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1. Principles of Accelerators 
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Discovery of X-ray

“Thirty-five years ago, on November 8, 1895, Wilhelm Conrad Roentgen made the revolutionary 
discovery of a mysterious new kind of ray which he called the ‘x-ray’.”  —by  Otto Classer, W.C. 
Roentgen and the Discovery of the Roentgen Rays, AJR (American Journal of Roentgenology) 1931, 25:437-450, also 
be adapted at ARJ 1995, 165:1033-1040.
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核科学发展简史

1895
“粒⼦加速器的发明年代”

A brief history of nuclear science



Scattering Experiments  

Ernest Rutherford 
1871-1937 

If the plum-pudding model was right, then matter 
ŝƐ�͞ƐŽĨƚ͘͟ �dŚĞƌĞ͛Ɛ�ŶŽ�͞central, hard core͙͟ 

Calculations, based on the known laws of electricity and magnetism 
showed that the heavy alpha particles should be only slightly deflected 
ďǇ�ƚŚŝƐ�͞ƉůƵŵ-ƉƵĚĚŝŶŐ͟�ĂƚŽŵ͙ 

Nobel Prize in 
Chemistry 1908: 

Nuclear half-life and 
transmutation. 

Then he goes on to 
discover the nucleus 

Alpha 
particle 
source 

Slide courtesy Prof. Steven Blusk, Syracuse University 

Au Contraire 
Contrary to expectations, Rutherford found that a significantly 
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ƚŚĞ�ƐĂŵĞ�ĚŝƌĞĐƚŝŽŶ�ŝŶ�ǁŚŝĐŚ�ƚŚĞǇ�ĐĂŵĞ͙dŚĞ�ƚŚĞŽƌĞƚŝĐĂů�ĞǆƉĞĐƚĂƚŝŽŶ 
was that fewer than 1/10,000,000,000 should do this ??? 

Gold foil 

D�

D�Huh ??? 

/Ŷ�ZƵƚŚĞƌĨŽƌĚ Ɛ͛�ǁŽƌĚƐ͙ 
͞/ƚ�ǁĂƐ�ƋƵŝƚĞ�ƚŚĞ�ŵŽƐƚ�ŝŶĐƌĞĚŝďůĞ�ĞǀĞŶƚ�ƚŚĂƚ�ĞǀĞƌ�ŚĂƉƉĞŶĞĚ�ƚŽ�ŵĞ�
in my life. It was as if you fired a 15-inch naval shell at a piece of 
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Slide courtesy Prof. Steven Blusk, Syracuse University 

The (only) interpretation 
The atom must have a solid core capable of imparting large 
electric forces onto an incoming (charged) particle. 
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D�

D�

D�

Atoms are neutral, so nucleus must be composed of protons͙ 

Slide courtesy Prof. Steven Blusk, Syracuse University 
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In Rutherford’s words... 
“It was quite the most incredible event that ever happened to me in my life. It was as if you fired a 15-inch 

naval shell at a piece of tissue paper and the shell came right back and hit you.”

Scattering Experiment and Atomic Nucleus



The birth of particle accelerators
In 1919， Ernest Rutherford used the 𝜶 from the decay of Ra hitting N. With the nuclear reaction  
14N+4He=17O+p, he discovered proton. Later, he calls for “a copious  supply” of particles more 
energetic than the natural sources. The accelerator era is born.

radium α

N2

fluorescent 
screen

microscope

226
88 Ra →222

86 Rn +4
2 He

氡（Radon）



An Era of Accelerator Inventions

Rutherford’s plea 
for particle 
accelerators,  and 
the start point of 
accelerators

1919

1932 by M. S. 
Livingston

Proton: 80keV, 1kV

1930

E.T. Lawrence: 
Cyclotron

1940

D. Kerst: 
Betatron
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1932

Cockcroft and Walton: 
Voltage Multiplying 
Accelerator

1929

Van De Graaff: 
Tandem

Van de Graaff ¬{9yD�
1924

G. Ising, and 
Rolf Wiederoe: 
Linear 
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7KRXJK�WKH�SULQFLSOHV�DW�VWDNH�ZHUH�FRQILUPHG�WR�5RJRZVNL
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DV� D� WHFKQLFDO� JHQHUDWRU�IRU�KLJK�GLUHFW�YROWDJHV������ %XW�KLJK�YROWDJH� LRQ�EHDPV� DUH�RI�
JUHDW� LQWHUHVW� LQ�SK\VLFV� DQG�� WKHUHIRUH�� WKH� GHYHORSHG�PHWKRG� VKRXOG� QRW� EH� ZLWKRXW�
Y�DOXH�O���

To Pump 
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• Engines of Discovery-A Century of Particle Accelerators, by Andrew Sessler and Edmund Wilson, World Scientific, 2006

• A Brief History of Particle Accelerators, Poster, Review of Accelerator Science and Technology, by A. Chao and W. Chou 

• Per F. Dahl, Rolf Wideroe: Progenitor of Particle Accelerators, SSCL-SR-1186, March 1992



2008

LHC: 7TeV Proton 
Synchrotron. 
Begin operation

2012: discovered 
higgs boson

• Hull A W. The Magnetron. Journal of the American Institute of Electrical Engineers, 1921, 40(9):715-723.

