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Applications



Need for New Accelerator 
Concept
• Current Limiting Factor for 

achieving higher energy
• Accelerator Gradient

• <100 MeV/m ->Long Linac
• Bending Field

• ~10 Tesla -> Large Ring

• LHC 3.5 TeV
• 27 Km circumference

• To reach 100 TeV
• > 1000 Km  Linac
• ~250 Km Diameter Ring
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This relat ionship can be expressed
quant itat ively. To exam ine m atter at
the scale of an  atom  (about  10−8 cen-
t im eter), the energies required are in
t h e ran ge of a t h ou san d elect ron
volt s. (An elect ron  volt  is the energy
u n it  cu st om arily u sed by par t icle
ph ysicist s; it  is t h e en ergy a part i-
cle acqu ires w h en  it  is accelerat ed

across a pot en t ial difference of one
volt .) At  the scale of the nucleus, en -
ergies in  the m illion  elect ron  volt—
or M eV—ran ge are n eeded. To ex-
am ine the fine st ructure of the basic
const it uen t s of m at t er requ ires en -
ergies generally exceeding a billion
elect ron  volt s, or 1 GeV.

But  there is another reason for us-
ing h igh  energy. Most  of the objects
of in t erest  t o t he elem en tary part i-
cle physicist  today do not exist  as free
part icles in  N ature; they have to be
created art ificially in  the laboratory.
The fam ous E = m c2 relationship gov-
erns the collision  energy E required
t o produ ce a part icle of m ass m .
Many of the m ost  in terest ing part i-
cles are so h eavy t h at  collision
energies of m any GeV are needed to
create them . In fact , the key to under-
st an din g t h e origin s of m an y para-
m eters, including the m asses of the
k n ow n  part icles, requ ired t o m ak e
today’s theories consistent is believed
to reside in  the at t ainm ent  of colli-
sion  energies in  the t rillion  elect ron
volt , or TeV, range.

O u r progress in  at t ain in g ever
h igh er collision  en ergy h as in deed
been  im pressive. T h e graph  on  t h e
left , originally produced by M. Stan-
ley Livin gst on  in  1954, sh ow s h ow
t h e laborat ory en ergy of t h e part i-
cle beam s produced by accelerators
has increased. This plot  has been up-
dat ed by addin g m odern  develop-
m ents. One of the first  th ings to no-
t ice is that  the energy of m an-m ade
accelerat ors h as been  grow in g ex-
pon en t ially in  t im e. St art in g from
the 1930s, the energy has increased—
rou gh ly speak in g—by abou t  a fac-
tor of 10 every six t o eigh t  years. A
second conclusion  is that  th is spec-
t acu lar ach ievem en t  h as resu lt ed
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1980s. The filled circles indicate new or
upgraded accelerators of each type.



Build a 100 TeV collider in Michigan?



Can Laser help?

• Modern Laser can provide large peak power and is 
focused to small cross section.
• Example: 100TW peak power, 800nm laser is focused  to 

a round spot of 10 micron

• This generates ~10000 GV/m electric field!
• Question is:
• Can we really use such large field

|S| = E2

Z0
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Lawson-Woodward theorem

Lecture 26

Laser acceleration in
vacuum. Inverse FEL
acceleration

A focused laser beam can easily produce an extremely high electric field at the
focal point. For example, for 1 J, 100 fs laser beam focused into a spot size of
10 micron, has a maximum electric field about 40 GV/cm. We would like to
use this field for particle acceleration.

26.1 The Lawson-Woodward theorem

The first obstacle that we encounter on this way is that the field is mostly trans-
verse to the direction of propagation. There is, however, a smaller longitudinal
component of the field Ez ⇠ ✓Ex, see Section 17.2. Second, we may send a
particle through a focal point at an angle as shown in Fig. 26.1. It turns out
however, that no matter how we organize the interaction of the laser beam with
the particles, in linear approximation, there is no net acceleration in free space.
This is often called the Lawson-Woodward theorem.

We will now explain what the linear approximation is. This is an approxi-
mation in which we calculate the energy gain W of a particle passing through
an external field E(r, t) assuming that it moves with a constant velocity v,

W = q

Z 1

�1
v ·E(r0 + vt, t)dt . (26.1)

In this approximation we neglect the influence of the accelerating field on the
velocity and the orbit of the particle. This approximation is motivated by
the desire to accelerate relativistic particles, and such particles move in free
space with almost constant velocity (close to the velocity of light). Due to the
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Figure 26.1: Particle’s trajectory is tilted relative to the direction of the laser
beam.

relativistically increased inertia of such particles, it is di�cult to change their
velocity and deflect them from a straight trajectory.

