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With hope and concern, the first Korean proton therapy facility was introduced to the National 
Cancer Center (NCC) in 2007. It added a new chapter to the history of Korean radiation therapy. 
There have been challenging clinical trials using proton beam therapy, which has seen many 
impressive results in cancer treatment. Compared to the rapidly increasing number of proton 
therapy facilities in the world, only one more proton therapy center has been added since 2007 in 
Korea. The Samsung Medical Center installed a proton therapy facility in 2015. Most radiation 
oncology practitioners would agree that the physical properties of the proton beam provide a clear 
advantage in radiation treatment. But the expensive cost of proton therapy facilities is still one of 
the main reasons that hospitals are reluctant to introduce them in Korea. I herein introduce the 
history of proton therapy and the cutting edge technology used in proton therapy. In addition, I will 
cover the role of a medical physicist in proton therapy and the future prospects of proton therapy, 
based on personal experience in participating in proton therapy programs from the beginning at the 
NCC.
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Introduction

Proton therapy (PT) was introduced at the National 

Cancer Center (NCC) in 2007. Compared to other new 

modalities in radiation therapy, the number of PT sites has 

not increased in the last 13 years in Korea, except for at the 

Samsung Medical Center (SMC). SMC opened the second 

PT center in 2015. Due to the expensive price of PT facili-

ties, even major Korean hospitals are reluctant to install 

them. Particle therapy has the most benefit compared with 

other beam modalities in radiation therapy; it can deliver 

the maximum dose to the tumor target and minimize expo-

sure dose to organs at risk (OARs). It comes from the Bragg-

peak characteristics of accelerated ion particles [1]. There 

are two kinds of particles, proton and carbon ions, conven-

tionally used in clinics. The Bragg-peak of the proton beam 

can be described using the Bethe-Bloch formula in Eq. (1), 

which calculates kinetic energy transfer of charged particles 

by electromagnetic interactions in matter.
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Where 2πNare
2mec2=0.1535 MeVcm2/g, re: classical elec-

tron radius=2.817×10–13 cm, me: electron mass, Na: Avoga-

dro’s number=6.022×1023/mol, I: mean excitation potential, 

Z: atomic number of absorbing material, A: atomic weight 

of absorbing material, ρ: density of absorbing material, z: 

charge of incident particle in units of e, β=v/c of incident 

particle, γ=1/ β-  , δ: density correction, C: shell correc-

tion, Wmax: maximum energy transfer in a single collision.

Actually, the linear energy transfer (LET) of ion particles 

is proportional to the square of the number of the charge, 

LET ~z2. Protons are the lightest atom of Z=1 and are one of 

major elements in the formation of the human body. Also, 
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they do not make any fragments and give no exit dose over 

the beam range. Heavy ion particles of more than 10 atomic 

number give too high LET on the normal organs in the hu-

man body. So, only helium, carbon, nitrogen and oxygen 

are adaptable to clinics. At present, over 80% of particle 

therapy facilities use proton beams for patient treatment. 

An LET of around 100 keV/μm can give a maximum relative 

biological effectiveness (RBE). The LET of a proton beam [2] 

is small; ~20 keV/μm in the human body. It gives around 1.1 

RBE and is recommended for clinic use [3,4]. 

The purpose of this review paper is to introduce the his-

tory of PT and the cutting edge technology in PT. In addi-

tion, I will describe the role of a medical physicist in PT and 

the future prospects of PT, based on personal experience in 

participating in PT programs from the beginning in NCC.

History of PT

1. Proton, accelerator, and proton treatment

Ernest Rutherford found a light particle in an alpha par-

ticle and nitrogen gas collision experiment in the early 

1900s. He named it “proton,” coming from “protos,” mean-

ing “first.” In 1929, Ernest Orlando Lawrence invented a 

cyclotron to accelerate protons and developed it further 

during the 1930s to accelerate protons for a high kinetic 

energy [5]. The idea to use proton beams for cancer treat-

ment was proposed by Dr. Robert Rathburn Wilson in 1946. 