• A Brief History of Particle Accelerators, Poster, Review of Accelerator Science and Technology, by A. Chao and W. Chou

• George Caryotakis, The klystron: A Microwave Source of Surprising Range and Endurance, SLAC-PUB-7731, April 1998 

• “The strong-focusing synchrotron- A new high energy accelerator”, PHYSICAL REVIEW Vol 88 No.5 Dec. 1952

A.W. Hull: 
Magnetron

1921 1937

Rusell and 
Sigurd Varain 
and William 
Hansen: 
Klystron
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conceived at the Leningrad Institute where the Heils did their research.  (The
Russians consider the Heils as the inventors of the klystron.) As early as 1940,
Kovalenko, working in Leningrad, proposed a strip-beam klystron,26 which is the
ancestor of modern Russian high-current MBKs (Fig. 12).  A strip beam can support

a higher current, without compromising beam optics, if the “perveance per square”
remains modest.  At ISTOK, a vacuum tube facility near Moscow, Russian engineers
and physicists developed a large family of MBK’s for radar and communications
(Fig 13).  There are substantial advantages to the MBK, once certain associated
electron optics problems are solved.  They have lower beam voltage, wider
bandwidth and higher efficiency than single  beam  klystrons  of comparable power
and gain.  The Russians developed the necessary optics and MBKs have been in
production at ISTOK and several other factories for several decades. The wraps are
now being removed from this technology and interesting new possibilities are
opening for multiple-beam klystrons.  The lesson we are learning from the Russians
is to use more than one beam if more power is needed than a single beam can
provide, or if a lower voltage or a wider bandwidth is desired.

The Reagan Star Wars era in the 1980’s and suspicions of Russian directed
energy work rekindled the idea in the US of beaming intense microwave energy at
targets.  This time these targets were much more substantial than sheep or other
domestic animals.  It would appear that, initially at least, there were aspirations of

disabling incoming ballistic missiles, by heating up the nose cones with microwave
energy.  By applying elementary principles, this proved to be a rather tall order; just
as killing sheep was 50 years earlier in Britain.  However, a related idea showed
promise.  The radar and communication receivers of the 1980’s were not as hardy as
those of the war years, which relied on vacuum tubes in their preamplifiers.  Today's
“front ends” employ delicate transistors, which can be burned out if they are exposed
to microwave radiation of sufficient energy.  Thus, was found a new direction for
directed energy. The Star Wars effort engendered a community of plasma physicists
who were recruited to create huge neutral beam and laser weapons for missile
defense.  With the Cold War won and Star Wars in severe recession, some were
attracted to microwave directed energy.  They brought with them the technology of
producing beams of thousands of amperes and accelerating them to
hundreds of kilovolts.  This amounted to many gigawatts of beam power and an
opportunity to convert it to at least a few gigawatts of microwave power, if suitable

Fig. 12  Kovalenko’s Sheet-Beam Klystron
Fig. 13   Sketch of Russian Multiple Beam Klystron
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1. Principles of Accelerators



Charged particles can be accelerated or decelerated 
by electric fields, not magnetic fields

A charged particle is moving in the electric field  E. The energy it can 
gain from or loss to the electric field after a distance of , is :
dl

dW = qE ⋅ dl = qE ⋅ dl cos θ

E
dlq

+V −V

Bdlq
A charged particle is moving in the magnetic field  B. The energy it can 
gain from or loss to the electric field after a distance of , is :
dl

dW = q(v × B) ⋅ dl = q(
dl
dt

× B) ⋅ dl = q(dl ×
dl
dt

) ⋅ B = 0

Both electric and magnetic fields are important for accelerators, because except acceleration, we 
also need to control the charged particles on the orbit by magnetic fields.



Comparing the strengths of  electric force and magnetic force 
to a particle with one electron charge

Electric force :    ,   , which has nothing to do with 
the speed of the particle.

Magnetic force:  , which is proportional to the speed of 
the particle.


For a particle moving with the speed of light (which is most of cases 
in a high energy accelerator, especially for electrons), the magnetic 
force acting on it by a 1 Tesla magnetic field perpendicular to it is:


 . 


If we use an electric field to give the particle the same force, we 
need an electric field of 300MV/m, which is almost impossible. But 
a 1 Tesla magnetic fields can be easily achieved.


This is why we normally use magnetic dipoles to deflect and 
magnetic quadruple to focus charged particles in accelerators.

F = eE F = eE

F = ev × B

F = ecB = 3 × 108eV/m = 300MeV/m N

N

S

S

x

y

Bx = Gy
By = Gx



Accelerators can be categorized by its accelerating electric 
fields , particle orbit or kinds of particles accelerated
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1.1  High Voltage Accelerators
According to its high voltage generator, the high voltage accelerators can be named: 


a) High voltage multiplier （Cockcroft-Walton），

b) Insulated core transformer，

c) Electrostatic accelerator （ Van de Graaf），

d) Tandem Van de Graaff

e) Dynamitron   

f) ⋯⋯

High Voltage

High voltage breakdown is the main limitation to get even 
higher particle energy. Their particle energy is normally  less 
than several MeV, except Tandem Van de Graaff, whose energy 
can exceed 30MeV.