Let us now prove that in free space, without material boundaries, and in the
absence of static fields, the above integral is equal to zero. The proof is based
on the fact that any electromagnetic field in vacuum can be represented as a
superposition of plane electromagnetic waves that propagate with the speed of
light:

E(r, t) =

Z
d3kẼ(k)eik·r�i!t , (26.2)

with ! = ck. We have

W = qv ·
Z 1

�1
dt

Z
d3kẼ(k)eik·(r0+vt)�i!t

= 2⇡

Z
d3k qv · Ẽ(k)eik·r0�(! � k · v) . (26.3)

The argument in the delta function in the last integral is never equal to zero,
because

! � k · v = ck � vk cos↵ = ck(1� � cos↵) > 0 , (26.4)

and hence the integral vanishes (↵ is the angle between k and v).
Problem 26.1. Prove that W = 0 even if v = c.
The physical reason for vanishing W is that the waves propagate with the

speed of light, and the particle always moves slower. As a result, it will be
slipping with respect to the phase of the wave, and the acceleration phase will
be alternating with the deceleration, with the average total e↵ect equal to zero.

There are several ways to try to resolve this problem. First, one can limit
interaction between the particle and the waves in space putting material bound-
aries. We consider a model of such acceleration in the next section. The problem
here is that the laser beam would hit material surfaces and the damage threshold
would limit the attainable laser field. Second, one can work in the regime where
the e↵ect of the electric field on the particle orbit is relatively large and changes
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Energy exchange:

Vanish!!

No energy exchange is allowed with assumption:
• Laser in Vacuum
• Particle ‘s velocity do not change.



Walk-around: IFEL

• It is a reverse process of FEL, the beam pass 
through undulator, and gain energy from external 
EM wave.

Walk around, IFEL

• One way to walk around is to void the 
condition, ‘the particle moves in a straight 
line’



Energy gain of IFELEnergy gain in IFEL

• Assuming a planar electric field:

• Velocity modulation by undulator:

• Energy Gain:
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Figure 26.3: Particle’s trajectory in an undulator and a the laser pulse coprop-
agating with the particle.

We will represent the laser field by a plane electromagnetic wave with electric
field Ex propagating in the z direction,

Ex(z, t) = E0 cos(!t� !z/c) , (26.10)

and calculate the energy gain as

W = q

Z
dtE · v = q

Z
dtExvx . (26.11)

We know the velocity in a small-K undulator (see Eq. (21.3))

vx =
cK

�
sin(kuz) . (26.12)

Using the approximation z ⇡ z0 + c(1� 1/2�2)t gives

W = q

Z
dtE · v

= q

Z
dt

cK

�
sin(ku(z0 + ct))E0 cos

✓
!t� kct

✓
1� 1

2�2

◆
� kz0

◆

⇡ cqKE0

2�

Z
dt sin

✓
kuct� !t+ !t

✓
1� 1

2�2

◆
+ (k + ku)z0

◆

⇡ cqKE0

2�

Z
dt sin

✓✓
kuc� !

1

2�2

◆
t+ (k + ku)z0

◆
. (26.13)

In this equation we discarded the term with the sum of the arguments in the
sine function because it adds only an oscillating small contribution to the result.
The most e↵ective acceleration occurs if

! = 2�2kuc , (26.14)

which means that the laser frequency is equal to the frequency of the undulator
radiation. In this case

W =
qKE0Lu

2�
sin ((k + ku)z0) . (26.15)

Energy gain in IFEL

• Assuming a planar electric field:

• Velocity modulation by undulator:

• Energy Gain:

Velocity 
modulation

Planar Wave:

Energy Gain



IFEL Experiment
Experiment @BNL ATF



Demonstrated IFEL Acceleration

• Experiment demonstrates:
• > 50 MeV energy gain
• ~100 MeV/m Gradient

• Features of IFEL
• Well controllable, via undulator
• Decent gradient, degrade with higher energy !
• Good Beam quality (Energy spread)

• Still far from the gradient we are dreaming!
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Ex(z, t) = E0 cos(!t� !z/c) , (26.10)

and calculate the energy gain as

W = q

Z
dtE · v = q

Z
dtExvx . (26.11)

We know the velocity in a small-K undulator (see Eq. (21.3))

vx =
cK

�
sin(kuz) . (26.12)

Using the approximation z ⇡ z0 + c(1� 1/2�2)t gives

W = q

Z
dtE · v

= q

Z
dt

cK

�
sin(ku(z0 + ct))E0 cos

✓
!t� kct

✓
1� 1

2�2

◆
� kz0

◆

⇡ cqKE0

2�

Z
dt sin

✓
kuct� !t+ !t

✓
1� 1

2�2

◆
+ (k + ku)z0

◆

⇡ cqKE0

2�

Z
dt sin

✓✓
kuc� !

