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Outline

! RadiaBeam overview 
! What is a small business angle? 
! How can ATF help our mission? 
! Case studies: 

o RF capabilities 
o Beam profile diagnostics 
o High power compact ICS program (STINGray) 

!  Conclusions 
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Company background

! RadiaBeam Technologies was founded in 2004, a 

spin-off from UCLA Particle Beam Physics 
Laboratory 

!  Initial business idea was to develop a Radiatron, 
a high duty cycle FFAG betatron, for industrial 
applications. 
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Radiatron development

! DOE SBIR grant to develop a prototype system (6 

MeV, 10-20 kW average power) 
!  2004-2005: beam dynamics design/engineering 
!  2006-2007: prototype construction 
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Radiatron development

!  2007: ran out of funds 
!  the biggest unresolved technical challenge was 

FFAG magnets and extraction 
!  IBA s.a. became interested in Radiatron 

o  Offered access to IBA codes to study extraction 
o  Funded magnets redesign (no success) 
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Products

!  2009: IBA funding ran out, Radiatron development 

had to stop 
! Fortunately since foundation we tried to develop 

and sell other products (longitudinal and beam 
profile diagnostics, magnets, RF structures). 

! SBIR Program also offered multiple new 
opportunities (products/R&D – positive feedback) 

1st product sold (2004): THz interferometer for 
bunch length measurements (licensed from 
U. of Georgia); delivered to INFN 
 
2nd product sold (2005): quadrupole triplet for 
low energy beamline; delivered to Accuray 
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Present status

! Currently over 40 employees, including 8 PhD 

scientists 
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Small business angle? 

! How is small businesses (SB) is different from 

research institutions (RI): 

RI SB 

What defines 
the tasks? 

• Scientific curiosity 
• Society needs 

• Demand 

Nature of 
work 

• R&d 
• Experiments 

•  r&D 
• Production 

What is the 
metrics of 
success? 

• Scientific impact 
• Publications/capabilities 

• Profit 
• Growth 
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Small business angle? 

! How is small businesses (SB) is different from 

research institutions (RI): 

RI SB 

What defines 
the tasks? 

• Scientific curiosity 
• Society needs 
• Demand (FOs) 

• Demand 
• Society needs 

(FOs) 

Nature of 
work 

• R&d 
• Experiments 
• Proposals 

•  r&D 
• Production 
• Proposals 

What is the 
metrics of 
success? 

• Scientific impact 
• Publications/capabilities 
• Stable Funding 

• Profit 
• Growth 
• Stable Funding 
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Small business angle? 

!  In the field of Accelerator Science and Technology 

SB and RI are often part of the same community 
! DOE SBIR and Stewardship programs facilitate 

close programmatic ties between SBs and RIs 
 
! The most important and unique aspect of small 

business experience is development, marketing 
and sales of products 

! How can ATF help us to get a competitive edge? 
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Research products

! Diagnostics 

o Transverse 
o Longitudinal 
o Charge, emittance, etc. 

! RF structures 
o RF photoinjectors 
o Linacs, deflectors 

! Magnetic systems 
o Electromagnets 
o Permanent magnets 
o Systems (chicanes, final focus, etc.) 
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Production capabilities

! Prototyping and small 

scale production  
! Testing, shipping, 

installation, support 
! Turn key systems 
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Product development

! Wide customer base (50% of sales are 

international) 
! Most products are custom or semi-custom 
! Most sales are in small quantities 
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Non-competitive advantages 

! EU (also Japan and Korea): institutionalized 

demand from domestic projects (labs 
delegate production to industry, unlike in US) 

! China (also Russia): publicly subsidized 
production costs 

! US: how to match international competition? 
o R&D funding (SBIR, BAAs, Stewardship) 
o Access to infrastructure (test facilities, 

specialized capabilities) 
o Access to expertise and tech-transfer 

(academia and national labs are          
encouraged to work with businesses) 
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X-band deflecting cavity 

! X-band deflector (DOE SBIR grant 2007-2012) 

o  Enables ~ 10 fs longitudinal resolution  
o  Delivered completed structure to ATF 

! Provided a major boost to RF capabilities at RBT 
!  Initiated a successful product line (i.e. PAL deflector) 

Commissioning at ATF is 
planned for 2015
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Attoscope

!  Enhancement to RF deflector (DOE SBIR) 
!  Laser/e-beam interaction 
!  Sub-fs resolution 

G. Andonian et al., PR STAB 14, 072802 (2011) 

resolvable along the sinusoidal curve with the appropriate
choice of readily available optics and monitors. The entire
scheme is compact and can be easily incorporated into a
diagnostic line at any high-brightness facility that employs
compressed beams, with an accompanying laser system.