+V
Z−1 Z+n

electron stripping Exp. 

Station

High pressure 

Isulation Gas (1 + n)V



John Cockcroft, Ernest Rutherford, and E.T.S. Walton.

https://history.aip.org/exhibits/lawrence/epa.htm

High voltage multiplier （Cockcroft-Walton）

Vout ≈ 2nV0 −
Ib

fC
⋅

n(n + 1)(2n + 1)
6

:  Peak AC input voltage from the transformer (V)

:   Number of multiplier stages

:   Beam current (A)


:    AC supply frequency (Hz)

:   Capacitance per stage (F)

V0
n
Ib
f
C



Vout = n ⋅ k ⋅ Vprim − Ib ⋅ Req

     Number of stages

     Magnetic coupling coefficient (≈0.9–0.95)


:  Peak primary voltage


     Beam current

:    Equivalent resistance (diodes/cables)

n :
k :
Vprim

Ib :
Req

Voltage drop is linear with , enabling stable high-current operationIb

Insulated core transformer
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the stage output voltage must not exceed the rated value. Significant voltage fluctuations
between stages can result in underutilization of the rectifier disks, leading to a decrease in
the overall output voltage.
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Figure 1. Magnetic circuit structure of the ICT (insulated core transformer). The “d” represents
the dummy primary wingding. The “p” represents the primary wingding. The “s” represents the
secondary winding, and its value varies from 1 to N.

To reduce the stage output voltage nonuniformity, several methods have been sug-
gested by researchers. Van de Graaff proposes the I-shaped magnetic core [11,12] to reduce
magnetic flux leakage. However, this approach entails complex manufacturing processes
and high costs [13]. The turns compensation method increases the turns of the secondary
windings according to the magnetic flux leakage distribution of each stage [13]. The ca-
pacitor compensation method [14,15] employs parallel capacitors across the secondary
windings, and the additional excitation flux generated by the capacitive current is used
to compensate the flux leakage. However, when the number of ICT layers is large, these
two methods are difficult to ensure the high stage voltage consistency from load to full
load. The full-parameter compensation method, proposed by the Huazhong University of
Science and Technology (HUST) [16], integrates turns compensation and capacitor com-
pensation to achieve a high voltage consistency. Additionally, the DPW compensation
adds a set of dummy primary wingdings to induce additional flux to compensate for the
magnetic leakage.

With the exception of the I-shaped magnetic core method, the other four compensation
methods are commonly utilized in engineering due to their ease of fabrication using regular
cores and a simpler adjustment of winding turns or compensation capacitance values.
However, there is a lack of analysis and comparison of their performance and application
range. On the other hand, for the parameter optimization of these compensation meth-
ods, researchers have proposed the artificial iterative method (IM) [16], genetic algorithm
(GA) [17], particle swarm optimization (PSO) [8,18], and other methods. However, these
methods are difficult to satisfy the optimization of all compensation methods simulta-
neously. Therefore, this paper innovatively proposes a unified calculation model and an
improved gradient-based genetic algorithm, which can be applied to the four compensation
methods. At the same time, the calculation of the number of turns or the compensation
capacitance value for the traditional turns compensation, traditional capacitor compen-
sation, and dummy primary compensation methods is improved from a formula to an
iterative algorithm optimization. Furthermore, based on the unified simulation model and
algorithm, the performance of different compensation methods for different voltage levels
of ICT applications was compared. Finally, through comparison, this paper gives the use
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Similarly, ns (s = 1. . .N) can be set as the variables for optimization in the DWPC, and the
result of Equation (3) can be used as the initial value for optimization.

2.3. Capacitor Compensation Method
The traditional capacitor compensation method was applied in the Cross ICT of

KSI [21] and the planar ICT [13] of the Chinese Academy of Sciences. The capacitive current
of the compensation capacitor induces magnetic flux to compensate for the magnetic flux
drop by the insulation gap. Based on this compensation principle, Cs is (4) [21], whose unit
is F.

Cs = lg/
⇣

ns
2w2µ0Score

⌘
(4)

lg is the height of the insulation gap, whose unit is m. Score is the cross-sectional area
of the magnetic core, whose unit is m2. µ0 is the permeability of the insulation sheet.
The traditional capacitor compensation also experiences significant fluctuations in stage
voltage uniformity from a no-load to a full-load condition [16]. Recognizing the ease
of adjusting capacitance Cs by combining capacitors with varying parameter specifica-
tions, an improved capacitor compensation method (ICC) is introduced. Cs (s = 1. . .N)
are set as the optimization variables, achieving optimal voltage uniformity through an
optimization algorithm.

2.4. Full-Parameter Compensation Method
The full-parameter compensation method (FPC) [16] combines both turns compensa-

tion and capacitor compensation methods. In this approach, ns and Cs are optimized so
that each stage can achieve a similar output voltage and load regulation. For instance, in a
study conducted by [17], a genetic algorithm was utilized to simultaneously optimize ns
and Cs, resulting in significant improvement in the performance of a six-layer three-phase
ICT. Figure 2 displays a photograph of the rectifier stage in the HUST-ICT [17].
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Figure 2. The photograph of HUST-ICT power supply. (a) Photograph of HUST-ICT without pressure
tank. (b) Rectifier stage with full-parameter compensation method in HUST-ICT. (c) The circuit
schematic diagram of one-third of rectifier disk.