1

2�2

◆
t+ (k + ku)z0

◆
. (26.13)

In this equation we discarded the term with the sum of the arguments in the
sine function because it adds only an oscillating small contribution to the result.
The most e↵ective acceleration occurs if

! = 2�2kuc , (26.14)

which means that the laser frequency is equal to the frequency of the undulator
radiation. In this case

W =
qKE0Lu

2�
sin ((k + ku)z0) . (26.15)



Plasma Acceleration

• First proposal: T. Tajima and J. M. Dawson, Phys. 

Rev. Lett. 43, 267 (1979)

• ’Existing glass lasers of power density 1018W/cm2 

shone on plasmas of densities 1018 cm−3 can yield 

gigaelectronvolts of electron energy per centimeter 

of acceleration distance.’

a0 =
eE0�0

2⇡mc2
=

eE0

mc!0
=

eA0

mc2
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Dimensionless vector 

potential of laser :

!pe =

s
nee2

m⇤"0
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Plasma Frequency

Understanding	



Plasma Wave Excitation

• Driver
• Laser  Driver

Ponderomotive force
• Beam Driver

Space – charge  fields

• Regime of option
• Linear Regimes, non-relativistic 

electron motion
• Nonlinear Regimes, relativistic 

electron.

8 

  Blow-out/Bubble/Cavitated regime: 
  Highly nonlinear  
  Expulsion of plasma electrons and formation of co-moving ion cavity: 

  Focusing forces for electrons linear (determined by ion density) 
  Accelerating fields for electrons transversely uniform 

Nonlinear regime: ion cavity formation  

Beam driver: 

density 

nb/n0=5 

conditions for cavitation:  nb>n0 
kpL<1 
kpRb<1 

Rosenzweig et al., PRA (1991) 
Lu et al., PRL (2006)  

condition for cavitation:  

€ 

kprL < a

density 

a0=5 

Laser driver: 

€ 

kp
−2∇

⊥

2 1+ a2 /2( )−1/ 2 ~ kp−2∇⊥

2φ ~ n n0 −1

Mora & Antonsen PRE (1996) 
Pukhov & Meyer-ter-Vehn APB (2002)  

kpx 

kpz 
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Plasma wave: 
electron density 

perturbation 

Ponderomotive force 
(radiation pressure) 

Common features: 
  Wave excitation efficient for driver duration ~ plasma period 
  Bucket size ~ plasma wavelength: 
  Large waves excited for nbeam/n0 ~1 or a~1 

  Characteristic accelerating field: 

  Phase velocity of wave determined by driver velocity 

λp =2πc/ωp= (πre
-1/2 ) np

-1/2 ~10-100 µm 

€ 

E ~
mcω p

e
# 

$ 
% 

& 

' 
( ≈ 96V/m( ) n0[cm

-3]

Plasma acceleration:  
ultrahigh accelerating gradients 

Space-charge force 
of particle beam 

€ 

n
n0

€ 

nbeam

n0

,  a
2

2

4 

€ 

a =
eA
mc 2

∝ λI1/ 2

€ 

ω pt

Tajima & Dawson, PRL (1979) 
Chen et al., PRL (1985)  



Nonlinear Regime
Dream beam is created using nonlinear regime, 2004. 

Few percent energy spread is achieved!



Laser system
~ Peta watt laser is common in latest laser-plasma accelerator.  Bella laser below. 



Beam Driven PWAFACET Electron Beam Parameters 
As of May 2013 
 
Table 1: Typical FACET beam parameters for stable delivery during 2013. Other parameters may be possible with compromises.  FACET beam configurations for future runs will be decided 
based on programatic need. 

Parameter Uncompressed Compressed Two-bunch1 
Particle2 Electrons Electrons Electrons 

Energy 20 GeV 20 GeV 20 GeV 

Charge/pulse3 1.6 nC 1.6-3.2 nC  

IP Spot Size4 30 µm x 30 µm 30 µm x 30 µm  

Bunch Length5 500 μm 30 μm  

Rep. Rate 1-30 Hz 1-30 Hz 1 Hz 

 
Figure 1: The three optical tables that make up the FACET experimental area and surrounding beamline components. The beam optics can deliver small, round spots to the experiments on 
the tables in the IP Area. 

