo

simulation.
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1 Introduction

Since 1946, when R. Wilson revealed the advantageous

dose distributions of protons, it has been shown that

energetic protons can be useful for cancer therapy appli-

cations. Proton depth dose distributions are characterized

by a relatively low dose at shallow depths, a peak near the

end of the proton range, and then a rapid falloff. The peak

is called the Bragg peak, as it was discovered by William

Henry Bragg in 1903 [1]. Proton therapy facilities can

deliver a high dose of ionizing radiation to a deep-seated

tumor while not exceeding the tolerance dose of the

intervening normal tissue and delivering nearly no dose to

normal tissues beyond the tumor [2, 3].

The SC200 proton therapy facility (superconducting

cyclotron of 200 MeV in Hefei, China) consists of a

200 MeV superconducting cyclotron, whose maximum

beam intensity is approximately 400 nA, and a beamline

that guides the beam to two treatment rooms, gantry

treatment room and fixed beam treatment room [4, 5]. The

beam energy is modulated using a degrader, which is

inserted into the beam trajectory. The degrader can reduce

the beam energy from 200 MeV to a value specified by the

treatment planning, which varies at SC200 in the range of

70–190 MeV. The beam intensity of the degraded proton

beam at the entrances of the treatment rooms depends

strongly on the beam degrading process. The minimum

transmission is obtained at 70 MeV, owing to the increase

in the beam emittance caused by the multiple scattering

that occurs when the proton beam is degraded. The

increase in the energy spread, which must be limited in

order to reduce the distal falloff of the Bragg peak, affects

the transmission.
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Some proton therapy facilities with a high primary beam

energy degrade the beam energy in two steps for higher

transmission. First, the beam energy is degraded to

approximately 150 MeV in the beamline. Then, another

degrader in the treatment room degrades the energy to the

required energy. However, this is disadvantageous for

treatments that require a sharp distal falloff of the Bragg

peak. On the other hand, this method is very attractive for

pencil beam scanning facilities. The larger distal falloff can

reduce the number of scanning layers and the treatment

time [6]. In SC200, the beam must be controlled over the

full available range. Thus, there is only one degrader in

SC200, and detailed information about the degrading pro-

cess is required.

We do not aim for a universal theory that can solve all

problems regarding protons passing through materials but

rather for a set of equations allowing a degrader to be

designed for a proton therapy facility. Moreover, we want

to predict the transmission and properties of the beam,

similar to the result of Monte Carlo program.

In this study, we investigated the energy loss and beam

loss of the degrader using a theoretical calculation method.

All of the programs were developed and executed in

MATLAB. Then, we used several Monte Carlo codes to

simulate the process of protons passing through the

degrader. Herein, we present the experimental results to

verify the rationality of the physical model.

2 Experimental section

2.1 Degrader description

The energy selection system (ESS) is an important

subsystem of proton therapy facilities based on cyclotrons.

This subsystem is necessary in proton therapy, as the beam

energy extracted from the cyclotron is fixed and the

required energy of treatment plans varies according to the

depth of tumors. The ESS can adjust the energy and other

properties of the extracted beam in accordance with the

requirement of the treatment plan [7]. A typical ESS often

includes a degrader, collimators, slits, quadrupole magnets,

bending magnets, correction magnets, vacuum equipment,

and beam diagnostic equipment [8–10].

The beam extracted from the SC200 cyclotron is

focused at the degrader, by passing it through four quad-

rupole magnets. A double waist, in the horizontal and

vertical directions, is formed in the degrader by a special

design of beam optics, for minimizing the emittance after

the degrader and enhancing the transmission of the ESS.

Before the degrader, there is a ‘‘control point’’ to monitor

the parameters of the extracted beam, including a current

monitor placed permanently in the beam trajectory, a

profile monitor, and a beam stopper, which is inserted into

the beam when necessary. After the ‘‘control point,’’ col-

limator 1 is mainly used for reducing the influence of stray

particles. The layout of ESS in SC200 was shown in Fig. 1.

Fig. 1 (Color online) Schematic of the degrader and part of the ESS in SC200
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The degrader consists of two parts, which are placed at

the left and right sides of the beam. Each part has several

full and half wedges, and the mid-plane of the degrader is

the same as beam. This design of wedges can significantly

reduce the time of degrader movement, ensuring a change

time of\ 2 s/layer. The wedges are made of high-density

graphite (q = 1.84 ± 0.005 g/cm3) and fixed on an alu-

minum base platform. On the base platform, we designed a

water-cooled brass connection to remove heat from the

wedges, which is caused by energy loss. Two servomotors

are used to drive the wedges, which adjust the overlap of

the degrader. These servomotors have very high control

precision, along with a grating scale to verify their correct

setting. To obtain a uniform thickness of the degrader, the

entrance and exit of the degrader are parallel to each other

and perpendicular to the axis of beam.