3. Unified Circuit Model and Simulation Method
To facilitate the implementation of the optimization algorithm for the four compen-

sation methods, a unified circuit simulation model (Figure 3) is presented. This model
serves as a comprehensive circuit diagram that describes all four compensation methods,
including a mutual inductance matrix, compensation capacitors, and voltage multiplier

• Yang, L.; Liu, X.; Yang, J. Research on Voltage Compensation Methods and Optimization Algorithm for Insulated Core Transformer High-Voltage Power Supply. Energies 2024,17,547. https://
doi.org/ 10.3390/en17030547 



Electrostatic accelerator （ Van de Graaf）

Van de Graaf’s very large accelerator built at MIT’s Round Hill 
Experiment Station in the early 1930s. 43feet above the ground. 

• “Engines of Discovery-A Century of Particle Acceleators” , A. Sessler, E. Wilson. 2007



Tandem Accelerator

+V
Z−1 Z+n

electron stripping Exp. 

Station

High pressure 

Isulation Gas (1 + n)V

The Tandem Van de Graaff Facility consists of two 15-megavolt electrostatic accelerators capable of delivering continuous, or high-
intensity pulsed ion beams in a wide range of ion species at various energies to experimental chambers that are available to 

researchers on a full cost-recovery basis 



Dynamitron

The high-frequency electrode (typically featuring a stepped configuration) generates a radio-frequency alternating 
electric field, which is capacitively coupled through spatial capacitance to the corona rings surrounding the core 

column. This signal undergoes multi-stage parallel rectification before being series-stacked to produce a DC high-
voltage electric field.



Normally air medium is widely use as an insulating medium 
in different electrical power equipments and over head lines 
as its breakdown strength is 30kV/cm.

High Voltage Breakdown

The “Paschen Curve” for air, two flat parallel copper 
electrodes, separated by 1 inch, for pressures between 

 Torr and 760 Torr.3 × 10−2

1 atm

• “Engines of Discovery-A Century of Particle Acceleators” , A. Sessler, E. Wilson. 2007



1.2  Induction Accelerators

The original idea is given by Wiederoe’s ray transformer in 1920s

Donald Kerst built the world’s first magnetic induction 
accelerator at the University of Illinois in 1940 
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To keep the electrons on the orbit, the magnetic 
field of the orbit and the average magnetic field 
inside the orbit must satisfy the 2:1 condition.



Linear Induction Accelerator 

The LIA is suitable to accelerate high current electron beams of several kilo-Amperes to tens of mega-electronvolts, 
with pulse width of about tens of nano-seconds.  



1.3  Radio-Frequency Accelerators

1.3.1 Linear Accelerators:


DTL -  Drift Tube Linac

Alvarez linac 

RFQ - Radio Frequency Quadruple

SW Linac

TW Linac

……

The charged particles can be 
accelerated to a much higher 
energy than the highest voltage of 
the machine.


Synchronization is needed for the 
particles and the RF fields.



DTL -  Drift Tube Linac (Wiederoe) 

In 1928, Rolf Widerioe 
  RF frequency：1MHz      
  Voltage of gap：25kV
  Ion：K＋          
  Final Energy：50kV

For Widerioe’s DTL  :  Z=19, A=39，E=25keV 

                                    ,


       

The length of the 2nd drift   is about 24.5cm

β = 1.000001337
λrf = 300m
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RFQ - Radio Frequency Quadruple




RFQ +DTL
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first lasing of the hard X-ray FEL line was achieved on 14 June 2016. The progress of the PAL-XFEL
construction and its commission are reported here.

Keywords: FEL; free electron laser; PAL; PAL-XFEL; construction; commissioning; LINAC; beamline

1. Introduction

The Pohang Accelerator Laboratory X-ray Free-Electron Laser (PAL-XFEL) project was started
in 2011 for the generation of X-ray FEL radiation in a range of 0.1 to 10 nm for users. The Korean
government launched the project on 1 April 2011 with a budget of 400 billion Won (~400 million USD).
The facility has the capacity for five undulator lines in total; three hard X-ray (HX) undulator lines and
two soft X-ray (SX) undulator lines. However, the budget was limited to two undulator lines; one for
a hard, and the other for a soft X-ray line. Since the PAL is the host institution carrying out the project,
the project budget was able to avoid significant costs; for example, there was no need to purchase
the land for the building site and a significant portion of the necessary infrastructures, such as power
transmission lines and substations, were already in place. A total of 75 members were involved during
the project. Among them, there were 35 newly hired members and 39 experienced members from
an existing Pohang Light Source-II (PLS-II) team. A yearly budget is shown in Table 1.

Table 1. Budget of PAL-XFEL Project.