Please see information on FY13 delivered beam parameters here: https://portal.slac.stanford.edu/sites/ard_public/facet/Pages/PerformanceMetricsFY13.aspx  

                                                      
1 To be commissioned May-June 2013. 
2 Hardware exists for positron delivery but the positron beam is not yet commissioned. 
3 In 2013, we operated at two charge settings: 1nC and 3.2nC. These two settings were separated ~1-2 weeks in order to tune the machine for the higher charge. 
4 We can shift the waist with optics to different z locations in the “IP area” and so stage experiments in series and change the optics to suit their spot-size requirements. The THz table 

and dump have very different spot sizes but we can also stage experiments there. 
5 Compression is achieved through 3 stages. Different compression configurations can be discussed within this range. 

FACET:  
beam-driven PWA 

FACET:  
beam-driven PWA 

FACET:  
beam-driven PWA 



Larger Scale PWA



Dielectric Laser Acceleration

• General Idea:
• Scale down the Acc. Structure

• Laser + Dielectrics
• High rep rate, High field
• High breakdown field 
• Mature fabrication process

Dielectric Laser Accelerator Concept 

λ = 1-10 µm 

laser-driven microstructures 
  • lasers: high rep rates, strong  
field gradients, commercial support 
  • dielectrics: higher breakdown 
threshold ! higher gradients  
(1-5 GV/m), leverage industrial 
fabrication processes 
 

λ = 10 cm 

Goal:  lower cost, more compact, higher gradient 

30 MV/m 

1-2 GV/m 

gradient 

w
avelength 

x10-4 
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@ R. J. England



Experiment Verification

synchronous attosecond microbunches over many accelerat-
ing stages.
As indicated in Sec. III.A.2, GV=m gradients should be

achievable by this approach with further refinement of the
material and structure design. In one example, a monolithi-
cally fabricated silicon variant of the grating concept referred
to as a buried grating accelerator was proposed by Chang and
Solgaard (2014). Making the structures out of silicon provides
access to a wide range of thin-film materials and deposition
methods for modifying the surface chemistry in order to create
atomically smooth, defect-free, high-band-gap surfaces with
increased breakdown fields.

B. Bragg and omni-guide accelerators

Bragg reflection waveguides are one-dimensional periodic
structures, designed to guide light in a low refractive index
surrounded by alternating layers of high refractive index. Two
possible configurations to be considered here: one is the
cylindrical Bragg fiber and the other is the planar Bragg
reflection waveguide, depicted in Figs. 1(c) and 1(d), respec-
tively. The theory of Bragg reflection waveguides was
developed by Yeh and Yariv (1976), and recently there has
been a growing interest in using such hollow cylindrical
structures as low-loss optical fibers in long distance telecom-
munications. As noted earlier, Bragg waveguides are now
recognized as finite-layer PBG structures in which reflection
and mode confinement are perfect only when the number of
layers becomes infinite.
Most of the studies carried out on Bragg reflection wave-

guides dealt with configurations where all dielectric layers are
transverse quarter-wave thick. However, controlling the
dispersion properties for confined modes in Bragg fibers
was demonstrated by creating a defect in the form of changing
one or more of the layer widths. In this section, a systematic
adjustment of the layer adjacent to the core defect region will
be shown to change the waveguide properties to fulfill
specified requirements of an acceleration structure.

Motivated by the requirement vph ¼ c, Mizrahi and
Schachter (2004a) have developed a general method for
designing the Bragg waveguide for a given phase velocity,
given the core dimension and a set of dielectric materials. The
core dimension itself may be dictated by other considerations,
such as the maximum field allowed to prevent material
breakdown, beam dynamics, and the interaction efficiency.
The modes of interest are the symmetric TM modes, sum-
marized in Table III. The examples presented in this section
are for waveguides made from dielectric materials with
refractive indices 1.6 and 4.6, and the core is a vacuum with
an index of 1. In addition, we neglect the diffractive losses due
to the finite cladding, assuming the multilayer structure is a
good approximation to an infinite PBG structure.

1. Matching layer

We consider the planar Bragg reflection waveguide (uni-
form in the y direction), with core half-width Dint, as depicted
in Fig. 1(d). We assume that at some specific wavelength λ0
with a corresponding angular frequency ω0, this waveguide is
required to support a symmetric TM mode with a specific
phase velocity vph ¼ ω0=kz, with kz being the longitudinal
wave number. Equivalently, a specific field distribution in the

FIG. 15 (color online). (a) The experimental setup and (b) measured accelerating gradient as a function of laser electric field for the
dual-grating acceleration experiment at SLAC. Each data point in (b) corresponds to a fitted curve of energy modulation vs relative
timing of the laser and electron beam. From Peralta et al., 2013.

TABLE III. Hollow-core symmetric modes for the general and
speed-of-light (SOL) synchronous cases. The transverse wave
number is k⊥ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2=c2 − k2z

p
. In the planar case kx ¼ k⊥ and in

the cylindrical case kr ¼ k⊥.