The preclinical research to understand the biological ef-

fects of the proton beam was done by Cornelius Anthony 

Tobias and John Hundale Lawrence, M.D., younger brother 

of Ernest O. Lawrence, using a 184-inch synchrocyclotron 

at the Lawrence Berkeley Laboratory in the 1940s to 1950s. 

The first PT patient in the world was a metastatic breast 

cancer case who received beam irradiation in the pituitary 

gland region. John H. Lawrence treated the patient at the 

University of California, Berkeley, in 1954. In 1957, Uppsala 

University in Sweden started providing PT. In 1961, the 

Massachusetts General Hospital in the United States started 

PT using a cyclotron from Harvard. Before the 1990s, more 

than 10 facilities had treated patients using proton beams at 

the laboratory level [6].

The first hospital-based PT facility was installed in Loma 

Linda University Hospital in 1990. Actually, it was the first 

facility designed for commercial purposes, and then the 

number of PT facilities in the world increased rapidly. From 

1954 to 2018, over 190,000 patients got PT at 78 facilities 

worldwide (Fig. 1) [7]. 

2. History of PT in Korea

The first PT facility project in Korea was suggested by the 

government in the early 2000s. The NCC carried it forward 

with a government budget in 2001 through a contract with 

Ion Beam Application (IBA). The facility consists of a cyclo-

tron that can accelerate proton beams to 230 MeV, 2 gantry 

treatment rooms, and 1 fixed beam treatment room. IBA 

started the installation of the PT system at the beginning of 

2005 and finished at the end of 2006. The passive beam ir-

radiation modes were installed for patient treatment with a 

Fig. 1. Proton therapy facilities in operation worldwide [7].
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2-dimensional (2D) based patient positioning system and a 

6 degree of freedom couch system at the initial installation 

stage. The wobbling beam mode and pencil beam scanning 

(PBS) mode were upgraded in 2010 and 2015, respectively 

(Fig. 2). The first PT patient was a prostate cancer case who 

got treatment in March 2007 [8]. By the end of 2018, a total 

of 2,914 patients had received proton treatment at the NCC 

Korea (Fig. 3).

The SMC in Seoul opened the second PT facility in Korea 

in 2015. They introduced a PT system manufactured by 

Sumitomo Heavy Industry (Tokyo, Japan). The accelerator 

is a cyclotron with 230 MeV proton beam energy. It has 2 

gantry treatment rooms with PBS dedicated nozzles and 

multipurpose nozzles. SMC PT started patient treatment 

at the end of 2015 and treated 1,250 patients by the end of 

2018 (Fig. 4).

The Cutting Edge PT System

PT facilities are complex, with an accelerator, a beam 

translation system, a gantry system, a beam irradiation 

nozzle, a patient positioning system, and an imaging sys-

tem. Unlike the medical linear accelerator system for X-ray 

and electron treatment, it requires an independent building 

designed for neutron radiation shielding and a huge space 

to install beam generation, delivery, irradiation devices 

and power, and a cooling plant. Here, the principal parts 

of proton therapy system are introduced including recent 

technical development. Also, the new technologies in PT 

are introduced.

1. The principal parts of the PT system

1) Accelerator

For clinical use, there are two types of accelerators, the 

cyclotron and synchrotron, for proton beam acceleration. 

They accelerate proton beam up to 230–250 MeV kinetic en-

ergy to reach the tumor depth in patient body. Fig. 5 shows 
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Fig. 3. Statistics of proton patients at the National Cancer Center.

Fig. 2. The layout of the proton therapy 
facility at the National Cancer Center.
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the relation between proton kinetic energy and penetration 

depth in water.

The basic concept of an accelerator is that it accelerates 

a charged particle with electromagnetic force. A cyclotron 

has a cylindrical shape and consists of radio frequency 

(RF) cavities, two hollow semicircular RF electrodes (dees), 

fixed magnetic field poles, and an ion source at the center. 

It generates a fixed beam energy, and one of its advantages 

is an easily adjustable beam current. There are two kinds 

of cyclotron: the isochronous cyclotron and the synchro-

230 MeV cyclotron

Two gantry treatment
rooms

Multi-purpose nozzle

Scanning dedicated
nozzle

Fig. 4. The layout of the Samsung 
Medical Center proton facility in Seoul.
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Fig. 5. The correlation between proton beam range in water and 
kinetic energy.