Year 2011 2012 2013 2014 2015 Total

Budget in billion Won 20 45 105 120 113.8 403.8

PAL-XFEL includes a 10-GeV S-band (2856 MHz) normal-conducting LINAC, which is about
700 m long. The LINAC consists of a photocathode RF gun, 176 S-band accelerating structures with
50 klystrons and matching modulators, one X-band RF system for linearization, and three bunch
compressors in the HX line and one more for the SX line [1]. We also chose out-vacuum/variable-gap
undulators for the easy change of beam parameters, and the fast development and manufacturing
of undulators. Beyond the 10-GeV LINAC, a 250-m long hard X-ray undulator hall follows.
An experimental hall, which is 60 m long and 16 m wide, is located at the end of the facility. The total
length of the building is 1110 m, and the entire floor is 36,764 m2. The building can withstand
a maximum wind load of 63 m/s (US building code) and a seismic intensity of 0.19-g [2]. The facility
suffered no damage from the earthquake of a 5.8 magnitude on 12 September 2016, nor from the
typhoon Chava on 5 October 2016. The facility is shown in Figure 1.
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beamlines,ȱwasȱcompletedȱbyȱtheȱendȱofȱ2015.ȱTheȱcommissioningȱbeganȱinȱAprilȱ2016,ȱandȱtheȱfirstȱ
lasingȱofȱ theȱhardȱXȬrayȱFELȱ lineȱwasȱachievedȱonȱ14ȱ Juneȱ2016.ȱTheȱprogressȱofȱ theȱPALȬXFELȱ
constructionȱandȱitsȱcommissionȱareȱreportedȱhere.ȱ

Keywords:ȱFEL;ȱfreeȱelectronȱlaser;ȱPAL;ȱPALȬXFEL;ȱconstruction;ȱcommissioning;ȱLINAC;ȱbeamlineȱ
ȱ

1.ȱIntroductionȱ

TheȱPohangȱAcceleratorȱLaboratoryȱXȬrayȱFreeȬElectronȱLaserȱ(PALȬXFEL)ȱprojectȱwasȱstartedȱ
inȱ2011ȱforȱtheȱgenerationȱofȱXȬrayȱFELȱradiationȱinȱaȱrangeȱofȱ0.1ȱtoȱ10ȱnmȱforȱusers.ȱTheȱKoreanȱ
governmentȱlaunchedȱtheȱprojectȱonȱ1ȱAprilȱ2011ȱwithȱaȱbudgetȱofȱ400ȱbillionȱWonȱ(~400ȱmillionȱUSD).ȱ
Theȱfacilityȱhasȱtheȱcapacityȱforȱfiveȱundulatorȱlinesȱinȱtotal;ȱthreeȱhardȱXȬrayȱ(HX)ȱundulatorȱlinesȱ
andȱtwoȱsoftȱXȬrayȱ(SX)ȱundulatorȱlines.ȱHowever,ȱtheȱbudgetȱwasȱlimitedȱtoȱtwoȱundulatorȱlines;ȱ
oneȱforȱaȱhard,ȱandȱtheȱotherȱforȱaȱsoftȱXȬrayȱline.ȱSinceȱtheȱPALȱisȱtheȱhostȱinstitutionȱcarryingȱoutȱ
theȱproject,ȱtheȱprojectȱbudgetȱwasȱableȱtoȱavoidȱsignificantȱcosts;ȱforȱexample,ȱthereȱwasȱnoȱneedȱtoȱ
purchaseȱtheȱlandȱforȱtheȱbuildingȱsiteȱandȱaȱsignificantȱportionȱofȱtheȱnecessaryȱinfrastructures,ȱsuchȱ
asȱpowerȱ transmissionȱ linesȱandȱ substations,ȱwereȱalreadyȱ inȱplace.ȱAȱ totalȱofȱ75ȱmembersȱwereȱ
involvedȱduringȱtheȱproject.ȱAmongȱthem,ȱthereȱwereȱ35ȱnewlyȱhiredȱmembersȱandȱ39ȱexperiencedȱ
membersȱfromȱanȱexistingȱPohangȱLightȱSourceȬIIȱ(PLSȬII)ȱteam.ȱAȱyearlyȱbudgetȱisȱshownȱinȱTableȱ1.ȱ

Tableȱ1.ȱBudgetȱofȱPALȬXFELȱProject.ȱ

Yearȱ 2011 2012 2013 2014 2015 Totalȱ
BudgetȱinȱbillionȱWon 20ȱ 45ȱ 105 120 113.8 403.8ȱ