Mode type General mode
× expð−ikzzÞ

SOLmode
× expð−iωz=cÞ

Planar TM Ez ¼ E0 cosðk⊥xÞ Ez ¼ E0

Ex ¼ iðkz=k⊥ÞE0 sinðk⊥xÞ Ex ¼ iðωx=cÞE0

Hy ¼ iðω=ck⊥ÞE0=Z0 sinðk⊥xÞ Hy ¼ iðωx=cÞE0=Z0

Cylindrical
TM

Ez ¼ E0J0ðk⊥rÞ Ez ¼ E0

Er ¼ iðkz=k⊥ÞE0J1ðk⊥rÞ Er ¼ iðωr=2cÞE0

Hϕ¼ iðω=ck⊥ÞE0=Z0J1ðk⊥rÞ Hϕ¼ iðωr=2cÞE0=Z0

1358 R. Joel England et al.: Dielectric laser accelerators

Rev. Mod. Phys., Vol. 86, No. 4, October–December 2014

Peralta, E. A., et al., 2013, Nature (London) 503, 91.



New Applications



Compton Scattering

• Compton scattering can be used to build compact 
X-ray source
• We start with the rest frame of electron:

�0
= �+

h

mec
(1� cos ✓)

Compton
wavelength

Quantum correction of the Thomson scattering.



Doppler effect
• Transform from the rest frame to the lab frame.

• With the ‘back scattering’, i.e. the scattered angle is
~Pi, the wavelength relation in lab frame reads:

• The energy ratio: 

f
o

=

f
s

�(1 + � cos ✓)

�0 =
�

4�2
(1 + �2✓2)

E
i

: E0
i

: E
o

= 1 : 2� : 4�2



Cross Section
• The cross section of the Thomson scattering is: 

• The Klein-Nishina formula gives

Where P is the ratio of the photon energy before and after 
collision. When the electron energy is much larger, the formula 
reduces to Thomson case.

3⇡r20/8

d�

d⌦
= ↵2r2cP (E� , ✓)

2
[P (E� , ✓) + P (E� , ✓)

�1 � 1 + cos

2
(✓)]/2



Example, a compact x-ray source

Proposed by W. Graves



Medical Application

CARBON IONS VS. PROTONS FOR 
CANCER TREATMENT 

Carbon ions have distinct advantages relative to both 
photons and protons: Carbon ion beams deliver higher 
dose to tumors than photon or proton beams could, with 
less effects on surrounding normal tissues. Furthermore, 
they have an increased RBE in eradicating hitherto 
difficult-to-treat tumors, even using proton beams. These 
particular characteristics have been exploited in the clinic 
to obtain excellent cure rates in many different tumors.‡ In 
these cancers, carbon-ion therapy produced a significant 
reduction of the tumors in all patients without any 
significant recurrences. 

Figure 1: The particle beam is modulated to adjust the 
position of Bragg peak to form a Spread-Out Bragg Peak 
(SOBP). The relative doses of the SOBP of proton and 
carbon ion beams as a function of penetration depth in 
water are compared with that of a photon beam. The doses 
are normalized to the dose at the entrance to the body. For 
equal target dose, carbon beams exhibit the lowest 
entrance dose among the three beams. 

 

The therapeutic advantage of light ions versus protons 
stems from three decisively superior characteristics: light-
ion beams deliver higher cure rates of cancer, cause fewer 
complications, require fewer patient visits, and increase 
patient throughput of the facility. Specifically– 

(i) Compared with proton beams, light-ion beams 
produce higher dose conformation to the tumor 
volume (Fig. 1). As the sparing of the surrounding 
healthy tissues from unwanted radiation is 
increased, higher therapeutic doses can be placed in 
the tumor, producing higher cure rates with fewer 
complications.  

(ii) Many recurrences of tumors following radiation 
treatment come from the re-growth of hypoxic 

                                                           
‡ Such as Stage-I non-small cell lung cancers, sacral chordomas, rectal 

cancers, liver cancers, as well as relatively radioresistant tumors such as 
chordomas and low-grade chondrosarcomas of the skull base, adenoid 
cystic carcinomas and malignant meningiomas. See Ref. [1]. 

tumor cells (cells that have “outgrown” their blood 
supply and are thus oxygen starved). They are 
radioresistant to x-rays and protons. Light-ion 
beams, which have higher LET, are more efficient 
in killing anoxic tumor cells and significantly 
lower the chance of tumor recurrence.  