Fig. 7. Synchrotron for proton therapy at the Tsukuba University 
Hospital in Japan.

Fig. 6. Ion Beam Application (IBA, 
Louvain-la-Neuve, Belgium) Cyclotron 
for proton therapy at the National 
Cancer Center, Korea.
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cyclotron. The isochronous cyclotron is the original type of 

cyclotron and has a fixed RF. Generally, it is 3.5 to 5 m in di-

ameter, which is larger than the synchrocyclotron for PT. The 

synchrocyclotron has a compact size, less than 2 m diameter, 

and uses a super conduction magnet technique (Fig. 6). 

A synchrotron is a closed loop type accelerator and was 

invented by Vladimir Veksler in 1944 [6]. The first synchro-

tron was installed by Edwin McMillan in 1945. It consists 

of bending magnets and acceleration RF parts. The beam 

energy can be changed easily with an adjustable magnetic 

field and RF on the synchrotron loop (Fig. 7). The synchro-

tron accelerator can adjust beam energy and reduce beam 

Table 1. Comparison between the synchrocyclotron and the synchrotron

Item (Synchro-)Cyclotron Synchrotron

Time structure Continuous (SC: pulsed) Beam spills

Fast energy change Possible-energy degrader Difficult-next beam spill

Radiation shielding Hot point at energy degrader General

Beam intensity High (SC: low) Limited (per spill)

Beam intensity stability (%) 3–5 15–20

Radius of accelerator (m) 3.5–5.0 (SC: <2.0) 6–8 

Scattering/spot scanning O.K. O.K.

Fast continuous scanning O.K. (SC: no) Difficult

SC, Syncho-Cyclotron.
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Fig. 8. The proton beam nozzle for (a) 
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loss in the acceleration process. However, it has more com-

plicated components and a pulsed beam structure com-

pared with the cyclotron. Table 1 shows the specification 

comparison of both types of accelerators.

There have been several trials to develop a new accelera-

tor type with a more compact and simple design, like the 

fixed-field alternating gradient accelerator (FFAG), the laser 

plasma accelerator, the dielectric wall accelerator, and so 

forth. They are still under research and development, but it 

is still unclear whether they are a practical PT solution. To 

cover the whole body region, the accelerator should accel-

erate proton beam kinetic energy up to 230 to 250 MeV to 

reach more than 32 g/cm2 depth in the patient’s body. Also, 

it should provide a stable and adequate beam current to 

make the treatment beam comparable with conventional X-

ray treatment.

2) Beam nozzle system

The role of beam nozzle system is to make a field shape 

and dose painting for patient treatment. It is located at the 

end of beam line. The traditional nozzle technique is a 

passive beam mode using a scatter and beam modulation 

component (Fig. 8). It requires a dedicated patient aperture 

and a range compensator. The uniform dose of total target 

volume is painted in a very short time and very stably. The 

width of the distal falloff is increased by the interactions 

with the components on the beam pathway in the nozzle. It 

can give a scattered secondary dose level [9] similar to X-ray 

intensity modulated radiation therapy (IMRT) in a patient. 

Particle/PBS can give a more conformal dose distribution to 

the target and less secondary beam distribution than pas-

sive scattering. However, it is more difficult to distribute a 

uniform dose, and to perform sequential dose delivery, on 

the target with the PBS technique.

Currently, most PT vendors provide the scattering and 

wobbling modes optionally and PBS as default (Table 2). 

The PBS nozzle has a simple structure and can deliver more 

a precise beam but a worse dose uniformity compared to 

the passive beam nozzle. 

3) Gantry

The particle therapy system needs a larger gantry struc-

ture compared to the X-ray linear accelerator system be-

cause it requires support for strong magnet components 

to bend heavy particles. Most of the PT gantry system is 

designed for 360 degree rotation. Nevertheless, some one-

room solutions provide limited rotational angles, such as 

the Mevion with 190 degrees and the IBA Proteus with 220 

degrees (Fig. 9).