After the degrader, the beam passes through three col-

limators in sequence. The first and the third collimators are

made of brass, have different cone apertures, and define the

acceptable emittance for the downstream beamline.

According to the requirement of the gantry and design of

the downstream beamline, all of these apertures are circular

for obtaining a round beam at the ‘‘control point’’ before

the gantry. The first collimator defines the cross-sectional

size of the degraded beam. The second collimator, which is

very close to the first one, is made of graphite for absorbing

stray particles. The third collimator defines the maximum

scattering angle. This system of collimators controls the

emittance in the range of\ 16p mm mrad, owing to the

acceptance of the gantry.

Next are six quadruple magnets and two bending mag-

nets, forming an achromatic system. The beam waist in the

horizontal direction is designed at the center of the two

bending magnets. At this location, the function between the

envelope curve and the momentum spread is maximized

(28 mm/%DP), and the momentum slit is placed here. The

momentum spread of the transported beam can be selected

by a slit with two servomotors in the horizontal directions.

The maximum momentum spread is ± 1.2%. A momen-

tum spread of ± 0.6% is used for the gantry, to obtain a

spot whose full width at half maximum is 4–10 mm at the

isocenter.

2.2 Ionization energy loss calculation

To ensure that all of the beam is degraded, the width of

the degrader overlap should be greater than the diameter of

the beam. This method can avoid the uncertainty of the

degraded distribution, owing to the statistical fluctuation

that arises when a proton passes through a slice. On the

other hand, this affects the available range of the beam

energy. The kinematic maximum possible electron recoil

kinetic energy is given as

Tmax ¼
2mec

2b2c2

1þ me=Mð Þ2þ2 me=Mð Þ � c
; ð1Þ

where me is the mass of the electron, c is the speed of light,

b is the ratio of the proton speed to light speed, c ¼
ðE þ E0Þ=E0; E0 is the particle’s rest energy, E is the

kinetic energy, and M is the mass of the projectile.

According to the definition of a ‘‘thick’’ medium, the

average ionization energy loss in thickness dx should be

defined by

dE

dx

� �
dx[ [ Tmax: ð2Þ

The distribution of the degraded energy passed through

a ‘‘thick’’ medium should be similar to a Gaussian distri-

bution, and that for a ‘‘thin’’ medium should be similar to a

Landau distribution. For a 200-MeV beam, the threshold

between ‘‘thick’’ and ‘‘thin’’ is approximately 2.04 g/cm2.

In SC200, the minimum width of the overlap is approxi-

mately 13 mm, and the thickness of graphite is approxi-

mately 12 mm, allowing a degradation of an incident

200-MeV proton beam to the range of 70–191 MeV.

We use the Bethe–Bloch formula for the energy loss and

range calculation [11–14]. The energy loss due to only

ionization is given by

� dE

dx
¼ �KZ2

1q
Z2

A2

1

b2
1

2
ln
2mec

2b2c2

I2
Tmax � b2 � C

Z
� d
2

� �
;

ð3Þ

where K is a constant equal to 0.3071; Z1 is the charge of

the incident particle (in units of e); q is the density of the

degrader material; Z2 and A2 are the atomic number and

mass of the target atom, respectively; I is the mean exci-

tation energy; d is the density effect correction; and C is the

shell correction.

If the degrader is made of a compound material, the

energy loss should be calculated for each component with

relevant density:

� dE

dx
¼ �KZ2

1

1

b2
X
k

qk
Z2k

A2k

1

2
ln
2mec

2b2c2

I2k
Tmax � b2 � Ck

Z
� dk

2

� �
:

ð4Þ

The range of protons with the incident kinetic energy E0

in materials is defined by

RðE0Þ ¼
Z E0

0

dE

dE=dxj j: ð5Þ

The resulting range was obtained by integrating Eq. (3)

via the Runge–Kutta method. We calculated the proton
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range for several materials, including pure and compound

materials.

2.3 Energy spread calculation

The process of passing a beam through the degrader

material has obvious randomness, which incurs fluctuation

of the energy loss. This means that a monoenergetic beam

passing through degrader material will yield an energy

spread (or momentum spread). This spread and the final

energy are defined by the initial energy of the incident

beam and the thickness of the degrader material, which are

nonlinear [15–17].