(iii) Proton-beam treatments are usually delivered 4 or 
5 times per week over 7-8 weeks (in 28-32 
fractions). Safe and effective light-ion beam 
treatments are delivered in fewer fraction numbers, 
such as 8-12, or possibly less for some tumor sites, 
perhaps as low as 1-4 fractions. This allows higher 
patient throughput in an ion-beam facility, which 
lowers the cost of treatment and enhances patient 
comfort.  

 

Therapy plans for carbon-ion beam and photon beam 
treatments are shown in Fig. 2, which demonstrates the 
superiority of single beam of carbon-ions over the most 
advanced photon treatment, IMRT (Intensity Modulated 
Radiation Therapy), which uses multiple beams. 

 

Figure 2: Left panels show a therapy plan for treating a 
head-and-neck tumor using one carbon ion beam. For 
comparison, right panels show a therapy plan for 
treating the same tumor using most advanced photon 
treatment, IMRT that employs multiple beams. (Based 
on a publication of Heidelberg University, Dept. 
Clinical Radiology and German Cancer Research 
Center.) 

 

As high-dose 3D-conformal treatment has become the 
clearly accepted objective of radiation oncology, clinical 
trials using proton and ion-beams are concurrently and 
methodically pursued. Protons with relatively low values 
of LET have been demonstrated to be beneficial for high-
dose local treatment of many of solid tumors, and have 
reached a high degree of general acceptance after more 
than six decades of treating over 60,000 patients by the 
end of 2009. However, some 15% to 20% of tumor types 
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have shown resistant to even the most high-dose low-LET 
irradiation. For these radio-resistant tumors, treatment 
with ions (e.g., carbon) offers great potential benefit. 
These high-LET particles offer the unique combination of 
excellent 3D-dose distribution and increased LET values, 
to eradicate tumor cells while reducing the effects of 
unwanted radiation in adjacent healthy tissues [7]. 

CLINICAL REQUIREMENTS OF AN ION-
BEM THERAPY FACILITY 

Table 1 shows a list of clinical requirements, which was 
prepared jointly by LBL/UCDavis-MGH in 1992 for the 
construction of proton therapy facilities [8]. The first 
proton facility built according to these clinical 
requirements by industry was the MGH’s Francis H. Burr 
Proton Therapy Center; and many subsequently-built 
facilities followed the suit. 

Table 1: Clinical Requirements of Proton Therapy Facility 
Item Clinical Requirements 

Range in Patient 3.5 – 32 g/cm2 
Range 
Modulation 

Steps of 0.5 g/ cm2 over full depth 
           0.2 g/ cm2 for ranges < 5 g/ cm2

Range 
Adjustment 

Steps of 0.1 g/ cm2 
         0.05 g/ cm2 for ranges < 5 g/ cm2

Average Dose 
Rate 

2 Gy/min for 25 x 25 cm2 field 
 at 32 g/cm2  full modulation 

Spill Structure Scanning compatible 
Field Size (cm2) Fixed: 40 x 40; Gantry: 26 x 20 
Dose Compliance ±2.5% over treatment field 
Effective SAD Scattering: 3 m from the first scatterer 

Scan: 2.6 m from the center of magnet 
Distal Dose 
Falloff (80–20%) 

0.1 g/ cm2 above range straggling 

Lateral Penumbra 
(80–20%) 

<2 mm over penumbra due to multiple 
scattering in patient 

Dose Accuracy ±2% 
 

Based on these clinical requirements, a report on 
technical performance specifications of proton therapy 
facilities was prepared at LBNL [8]. Table 2 shows a list 
of technical specifications for a carbon-ion therapy 
facility. It is developed by modifying for the physical 
differences between protons and carbon ions: mainly for 
higher energy loss by ions that increases the beam energy 
requirement, and higher LET that reduces the beam 
intensity requirement.  

Table 2: Specifications of a Carbon-Ion Therapy Facility 
Item Specifications 

Ion Species Carbon - p, He, Li, Be, B,C 
and beyond (N, O, and Ne) 

Energy  400 – 140 MeV/µ 
Range/SOBP/Lateral-Size 250/40 - 150/220 mm 
Max. Dose Rate  5 Gy RBE/min in 1 liter 
Beam Intensity  1.2ҏx 109 pps 
Treatment Rooms  3: H&V, H, V / Gantry 
Irradiation Method  Pixel Scanning / with Beam 

Gating / Motion Tracking 

CURRENT STATUS OF ION-BEAM 
THERAPY FACILITIES 

In 1994 the National Institute of Radiological Sciences 
(NIRS) in Chiba, Japan, commissioned its Heavy Ion 
Medical Accelerator in Chiba (HIMAC), which has two 
synchrotrons and produces ion beams from 4He to 54Xe 
up to a maximum energy of 800 MeV/µ (Fig. 3).  