II. TRANSVERSE ENCODING OF
TEMPORAL PROFILE AND

GENERAL SCALING

To get a sense of the characteristics of the system for
some general scaling, we model the arrangement as three
simple components: (1) the laser modulator (undulator),
(2) the rf deflector, and (3) the drift to the diagnostic
screen. Each performs a linear transformation on the 6D
electron beam phase space, and for the purposes of
generating simple analytical formulas, we assume the laser
modulator and rf deflector are zero-length elements.
The schematic is illustrated in Fig. 1 and the coordinate
index numbers (0, 1, 2, 3) are used as subscripts to
indicate location along the beam line. The initial e-beam
distribution is given by the function f0 ¼ f0ðX0Þ ¼
f0ðx0; x00; y0; y00;!0; s0Þ, where x0 and y0 are the transverse
spatial coordinates of an electron, x00 ¼ dx0=dz and y00 ¼
dy0=dz are the transverse divergences, !0 ¼ ð"0 $ "Þ="
is the relative energy deviation of an electron with energy
"0 from the nominal e-beam energy ", and s0 ¼ z$ v0t is
the position of the electron in the moving frame.

The laser modulator is based on a concept investigated
by Zholents and Zolotorev [15] and we follow their nota-
tion where applicable. In their study, a portion of the
e-beam interacts with a few-cycle TEM10 Hermite-
Gaussian mode in a planar undulator (horizontal wiggle
induced with vertical field orientation) for the production
of attosecond pulses. In our scenario however, the entire e-
beam is evenly modulated in energy and horizontal angle
along the bunch length, so we simplify by assuming that
the laser pulse length is much longer than the e-beam
bunch length.

The electric field of the TEM10 mode is given by

Exðx; z; tÞ ’
2

ffiffiffi
2

p
E0x

wRð1þ z2=z2RÞ
sin½kðz$ ctÞ þ#'; (1)

where E0 is the field amplitude, # is the laser phase,
k ¼ 2$=% is the laser wave number, % is the laser wave-
length, wR is the laser waist, and zR is Rayleigh range. In
this expression, we have neglected the Gaussian transverse
dependence of the field in the assumption that the laser
waist is much larger than the transverse e-beam size. We
refer to this as a quasi-1D approximation, where the field
experienced by the e-beam is linear in x.
The normalized transverse velocity of an electron inside

the undulator is given by

&x ¼ $K

"
sinð2$z=%uÞ; (2)

where the dimensionless undulator parameter is K ¼
ðeB0%uÞ=ð2$m0cÞ, B0 is the peak magnetic field in the
undulator, and %u is the undulator period. The effect of
the laser on the transverse motion is neglected in the
limit that K ( eE0%=ð2$m0c

2Þ. The energy exchange
between the electron and the fields is

d"

dt
¼ e

m0c
Ex&x: (3)

Combining Eqs. (1)–(3) (see Zholents and Zolotorev [15])
yields an expression for the change in relative energy
(!"=") 1) of each particle as a function of its initial
horizontal (x0) and longitudinal (s0) coordinates within the
bunch, after the undulator (denoted by the index 1—see
Fig. 1) near the resonant energy "2

r ¼ %u
% ð1þ K2=2Þ,

!"

"
¼ !1 $ !0 ¼ Akx0 cosðks0Þ; (4)

where

A ¼ 2K

"2

ffiffiffiffiffiffi
PL

P0

s
½JJ'fðLu; zR;'Þ; (5)

PL ¼ E2
0$w

2
R=ð2(0cÞ is the laser power, (0 is the perme-

ability of free space, P0 ¼ IAmc2=e where IA is the Alfvén
current, ½JJ' ¼ J0½K2=ð4þ 2K2Þ' $ J1½K2=ð4þ 2K2Þ',
J0 and J1 are Bessel functions, and f is a function that
depends on the undulator length (Lu), detuning ' ¼
2Lu%uð1$ "="rÞ, and Rayleigh range (zR) of the laser.
This function is typically peaked at about *3 for all
practical values and may include beam emittance effects
as well.
Note that the electrons on axis are unmodulated. Then

by using the relation [15]

@
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#
¼ @
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FIG. 1. Conceptual scheme for longitudinal profile diagnostic
with sub-fs resolution. The undulator provides coupling between
the laser mode and ultrashort electron bunch to impart an angular
modulation. The deflecting cavity provides a vertical sweep in
the orthogonal direction. The pattern is swept on a distant screen.
The beam distributions at each element along the beam line are
given by Xi, where i ¼ 0; 1; 2; 3 corresponds to the 6D beam
distribution (0) initially, (1) after the modulator, (2) after the
deflector, and (3) at the screen, respectively.