PALȬXFELȱincludesȱaȱ10ȬGeVȱSȬbandȱ(2856ȱMHz)ȱnormalȬconductingȱLINAC,ȱwhichȱ isȱaboutȱ
700ȱmȱlong.ȱTheȱLINACȱconsistsȱofȱaȱphotocathodeȱRFȱgun,ȱ176ȱSȬbandȱacceleratingȱstructuresȱwithȱ
50ȱklystronsȱandȱmatchingȱmodulators,ȱoneȱXȬbandȱRFȱsystemȱ forȱ linearization,ȱandȱ threeȱbunchȱ
compressorsȱinȱtheȱHXȱlineȱandȱoneȱmoreȱforȱtheȱSXȱlineȱ[1].ȱWeȱalsoȱchoseȱoutȬvacuum/variableȬgapȱ
undulatorsȱforȱtheȱeasyȱchangeȱofȱbeamȱparameters,ȱandȱtheȱfastȱdevelopmentȱandȱmanufacturingȱofȱ
undulators.ȱ Beyondȱ theȱ 10ȬGeVȱ LINAC,ȱ aȱ 250Ȭmȱ longȱ hardȱ XȬrayȱ undulatorȱ hallȱ follows.ȱ Anȱ
experimentalȱhall,ȱwhichȱisȱ60ȱmȱlongȱandȱ16ȱmȱwide,ȱisȱlocatedȱatȱtheȱendȱofȱtheȱfacility.ȱTheȱtotalȱ
lengthȱofȱ theȱbuildingȱ isȱ1110ȱm,ȱandȱ theȱentireȱ floorȱ isȱ36,764ȱm2.ȱTheȱbuildingȱ canȱwithstandȱaȱ
maximumȱwindȱloadȱofȱ63ȱm/sȱ(USȱbuildingȱcode)ȱandȱaȱseismicȱintensityȱofȱ0.19Ȭgȱ[2].ȱTheȱfacilityȱ
sufferedȱnoȱdamageȱ fromȱ theȱearthquakeȱofȱaȱ5.8ȱmagnitudeȱonȱ12ȱSeptemberȱ2016,ȱnorȱ fromȱ theȱ
typhoonȱChavaȱonȱ5ȱOctoberȱ2016.ȱTheȱfacilityȱisȱshownȱinȱFigureȱ1.ȱ

ȱ
Figureȱ1.ȱOverviewȱofȱPohangȱAcceleratorȱLaboratory.ȱTheȱPohangȱLightȱSourceȱ(PLS)ȱisȱshownȱinȱ
theȱmiddleȱ(circularȱbuilding)ȱandȱPALȬXFELȱisȱshownȱaboveȱtheȱPLS.ȱFigure 1. Overview of Pohang Accelerator Laboratory. The Pohang Light Source (PLS) is shown in the

middle (circular building) and PAL-XFEL is shown above the PLS.

The linac of PAL-XFEL
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2. LINAC

The PAL-XFEL LINAC is divided into four acceleration sections (L1, L2, L3, and L4), three bunch
compressors (BC1, BC2, BC3), and a dogleg transport line to the undulators, as shown in Figure 2.
The L1 section consists of two RF stations, where both are comprised of one klystron and two S-band
structures, while L2 has 10, L3 has four, and L4 has 27 RF stations where each station has one klystron,
four accelerating structures, and one energy doubler. A laser heater to mitigate micro-bunching
instability is placed right after the injector, and an X-band cavity for linearization is placed right before
the BC1. The major parameters of PAL-XFEL are summarized in Table 2.

Table 2. Major parameters of PAL-XFEL.

LINAC

FEL radiation wavelength 0.1 nm (Hard X-ray)/1 nm (Soft X-ray)
Electron energy 10 GeV
Slice emittance 0.5 mm-mrad
Beam charge 0.2 nC
Peak current at undulator 3.0 kA
Pulse repetition rate 60 Hz
Electron source Photo-cathode RF-gun
LINAC structure S-band normal conducting

Undulator

Type out-vacuum, variable gap
Length 5 m
Undulator period 26 mm (HX)/35 mm (SX)
Undulator min. Gap 8.3 mm (HX)/9.0 mm (SX)
K value 1.9727 (HX)/3.3209 (SX)
Peak B (in Tesla) 0.8124 (HX)/1.0159 (SX)
Vacuum chamber dimension 13.4 ⇥ 6.7 mm2
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2.ȱLINACȱ

TheȱPALȬXFELȱLINACȱisȱdividedȱintoȱfourȱaccelerationȱsectionsȱ(L1,ȱL2,ȱL3,ȱandȱL4),ȱthreeȱbunchȱ
compressorsȱ(BC1,ȱBC2,ȱBC3),ȱandȱaȱdoglegȱtransportȱlineȱtoȱtheȱundulators,ȱasȱshownȱinȱFigureȱ2.ȱ
TheȱL1ȱsectionȱconsistsȱofȱtwoȱRFȱstations,ȱwhereȱbothȱareȱcomprisedȱofȱoneȱklystronȱandȱtwoȱSȬbandȱ
structures,ȱwhileȱL2ȱhasȱ10,ȱL3ȱhasȱfour,ȱandȱL4ȱhasȱ27ȱRFȱstationsȱwhereȱeachȱstationȱhasȱoneȱklystron,ȱ
fourȱ acceleratingȱ structures,ȱ andȱ oneȱ energyȱdoubler.ȱAȱ laserȱ heaterȱ toȱmitigateȱmicroȬbunchingȱ
instabilityȱ isȱplacedȱ rightȱafterȱ theȱ injector,ȱandȱanȱXȬbandȱcavityȱ forȱ linearizationȱ isȱplacedȱ rightȱ
beforeȱtheȱBC1.ȱTheȱmajorȱparametersȱofȱPALȬXFELȱareȱsummarizedȱinȱTableȱ2.ȱ