The HIMAC serves two treatment rooms, one with 
both a horizontal and a vertical beam, and the other with 
a vertical beam only. There are also a secondary (radio-
active) beam room, a biology experimental room, and a 
physics experimental room, all equipped with horizontal 
and/or vertical (downward) beam lines. As of February 
2010, a total of 5,189 patients have been treated.  Clinical 
results have shown that carbon-ion treatments have the 
potential ability to provide sufficient dose to the tumor, 
together with acceptable morbidity in the surrounding 
normal tissues. Tumors that appear to respond favorably 
to carbon ions include locally advanced tumors as well as 
those with histologically non-squamous cell type of 
tumors, such as adenocarcinoma, adenoid cystic 
carcinoma, malignant melanoma, hepatoma, and 
bone/soft tissue sarcoma. By taking advantage of the 
unique properties of carbon ions, treatment with a large 
dose per fraction within a short treatment period has been 
successfully carried out for a variety of tumors [9]. 

 

Figure 3: Schematic view of HIMAC. The lower part 
depicts the new treatment facility addition (2011). (K. 
Noda, NIRS) 
 

In 2001, the Hyogo Ion Beam Medical Centre 
(HIBMC) was commissioned at Harima Science Garden 
City, Japan, as the first hospital-based facility in the 
world to provide both proton and carbon-ion beam 
therapy. The third carbon-ion therapy facility in Japan 
was commissioned at the Gunma University Heavy Ion 
Medical Center,  and its first patient was treated in March 
2010. 

At the Heidelberg Ion Beam Therapy Centre (HIT), as 
shown in Fig. 4, two ion sources feed the synchrotron via 
a linear accelerator. It houses three treatment rooms: two 
with a horizontal beam and one with a rotating gantry, 
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Medical Application around World

which makes it possible to aim the beam at the patient 
from all directions. This system, which will be capable of 
treating tumors with both carbon ions and protons, was 
commissioned in 2009 [10]. A second carbon ion and 
proton beam therapy center in Germany is under 
construction at the Klinikum Geisse-Marburg in Marburg. 

 

Figure: 4: Schematic view of HIT at Heidelberg, 
Germany. 
 

The Centro Nazionale Adroterapia Oncologica (CNAO) 

will commission an ion-beam facility in Pavia, near 
Milan, in 2010. The facility will provide therapeutic 
beams of protons and carbon ions with maximum energy 
of 400 MeV/µ [11]. The basic design of the CNAO 
accelerator and beam lines are based on the results the 
Proton-Ion Medical Machine Study (PIMMS) hosted at 
CERN from 1996 to 1999 [12].  

Table 3 lists technical characteristics of existing light 
ion facilities.  There are several additional facilities under 
planning in Shanghai, China, Saga Prefecture (Tosu city) 
and Kanagawa Prefecture (Kanagawa Cancer Center, 
Yokohama city) in Japan, Aachen and Berlin in 
Germany, Catania, Italy, Lyon (Centre Etoile) and Caen 
(Asclepios) in France, and Minnesota and California, 
USA.  

In contrast to the fact that every ion-beam facilities 
discussed here uses a synchrotron, Ion Beam Associate 
(IBA) of Belgium proposes to use a superconducting 
isochronous cyclotron, with an ECR source, 25 keV/Z 
axial injection, to accelerate He and C ions to 400 MeV/u 
and protons to 260 MeV [13]. 

Table 3: Physical Characteristics of Ion Beam Facilities, Existing and Under Construction 
  HIMAC 

Chiba 
HIBMC 
Hyogo 

HIT 
Heidelberg 

CNAO 
Pavia 

GUNMA 
Maebashi 

Marburg 

Particles  p, C, O, Ar, Xe p, He, C p, He, C, O p, He, C, O  C p, C 
Accelerator  2 Synchrotrons Synchrotron Synchrotron Synchrotron Synchrotron Synchrotron 
Ion Sources PIG for low Z; 

ECR for high Z 
2 ECR sources 2 ECR sources 2 ECR sources ECR source 2 ECR 

sources 
Injector RFQ (8 to 800 

keV/u) and 
Alvarez LINAC 
(0.8 to 6 MeV/µ) 
at 100 MHz 

RFQ (1MeV/µ) 
and Alvarez 
LINAC (5 MeV/µ)

7 MeV/u linac 
injector 

RFQ (8 to 400 
keV/µ) and IH-
DTL LINAC (to 
7 MeV/µ) 

RFQ and APFIH   

Particle Energy 
(MeV/µ) 

C (420) 
Ar (800) 

p & He(70- 230)  
C (70 - 320) 