G. ANDONIAN et al. Phys. Rev. ST Accel. Beams 14, 072802 (2011)

072802-2
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Beam profile diagnostics

!  ATF experiment demonstrated limitation of scintillators 
!  At higher beam densities OTR and wire scanner more 

accurate 
!  The best approach is to have multiple diagnostics 

available 

the rest of the beam line.
The final focus is achieved within the last 6 meters of

the beam line (Fig. 2).  Two regular quadrupole triplets
followed by the permanent magnets in-vacuum assembly
form the overall demagnification ratio of 5:1.  Betatron
phase advance through the whole 6-m section was
optimized to be exactly 180 degrees in the both planes.
The permanent magnet was located only 20 cm away
from the diagnostics target, which dramatically decreased
the chromaticity of the final focus and allowed to generate
a 2-cm β-function beam in both directions.

3.  DIAGNOSTICS SET-UP
All the diagnostic samples for the experiment were

fixed to the single aluminum bracket, attached to the
remotely controlled translation stage.   The bracket was
positioned at the focus of the in-vacuum parabolic mirror,
which enabled to achieve a proper magnification for the
optical imaging system.  The image resolution on the
CCD camera was achieved as small as 3 µm/pixel.  The
optical system acceptance angle was minimized by the
motorized iris, so that the depth of field would be

sufficient to preserve the high resolution within 0.2 mm
thick crystals.  Operating the translation stage allowed
multiplexing between the diagnostic samples without
changing any properties of neither the electron beam nor
the imaging system.  The set of 6 diagnostics samples has
been tested:
• YAG single crystal doped with 0.18% Ce, used in

previous experiments.
• YAG single crystal doped with 4.0% Ce.
• LuAG single crystal doped with 4.0% Ce.

Chemical and physical properties of this crystal are
identical to the ones of the YAG, yet larger band
gap (12 MeV) makes the ion yield in the crystal
less efficient; hence, making the material more
resistant to the depletion of the emission sites by
the beam of an excessive density.

• YAG:Tb powder screen with the ultra-small grain
structure.

• Terbium doped gadolinium sulfa-oxide screen
(ATF homemade phosphor which is commonly
used at the accelerator labs for many years)

• λ/2 aluminized mirror for the OTR measurements.

4. RESULTS AND DISCUSSION
At the beginning of the run the beam spot size was

minimized by varying the quadrupole settings.  It is
noteworthy, that in this process the strengths of the last
two quadrupoles were significantly adjusted compare to
the original simulated values.  That can be explained by a
significance of the space charge term in this
configuration.  Since there were no sextupoles installed to
compensate for the chromaticity of the final focus state, it
was not surprising, that the jitter in the linac resulted in
the observable increase of the beam size on the target.
Fortunately, the size fluctuations were cyclical and
relatively small; therefore they did not affect any of the
diagnostic measurements.

Initial comparison of the beam sizes as measured on the
different diagnostics (Fig. 3) agreed with our previous

Figure 2 : Beam optics layout including a permanent
quadrupoles cell at the final focus.

Figure 3: Beam images taken consequently with the
six different diagnostics under the stable
experimental conditions (the charge Q ~ 500 pC).