Tableȱ2.ȱMajorȱparametersȱofȱPALȬXFEL.ȱ

LINACȱ
FELȱradiationȱwavelengthȱ 0.1ȱnmȱ(HardȱXȬray)/1ȱnmȱ(SoftȱXȬray)ȱ
Electronȱenergyȱ 10ȱGeVȱ
Sliceȱemittanceȱ 0.5ȱmmȬmradȱ
Beamȱchargeȱ 0.2ȱnCȱ
Peakȱcurrentȱatȱundulatorȱ 3.0ȱkAȱ
Pulseȱrepetitionȱrateȱ 60ȱHzȱ
Electronȱsourceȱ PhotoȬcathodeȱRFȬgunȱ
LINACȱstructureȱ SȬbandȱnormalȱconductingȱ
Undulatorȱ
Typeȱ outȬvacuum,ȱvariableȱgapȱ
Lengthȱ 5ȱmȱ
Undulatorȱperiodȱ 26ȱmmȱ(HX)/35ȱmmȱ(SX)ȱ
Undulatorȱmin.ȱGapȱ 8.3ȱmmȱ(HX)/9.0ȱmmȱ(SX)ȱ
Kȱvalueȱ 1.9727ȱ(HX)/3.3209ȱ(SX)ȱ
PeakȱBȱ(inȱTesla)ȱ 0.8124ȱ(HX)/1.0159ȱ(SX)ȱ
Vacuumȱchamberȱdimensionȱ 13.4ȱ×ȱ6.7ȱmm2ȱ

ȱ
Figureȱ2.ȱSchematicȱlayoutȱofȱPALȬXFEL.ȱFigure 2. Schematic layout of PAL-XFEL.



1.3.2 Circular Accelerators:


Cyclotron

• Cyclotron (Lawrence )

• Isochronous Cyclotron (Thomas) 

• Synchrocyclotron

• SSC： Separated Sector Cyclotron

• FFAG: fixed-field alternating-gradient accelerators

• Microtron

• …


Synchrotron

•Weak-focusing   &  Strong-focusing: Alternative Gradient Focusing 

•Electron synchrotron  & Proton or heavy ion synchrotron 

•Booster & Storage Ring

•…

E1 = qV0 cos(ωrf t + ϕs)
Synchronous condition :   where : integer


And ,


For a circle orbit: 

ωrf = kωs k

ωs = 2π/Ts = 2π
ῡ
C

ωs =
ῡ
ρ

ρ

ῡ

k = 2



Cyclotron (Lawrence )
During 1931-1932, E. O. Lawrence 
and M.S.Livingston built the 1st 
cyclotron, which can accelerate  
ion to 0.5MeV and  to 1.22MeV, 
with a up to 20 MHz 10kW power 
tube.

H+
2

H+
1

The one at Lawrence Hall 
of Science in Berkeley

The original one at the 
Kensington  Museum of 
Science in London

• M. Stanley Livingston,  “Particle Accelerators: A Brief History” , Harvard University Press: Cambridge , Massachusetts: 1969
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➡The Cyclotron Frequency: 


, if the energy increase does not affect the particle mass a lot. So it is not satisfied for 

electrons.





For a proton, Z=1,A=1, with 1Tesla magnetic fields, 

ωc =
ῡ
ρ

=
ZeB
m

≈ const .

fc =
ωc

2π
=

ZeB
2πm0

=
Z × 1 × 1.6e−19[C]B[Telsa]

2π × A × 1.66e−27[kg]
= 15.2[MHz]

Z
A

B[Tesla]

fc = = 15.2[MHz]

➡The Cyclotron Particle Energy:    


➡The Cyclotron Particle Orbit:


, with ,





➡Phase shift and energy limit of cyclotron:

Taking into account the special relativity, the particle mass is 
increasing during the acceleration. .


The cyclotron period is also increasing with the mass, and the 
accelerating phase is changing , if the RF frequency is fixed

W = 48(Bρ)2 Z2

A

W = 48(Bρ)2 Z2

A
⇒

Δρ
ρ

=
1
2

ΔW
W

ΔW = 2ZV0 cos ϕ

⇒Δρ =
AV0 cos ϕ

48ZB2

1
ρ

m =
m0

1 − (υ/c)2



➡Phase shift and energy limit of cyclotron:

Taking into account the special relativity, the particle mass is increasing during the acceleration. 


.


The cyclotron period is also increasing with the mass, and the accelerating phase is changing , if the RF 
frequency is fixed.

Finally, the phase will move to a decelerating phase. The particle begins to loss energy. That’s the  energy limit of 
cyclotron. And also the orbit difference of the neighbor-hood will be near zero. It is hard to extract the particle.

m =
m0

1 − (υ/c)2

ωrf(0) = ωc(0)

ωrf(0) < ωc(0)

ωrf(t) = ωc(t)



Synchro-Cyclotron (SC) at CERN with 15.7 metres 
(52 ft) in circumference started in 1954 and it achieved 
600 MeV proton acceleration in August 1957, with the 
experimental program started in April 1958.