The recent trend is to make a compact gantry for a small 

footprint in the hospital, and vendors are trying to use a 

new magnet design with transverse alignment to the gantry 

rotational axis or a limited rotation angle design. 

4) Patient positioning system

To achieve an exact and precise beam targeting, it is es-

sential to have 6 degrees of freedom (DOF) for the patient 

couch system. There are two types of couch systems avail-

able in the proton treatment room. The conventional type 

has a sliding design, to the x, y, and z axis, and a rotational 

design to rotate, pitch, and roll. It generally provides stable 

movement and a rapid setup time compared to the robotic 

Table 2. Specifications of the IBA universal nozzle, used at the NCC in Korea

Item
Double  

scattering
Wobbling  
scanning

PBS  
(multipurpose nozzle)

Dedicate PBS  
(one room PT)

Beam range 4.5–28.4 3.4–32 7.5–32 4.1–32

Max. field size 24.3 40×30 40×30 40×30 (20×24)

Dose rate Ave. 3 Ave. 1.2 Ave. 1.0/liter >6.0/liter

Lateral PB/distal FO 0.5/0.23 0.3/0.13 - -

Spot size - - 0.5-high/1.1-Low 0.35-high/0.77-low

Effective SAD 2.2 2.1 2.1 2.1

Accessories Aperture, range 
compensator

Aperture, range 
compensator

Range shifter,  
ridge filter

Range shifter,  
ridge filter, MLC

IBA, Ion Beam Application; NCC, National Cancer Center; PT, proton therapy; PB, penumbra; FO, fall-off; SAD, source to axis distance; 
MLC, multi-leaf collimator; -, not available.
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couch system. The robotic couch consists of joint parts to 

provide 6DOF motion. It provides a more compact footprint 

and a wider patient setup region than a conventional couch 

system.

5) Image-guided patient alignment system

Generally, a 2D X-ray imaging flat panel system [10], 

fan-beam computed tomography (CT), or cone beam CT 

(CBCT) are used for patient alignment in the treatment 

room in a modern radiation therapy solution. Most of the 

PT solution provides 2D imaging systems as default and CT 

optionally.

2. Cutting edge techniques in PT

1) Arc therapy

The advanced beam delivery technique in radiation 

therapy is volumetric modulated arc therapy (VMAT). It can 

deliver beam treatment more precisely and more quickly to 

patients. Recently, the VMAT technique was introduced in 

PT by IBA. They developed a new control device to irradiate 

a fast PBS during gantry rotation (Fig. 10) [11,12].

2) Flash therapy

Flash therapy, which delivers an ultra-high dose rate of 

more than 40 Gy/s and has a very short exposure time of 

Fig. 9. The Mevion gantry (left) and the Ion Beam Application (IBA) Proteus plus gantry (right).

Fig. 10. Proton arc therapy demonstration on an Ion Beam Application (IBA) Proteus One, with dynamic gantry control, fast and accurate 
beam, an optimal treatment planning system (TPS) algorithm, and 3D dosimetry (courtesy of IBA).
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less than 0.5 seconds, allows decreasing normal tissue com-

plication probability (NTCP) and increasing tumor control 

probability (TCP) compared to the conventional dose rate, 

at least in animal models. The mechanism of flash therapy 

effects is still not clear. One possibility is the suppres-

sion of cytokine activation, which releases transforming 

growth factor-beta in normal lung tissue. Another possible 

mechanism is the radiation reacting with almost all of the 

available oxygen and liberating huge electrons, producing 

many more ionizations than conventional dose rates. It can 

maximize the differences of the reduction-oxidation reac-

tion and free radical chemistry events between normal tis-

sues and cancer tumors [13]. Several PT system vendors are 

developing a flash therapy option for PT at present [14-16].

3) In vivo beam monitoring and dosimetry

One of the big issues in PT is beam range uncertainty, 

because it is used in clinics [17]. There is ongoing research 

to measure proton treatment beam range and dose distri-

butions in patients. One study measured the radioactive 

isotopes produced by particle treatment beam with a posi-

tron emission tomography (PET) detector [18,19]. However, 

there were several limitations, such as poor imaging qual-

ity, physiological washout, and organ motion issues. Other 

research measured prompt gamma induced by a particle 

treatment beam during patient treatment. From the scan-

ning of prompt gamma distribution, the beam range can 

be verified (Fig. 11) [20]. Another study looked at magnetic 

resonance (MR) images for certain organs, which changed 

physiologically after particle beam exposure [21]. The pre-

liminary studies showed that MR images of spine and liver 

tissues changed after proton irradiation.