µm

Figure 4: Electron beam horizontal spot size as a
function of charge, measured with the scintillating
diagnostics and the OTR.
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IBIS-2 (multi-position) 

! Multi-position pneumatic actuator system 
! Up to 4 diagnostics at the same port 
! Modular system with multiple add-ons 
! Since 2010, sold ~ 70 systems 
! First 2 units tested at Fermilab and ATF 

Ce:YAG

OTR

Virtual 
Target

Zoom 
Lens

Camera
Actuator

Mirrors Filter 
Wheel

The “A0 RadiaBeam” project objective is to evaluate transverse beam profile monitors proposed for 
the NML Low Energy Beamlines.   A0 was simply chosen as a convenient test bed and RadiaBeam 
was chosen on the merits of their modular IBIS (Integrated Beam Imaging System) design 
proposal.   Thin metallic foil screens for Optical Transition Radiation (OTR) and Ce:YAG single‐
crystal scintillators are being investigated along with all supporting mechanical, electronic, and 
optical systems.  The project goal is to move from prototype evaluation into production for NML.
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New developments

! COTR discovery introduced a new range of 

problems for transverse diagnostics at X-FELs 
! Wire-scanners work well, but multi-shot 
! Developed Cherenkov single-shot “wire scanner” 

based on fiber mesh (DOE SBIR 2010) 
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New developments

! Dielectric Laser Accelerators, although in infancy, 

require sub-micron diagnostic resolution 
! Developed reflective DUV OTR diagnostics 
!  Initial tests at ATF indicated 0.5 µm resolution 

e-beam 

To CCD 

sliding 
stage 

YAG:Ce 
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STINGRay


! Source of Tunable, Intense, Narrow-bandwidth 
Gamma Rays (compact, high rep. rate) 

!  IFEL uses same laser as ICS (1-10 MeV, 1013 cps) 
! Modular funding approach (starting 2008) 

50 MeV linac 
Seed CO2 pulse generator 

IFEL booster dipole 

interaction chamber 
dipole 

beam  
dump Laser amplifier 

gamma ray 
beam 

~ 10 m 

IP 
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STINGRay


! Demonstrated: IFEL, high efficiency ICS,    
laser recirculation 

! Future work: high gradient IFEL, recirculated 
ICS, ICS+IFEL, complete stand-alone system 

50 MeV linac 
Seed CO2 pulse generator 

IFEL booster dipole 

interaction chamber 
dipole 

beam  
dump Laser amplifier 

gamma ray 
beam 

~ 10 m 

IP 
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1st ICS experiment 

! DTRA SBIR (2009) 
! Recirculated 530 nm laser (RING cavity) 
! Conducted a pilot experiment at ATF 
! Mixed results, a lot of learning experience Interaction chamber 
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Most of other preparatory work for this section has been completed, including cleared out the 
space from the previous experiments, and moving several cable trays and ceiling lights to 
accommodate for the spatial filter. As of now there are no beam obstructions remaining 
throughout the entire hall, and all of the ceiling path breadboards are completed.  

5.6 Spatial filter and amplifier installation 
The spatial filter was pumped down with a turbo pump with the intent of testing how well it will 
retain vacuum.  The vacuum level reached as low as 2x10-4 Torr on the attached Pirani Gauge.  
However, only a few hours after the turbo pump was turned off, the spatial filter was back up to 
atmosphere.  When pumped down again, a leak was detected in both lens/window assemblies.  
After evaluating the assemblies, the gaskets were determined to be the cause of the leak.  
Changes in the gasket design were implemented and the gaskets will be remade and retested. 
 
We are still waiting to receive the modified Pockel Cell holder from Germany. Based on the 
present status information, it should be finished my mid-June.  

5.9 I-box installation at ATF 
The interaction box installation at the ATF is a major milestone in the project successfully 
completed during the reporting period.  The process started by carefully planning the move of 
1,000 lbs. chamber in a very space limited experimental hall.  The red heads has been installed in 
place, and the path was cleared.  The BNL rigging team has designed a special handling set up 
(Fig. 1), to enable transport of the chamber while minimizing stress to the welding joints in the 
system.  
 

 

Figure 1. Interaction box transportation set-up. 

IP#

PMQs#

E(beam#

IR#laser#

OTR#

2nd#harmonic#
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Active cavity (@ 10 µm) 

! DOE SBIR (2013) 
! Obtained 30 J pulse-train at 40 MHz (Dec. 2013) 
! Strong integration with the ATF program 
! Pulse train ICS is planned for early 2015 
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Conclusion

! Accelerator Test Facility plays a crucial role to help 

US small businesses to invent, develop and test 
new products 

! ATF is an ideal host facility for long term multi-
institutional programs, which eventually can bring 
disruptive innovations to the market 

! ATF is a part of the publicly funded infrastructure, 
which makes US businesses more competitive 
internationally 

! Wish list for ATF-2:  
1.  streamlined procedure for quick experiments  
2.  more space: floor / bench top / shielded / office 
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