•Synchrocyclotron

ωrf = k
ZeB
m0γ

In 1946, the first Synchrocyclotron made by McMillan could 
produce 195 MeV deuterons and 390 MeV α-particles.

https://en.wikipedia.org/wiki/Synchro-Cyclotron_(CERN)
https://en.wikipedia.org/wiki/%CE%91-particles


Although the energy can be higher, the flux of particles was low until McMillan did something “strange” 

Transverse weak focusing:

B = Bz ̂ez + Br ̂er
∂Bz

∂θ
= 0

From Maxwell’s Equations:  


,  


  


 

∇ ⋅ B = 0 ∇ × B = μ0J +
1
c2

∂E
∂t

= 0

⇒ 1
r

∂
∂r

(rBr) +
1
r

∂Bθ

∂θ
+

∂Bz

∂z
= 0

⇒ ̂er(
1
r

∂Bz

∂θ
−

∂Bθ

∂z
) + ̂eθ(

∂Br

∂z
−

∂Bz

∂r
) + ̂ez

1
r

(
∂
∂r

(rBθ) −
∂Br

∂θ
) = 0

Bθ = 0

If we assume the z-component of magnetic field at the 
plane z=0 is:  


,  is the equilibrium orbit


, with  and the linear approximation, 


We will find 

 





So to have a stable motion in z and r, we must let:


 

That means  must decrease radically, and not 

faster than .

Bz(r) = Bz(rs)
1
rn

rs

r = rs + x
x
rs

≪ 1

··x + (1 − n)ω2
s x = 0

··z + nω2
s z = 0

0 < n < 1
Bz(r)

1
r



• Isochronous Cyclotron (Thomas)

B(r) =
m0

Zek ( 1
ωrf

)2 − ( r
c )2

B(r) =
ωrf m0γ

Zek

∂Bz

∂θ
≠ 0Bθ ≠ 0

Yo keeping the stability at z 
direction, we need a new 
condition, rather than  .n > 0



Horizontal cut through the Bonn Isochronous Cyclotron

• Separated Sectors Cyclotron • Spiral Sectors  Cyclotron



January 1972: TRIUMF staff 
gather on the lower six sectors of 
the cyclotron magnet.

First 500 MeV Proton Beam from the TRIUMF Cyclotron, 1974

February 1972: The base of the 
cyclotron vacuum tank is turned 
over, following installation of the 
trim coils and cooling coils

Acceleration of H − ions in the TRIUMF 
cyclotron and stripping extraction allows to 
provide multiple beams in parallel at variable 
energy

TRIUMF's field goes from 0 to about 320 inches radius with maximum beam radius of 310 inches,



The cyclotron can be much smaller with superconducting coil to generate much higher magnetic fields  



Synchrotron
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B(t) |r=r0
=

m0ωs(t)γ(t)
Ze

r0

Erf

ωrf(t) = kωs(t) = k
υ(t)
r0

Cosmotron－3GeV 



•Electron synchrotron  & Proton or heavy ion synchrotron 

For electron, , it is quite easy to get a speed of almost that of light, , , 

which is a almost constant.  . 


For Proton or heavy ion, its mass is several thousand times of that of an electron. . 


Its speed is not near that of light. The rf frequency must changing along its energy increasing. 

E0 = m0c2 = 0.511MeV β ≈ 1 υ ≈ c

ωrf(t) = kωs(t) = k
υ(t)
r0

≈ k
c
r0

= constant

γ =
1

1 − β2
= 1 +

W
E0

ωrf(t) = kωs(t) = k
υ(t)
r0

HLS-I 



• Strong-focusing: Alternative Gradient Focusing 

Weak focusing: ,     


Strong focusing:  alternatively.

Bz(r) = Bz(rs)
1
rn

0 < n < 1

n(θ) ≫ 1, and, n(θ) ≪ − 1



The vacuum chamber of the

6 GeV Bevatron could fit whole physicists 

E.D.Courant, M.S.Livingston, H.S. Snyder and J.P.Blewett 
demonstrating the relative cross sections of the Cosmotron  magnet 
and a speculative alternating-gradient magnet of very large gradient.

• M. Stanley Livingston,  “Particle Accelerators: A Brief History” , Harvard University Press: Cambridge , Massachusetts: 1969



•Magnet quadruple

N

N

S

S

S

N S

N

Bx = ky
By = kx

Bx = − ky
By = − kx

The surfaces of the poles of quadruple are 
hyperbola :  xy = const .

x

+

y

+

+
+ ++

+

+

Thin len approximation:
Thin-len focusing , defocusing quad. and a drift of length d:


, 


For a FODO cell:
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Synchrotron Accelerators



Large Hadron Collider (LHC) http://home.web.cern.ch,2015

http://home.web.cern.ch,2015


The proton FFAG accelerator developed at Kyoto University 
Research Reactor Institute (KURRI), Japan, for a basic 
experiment on accelerator-driven systems. A third injector ring 
is located outside this image frame.

•FFAG accelerator



•Microtron
㉦ᄤ䖤ࡼ䔼䗍㉦ᄤ䖤ࡼ䔼䗍

ωrf = kNωsN = constant kN = k1 + (N − 1)Δk
The synchronous condition is achievable for electrons, 

for its E0=0.511MeV, .Δk =
ΔE
E0

= integer



1.4  Plasma Wake-Field Acceleration

Laser driven wakefieds

Beam driven wakefieds

Laser plasma ion acceleration



• M. Stanley Livingston,  “Particle Accelerators: A Brief History” , Harvard University Press: Cambridge , Massachusetts: 1969

Livingston Chart

Each line represents one kind of accelerators. The end of each line is not mean that kind of accelerator disappears 

after that time, but no even higher energy accelerators of that kind from then.

Eequivalent =
2E2

m0c2

For colliers 