The Role of the Medical Physicist in PT

Basically, the medical physicist’s role in PT is similar to 

that for conventional radiation. The physicist must run the 

machine acceptance test, take beam data, commission the 

treatment planning system (TPS), perform regular machine 

quality assurance (QA) [22] and patient treatment planning 

& delivery QA, and manage radiation safety. Here, these 

roles are reviewed.

1. Acceptance test procedure (ATP)

There are more than 10 PT solution providers, and each 

solution has been developed with its own design. So, there 

is a lack of user reference and guidelines for ATP. It is rec-

ommended that physicists use vendor guidelines for beam 

calibration and machine alignment in advance of the ATP. 

Actually, there are two groups of control values. One is ma-

chine parameter tolerance level values that were specified 

on the purchase contract. The other is machine parameter 

limitation values related to machine performance. Gener-

ally, the vendor engineers finish the calibration and align-

ment work within contractual conditions. The physicist can 
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cooperate with them to tune the machine more precisely 

over the contractual values, which can reduce the ATP time.

2. Commission of TPS

Commercially available TPS models for PT are limited. 

Varian has their own PT solution and TPS. The other PT 

vendors need to collaborate with TPS providers for the de-

velopment of a dedicated TPS solution. Sometimes, PT cus-

tomers should be involved in the development of TPS for 

their preferred TPS solution; however, this requires more 

time and cost.

For the commissioning of TPS, the physicist has two main 

work items: CT Hounsfield unit (HU) calibration to proton 

beam stopping power ratio and beam modeling [23]. The 

proton beam stopping power ratio values of human organs 

are not linear to CT HU values. So, finding the best fitting 

curve of CT HU versus proton stopping power for the PT 

system is important. It is related to beam range uncertainty 

in proton planning. The proton beam data measurement 

for beam modeling [24] requires different dosimetry tools 

for the X-ray and the electron beam. The current main 

beam delivery technique is PBS in PT. The essential beam 

parameters are the beam profile and irradiation depth 

dose distributions of the pencil beam. To measure them, 

the scintillator and CCD combination system [25,26] and 

the multilayer ionization chamber types are used. As an 

indirect beam measurement, the Monte Carlo simulation 

modeling and calculation method is useful for TPS model 

commissioning [27-29].

3. PT machine QA 

The American Association of Medical Physics (AAPM) 

task group 224 published a report titled “Comprehensive 

Proton Therapy Machine Quality Assurance” in August 

2019 [22]. It describes the various beam delivery techniques 

in PT and is recommended as a good reference in PT QA. 

It categorizes 4 parts: dosimetry QA, mechanical (gantry, 

couch, snout, MLC, and alignment between beam and X-

ray) QA, motion and radiation safety [30], and imaging QA. 

The medical physicist in a PT facility should determine 

their optimized machine QA period and check items, after 

considering machine specifications and clinical protocol. 

4. Treatment planning and DQA

The range uncertainty of the treatment proton beam is 

the most sensitive and critical parameter on proton treat-

ment planning. Especially, the patient who has any im-

planted metallic material on the beam pathway should be 

considered carefully because this changes the beam range 

and perturbs dose distribution on treatment planning 

[31,32]. TPS has a limitation; it must calculate dose distribu-

tion accurately in the inhomogeneous tissue region with 

analytical beam modeling, and the Monte Carlo simulation 

method has recently been adapted to improve the dose 

calculation accuracy. The variable RBE [33] consideration 

is also a recent emerging issue in plan optimization. Cur-

rently, the recommendation for proton RBE values is 1.1 in 

clinic. However, it increases more than 1.1 in the distal fall-

off and could damage the OARs near the tumor. As a future 

feature of TPS, the proton RBE models based on LET and 

the α/β parameter of the linear quadratic model should 

be introduced for plan optimization. The physicist should 

carefully quantify the effects of patient setup variation, in-

tra- and inter-fraction motion, and range uncertainty based 

on the specifications of beam delivery, patient imaging, 

and the alignment system in their PT facility. Especially, the 

range uncertainty of the treatment beam depends on the 

pathway and tissue type in the pathway. So, the field spe-

cific margin of target and beam angle dedicated planning 

target volume (PTV) are needed when planning. Generally, 

the uncertainty of HU versus relative stopping power (RSP) 