In combination with the stochastic process, the energy

spread should be defined by

r2Efinal
¼ dEfinal=dx

dEinitial=dx

� �2

r2Einitial
þ dEinitial

dx

� �2Z Efinal

Einitial

N Eð Þ
M Eð Þ3

dE

" #
;

ð6Þ

N Eð Þ ¼ Kmec
2q

Z2

A2

1� b2=2
� �

c2; ð7Þ

where M(E) is the mean ionization energy loss, and N(E) is

the stochastic energy spread for thin targets, which depends

on the energy. According to the aforementioned theories

and methods, we wrote the calculation programs using

MATLAB.

2.4 Proton–nucleus collision model

When the proton beam passes through the degrader, the

number of emerging protons undergoes exponential decay

owing to the inelastic collision between the proton and

nucleus. The proton–nucleus collision is a special case of

the nucleus–nucleus collision. These parameters of the

collision system are associated with the physics process. In

general, Coulomb interaction plays a leading role at lower

energies, and Pauli blocking has more influence at higher

energies.

For two colliding ions, the total cross section rT equals

the reaction cross section rR plus the elastic cross section

re. The empirical models often approximate the Bradt–

Peters form. In addition, the effect of the Coulomb inter-

action should be considered at low energies. Tripathi [18]

proposed the following model for calculating the reaction

cross section:

rR ¼ p r20 A
1=3
1 þ A

1=3
2 þ dE

� �2

1� B

Ecm

� �
; ð8Þ

where r0 is a constant not dependent on the energy, A1 is

the mass of the incident particle, Ecm is the colliding center

of mass energy, and B is the Coulomb interaction barrier,

which depends on the energy. More importantly, the study

provided a good approximation for proton–nucleus colli-

sions. Because of the small compression effect for proton–

nucleus collisions, a coefficient D that is related to the

density of the colliding system is defined as a constant to be

a very good match at all energies.

The proportion of the proton beam in the entire decay

process is determined by

N ¼ N0e
�
P

q=k; ð9Þ

where N and N0 represent the numbers of protons in the

degraded and incident beams, respectively, and k is the

mean free path.

2.5 Experiment

Two graphite triple wedge blocks (Fig. 2a) were pro-

duced by the Institute of Solid State Physics. The average

grain size of this isostatic graphite is only 7 lm, and the

bulk density is approximately 1.84 g/cm3. These two

blocks were mounted on an aluminum frame with two

servomotors for driving them. The thickness of graphite

can reach 130 mm, which is suitable for SC200.

As the transmission depends strongly on the energy, it is

important to set the degraded beam energy with high

accuracy. We placed the graphite blocks on the treatment

bed of Gantry 2 at the Paul Scherrer Institute (PSI) and

aligned them carefully in order to make the beam entrance

perpendicular to the beam. The energy of the ‘‘initial

beam,’’ before these blocks, was divided into 116 points

from 70 to 230 MeV by adjusting the beamline and was

measured by monitors in the nozzle. The thickness of the

graphite blocks was set at 15 positions (intervals of 10 mm

from 6 mm to 126, 0, and 130 mm). We used a multi-layer

ionization chamber (MLIC, Fig. 2b) to measure the beam

energy after the graphite blocks. The measurement range of

this MLIC was approximately 277-mm water phantom,

with an error of approximately 1 mm. The beam currents

before and after the graphite blocks were measured to

obtain the transmission by using monitors.

3 Results and Discussion

3.1 Mean excitation energy of graphite

In the calculation of the energy loss in the degrader, the

most important parameter is the mean excitation energy. In

earlier literature, this parameter is often given by the

experimental formula I = I0Z. The coefficient I0 differs

among various sources. It is often assumed to be 13 eV,

and the coefficient of light atom is slightly lower—closer to

10 eV. Except for hydrogen, the mean excitation energy of
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each material should be measured experimentally. In the

web database PSTAR of the National Institute of Standards

and Technology (NIST), which calculates stopping powers,

ranges, and related quantities for protons, the material

properties of two kinds of graphite are given. One is

amorphous carbon, which has a density close to 2.00 g/cm3

and mean excitation energy of 81 eV. The other is graphite,

which has a density of approximately 1.70 g/cm3 and mean

excitation energy of 78 eV.

We set up an experiment to study the mean excitation

energy of graphite, which is chosen to make the degrader.

The results in Fig. 3 show that the functions of the energy

loss and graphite thickness under different ‘‘initial beam’’

energies agree with the linear rule. This reveals that the

graphite blocks are uniform.