50 - 430 p: 250              
C: 60 - 400 

C only: 400 100-430 

Beam Intensity, 
particles per 
spill (pps)  

  p: 7.3x1010        

He: 1.8x1010        
C: 1.2x109 

p: 4x1010             

He: 1x1010        
C: 1x109           
O: 5x108  

p: 2x1010                

C: 4x108 
C: 1.2x109 C: 3x108 

Repetition Rate   p: 1 Hz He  
C: 0.5 Hz 

        

Spill Length 
(msec) 

  400   250 - 10,000     

Treatment 
Rooms  

1 H, 1 V, and 1 
H&V 1 gantry 
(planned) 

p: 1 H and 2 gantry 
rooms C: 1 H&V 
and 1 45 degree 

2 H and 1 
gantry room 

2 H and 1 H&V  H, V, H&V; no 
gantry 

3 H and 1 45 
degree  

Beam Delivery 
Technique  

Passive 
scattering 

  Intensity 
controlled 3D 
raster scan 

Intensity 
controlled 3D 
raster scan 

Passive, 
respiration gated 

  

Field Size (cm2)   15 x 15 20 x 20 20 x 20  15 x 15   
# Pts Treated or 
Planned /Year  

5189 (2010.2) 515 (2009.3) > 1,000     1500-2000 

First patient 1994 2001 2009 2010 2010 2010 
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Quantum Computing ?!
We need individual control qubits which can be in two 
base states:

and its linear combination and entangled states.
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Ion trap
It is important to ensure the decoherence time of the Quantum state, while keep the 
strong coupling to the states to realized the ‘logic gate‘. 
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术实现,所以量子比特和腔可以看作是独立的器件,
它们的性能、材料以及设计可以较为容易地分离

而互不影响.
虽然 3D 腔的模式体积较大, 不易形成强耦

合, 但在实验中通过对器件结构的改进还是实现
了腔 QED 的强耦合机制, 真空拉比频率 g/2π 大
于 100 MHz[40]. 如图 12(b) 所示, 图中量子比特的
电极要比传统的传输子量子比特的电极大得多

(∼ 0.5 mm), 通过增加量子比特的偶极矩来补偿产
生单光子的 3D腔的电磁场强度的减小. 传输子量
子比特的电极并联了大电容 (CΣ ∼ 70 fF), 在保证

非谐性的前提下降低了充电能,从而减小了对电荷
噪声的敏感度. 整个系统工作在色散条件下, 量子
比特使腔发生了与其状态相关的偏移,而这是读出
机制的基本条件. 3D 腔结构通过对量子比特与环
境耦合的精确控制把量子比特的相干时间提高了

一个量级, 这是通过标准的时域测量, 即对能量弛
豫时间 T1 的测试和 Ramsey实验测试相位相干时
间 T2 得以验证的, 如图 13所示. 实验中观察到量
子比特的 T1 可达 60 µs, T2 为 10—20 µs. 以超导量
子比特中较快的门时间 (tgate ∼ 10 ns)计算,误码率
tgate/T2 将接近 ∼ 5×10−4.
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图 12 量子比特与 3D腔的耦合 [33] (a) 3D腔中传输子量子比特的图示; (b) 3D铝谐振腔照片; (c) 3D腔和传输子量子比特
的耦合结构随功率和频率变化的传输曲线

Rigetti等 [43] 随后在 3D腔中将超导量子比特
的相干时间提高到接近 0.1 ms 的量级. 他们在一
个铜波导 3D 腔中耦合单结传输子量子比特, 测
得量子比特相位相干时间 T2 = 95 µs, 能量弛豫时
间 T1 = 70 µs, 如图 14 所示. 而当相干时间达到
20—200 µs时,量子寿命就可达到门操作时间和测
量时间的一千倍,从而可以实现长时间的量子比特
操作.相干时间得到进一步提高是因为在量子比特
操作中更好地控制了由腔的光子数涨落引起的退

相位机制. 这是通过以下三点实现的: 首先, 选择
合理的量子比特和 3D 腔参数来减小在腔基模下
每个剩余光子有可能引起的量子比特的退相位率;
其次,器件的设计可以限制量子比特和腔的高阶模
式的耦合,将腔设计成对称形状使得除基模之外的
最邻近的模式为 24 GHz, 与量子比特的跃迁频率
相差 20 GHz, 这种设计最大程度地减小了与高阶
模式的耦合, 增强了腔基模的稳定性; 最后, 一个
谐振模式的热光子温度,不论是线性的还是非线性
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The decoherence time is largely
improved in cQED from ns level to
ms level in recent years, taking
advantage of the high quality factor
of the superconducting cavity,
working at 10-20 mK.