is 2.5% to 2.7% of range and setup error is 1.0–3.0 mm in PT. 

For the evaluation of target coverage and dose to the OARs 

in treatment, worst case scenarios need to be simulated and 

calculated with the internal margins and safety margins be-

fore the decision on a treatment plan. This is called “robust-

ness evaluation.” To achieve a good robust treatment plan, 

close communication is necessary between the physicist 

and physician for potential target coverage limitations and 

possible OAR overdose. There are two proton beam deliv-

ery techniques: the passive beam mode using aperture and 

range compensator [34] and the PBS mode. The DQA of 

passive beam mode checks output factor, beam range, and 
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width of SOBP [35]. The DQA of the PBS plan is similar to 

the X-ray IMRT DQA and evaluates the 2D dose distribution 

at several depths on the target volume.

Future of PT

1. Extending indications for PT 

The total number of PT patients at NCC in Korea was 

about 3,300 at the end of 2019, and the daily number of 

patients is about 40. Fig. 12 shows the PT indications at the 

NCC in Korea. The major indication was prostate cancer 

cases before 2015 because PT was not reimbursed by Na-

tional Health Insurance expect for pediatric cancer. Since 

the National Health Insurance started reimbursing for al-

most all cancers except for breast and prostate, liver, lung, 

and brain cancer patients have increased at the NCC in 

Korea. The ratio of proton treatment patients to total new 

patients in the department of radiation oncology doubled 

from 7%–8% to 15%–16%.

2. Compact size and cost effective system

The most compact PT is the Mevion system among the 

currently running PT systems. Its footprint is less than 180 

m2. Vendors are trying to develop PT solutions of more 

compact size with more user friendly operational systems. 

This will reduce the maintenance cost of PT systems and 

building construction costs. Another way to create a cost 

effective system is to increase patient throughput. Dynamic 

volumetric proton arc therapy can provide high patient 

throughput by reducing beam delivery time and patient 

setup time. 

3. More conformal PT

Proton beam range uncertainty mainly comes from con-

verting the CT-HU value to proton stopping power ration. 

At present, proton planners apply about 3.5% beam range 

margin. There are several efforts, like proton CT, multi-

energy X-ray CT, and Monte Carlo simulation method to 

reduce it.

4. Is flash therapy the future of PT?

Developing a technique for flash therapy is a hot topic for 

the big vendors of PT. There are many challenging issues 

before this can be a practical technique for clinical use, as 

I mentioned in the previous section. If it is successful, it 

will be a revolutionary technique to open a new era in PT. 

Because it will reduce total patient treatment time dramati-

cally, with one day and less than 1 second beam irradiation 

time keeping clinical benefit. It can also enlarge the clinical 

indication, like a moving target. Still, there are unknown 

mechanisms and many technical barriers to overcome. 

Conclusions

PT is the main modality in radiation therapy, and it plays 

a large part in cancer treatment. Thirty years in a hospital-

based PT facility has shown impressive clinical benefits 

and outcomes. Because of the development of compact 

facilities and user friendly operation, the number of proton 

facilities are rapidly increasing. Furthermore, there are po-
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tential techniques that can support new benefits in clinic. If 

the price of a PT solution is comparable to X-ray treatment 

solutions, I think the number of PT sites will increase more 

quickly, and it will be the solution of choice for many IMRT 

indication patients in radiation therapy. From a medical 

physicist aspect, PT is challenging because beam dosimetry 

and treatment planning are very different compared to the 

familiar X-ray therapeutic beam. Also, there are still many 

topics that could be developed for the matured solution. 
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