In addition, we used different I values to simulate the

energy loss of the degrader, from 60 to 100 eV. Accord-

ing to the percentage difference between the degraded

energy from the measurement and simulation, we

obtained a function of the degrader length for different

mean excitation energies of graphite, as shown in Fig. 4.

The experimental results indicate that 76 eV is the most

suitable.

3.2 Ionization energy loss of degrader

We calculated the ionization energy loss of a proton

beam passed through the degrader using Eq. (3). For the

interaction between incident protons and carbon atoms,

three kinds of corrections are considered: relativistic cor-

rection, shell correction, and density effect correction. The

relativistic correction begins to take effect at approximately

100 MeV and plays an important role after several GeV

[19]. At 200 MeV, the relativistic correction is\ 1%. This

is equal to the density effect correction, which arises

around 300 MeV and increases to 5% at 1.5 GeV. How-

ever, the shell correction differs. It is more important at a

lower energy. When the incident energy is\ 4 MeV, the

shell correction is approximately 2%. It is almost not

working above 20 MeV, as shown in Fig. 5.

As shown in Fig. 6, the stopping power of different

materials for the proton beam is similar. At the zone of

bc = 3–4, the stopping power is minimized, called mini-

mum ionizing particles (MIPs). In SC200, the maximum bc
is\ 0.7. That is, the stopping power depends linearly on 1/

b2.
The energy loss in the degrader under a 200–MeV

‘‘initial beam’’ is shown in Fig. 7. We compared the results

Fig. 2 (Color online)
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of Monte Carlo simulation [20, 21] with theoretical results

and measurement data. The error is\ 1.354% between the

two simulation methods and is\ 2.263% between the

calculation and experiment. According to the results of the

error analysis, the errors between the calculation results

and the experiment data mainly result from the equivalent

thickness of the monitors in the MLIC (each monitor is

equivalent to 2.2 mm water).

3.3 Energy spread of degraded beam

We used Eq. (6) to calculate the energy spread after the

degrader. First, the initial beam with the energy spread in

the Gaussian distribution was divided into monochrome

beams with different weights. Second, every monochrome

beam was calculated for the distribution of the degraded

beam. The final result was obtained using multi-Gaussian

superimposition.

As shown in Fig. 8, the calculation and simulation

results were compared and agreed well. When the thickness

is relatively small, the formula results are slightly lower

than the Monte Carlo results, owing to the several d elec-

trons with high energy. The distribution has a long tail in

the high energy loss zone and is more similar to the Landau

distribution than to the Gaussian distribution. Figure 9

shows the standard deviation of the degraded beam with an

initial beam in the 0–1.0% energy spread. Obviously, the

minus error bars are longer than plus error bars, which is

caused by the tail at a low energy. A typical energy spread

of the degraded beam is shown in Fig. 10.
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3.4 Transmission of degrader

According to the empirical formula for the proton–nu-

cleus collision, we calculated the reaction cross section of

two materials that are typically used to make degraders:

beryllium and carbon. We compared the results with

experimental data reported by Tripathi [18]. The compar-

ison is presented in Fig. 11.

The agreement between the empirical formula and the

experiment is very good. Obviously, the cross sections are

affected by the Coulomb interaction at the lower energy

end. Pauli blocking effects become increasingly important

at a high energy.

For confirming the loss of beam current when protons

pass through degrader, we calculated the transmission of

the graphite degrader using the cross–section function and

compared the result with Monte Carlo simulation and

experimental data, as shown in Fig. 12. The transmission

error is\ 1.593% between the two simulation methods

and\ 1.719% between the calculation and experiment.

4 Conclusion

We developed a degrader simulation program to calcu-

late the energy loss and beam loss for protons passing

through a degrader, according to theoretical formulae and

empirical formulae. The results of the simulation of the

degrader in the SC200 proton therapy facility exhibit very

good agreement with experimental measurements and

Monte Carlo simulation results. Thus, the rationality of the

physical model is verified.

After the mean excitation energy of the graphite
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calculation for the degrader reproduces the measured value

within 2.263% at 70–200 MeV. This means that the stan-

dard material properties are not accurate enough for high-

accuracy simulations. All of the properties used in nuclear

stopping simulation should be measured by experiments.

According to an analysis of the main component in the

ionization energy loss analysis, we defined the scope of

each component and calculated the stopping power of

several common materials.

Finally, we constructed the physical model of the pro-

ton–nucleus collision using the approximate formulae. The

transmission of the degrader closely approximated that of

the Monte Carlo simulation, with an error of\ 1.593%.
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