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Outline 
!  ICS challenges 
!  Inverse-Compton Gamma-ray Source (IGS) experiment 

report 
!  Inverse Compton Source for Extreme Ultraviolet Lithography 

(new proposals) 



ICS potential 
!  Synchrotron light sources 

are very successful and 
attract users with the 
background in research, 
industry, medicine and 
defense. 

!  ICS carries a potential of 
bringing light source 
quality X-rays to the users. 

!  ICS path to the market has 
many challenges. 



ICS challenges: efficiency 
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!  Compton cross-section is very small 
!  At reasonable laser intensities ( al<1 ) the process is linear, and ICS 

efficiency depends on maintaining maximum interaction density at IP: 
!  e-beam and laser spatial and temporal overlap and minimal size; 
!  precise and stable 3-D alignment; 
!  good emittance, low energy spread, quality optics for electron and 

photon beams. 



ICS challenges: average power 
!  In the best case scenario photon output per interaction is about 

108-109 X-ray photons per pulse 
!  A typical potential users requirement is ~ 1012 cps 
!  State of the art high average power picosecond lasers and e-beams have 

different temporal profile 

 
!  The only solution to the average power problem is in multiple 

recycling of the laser beam to match e-beam burst mode profile. 



ICS challenges: funding 
!  A lot of progress on ICS science has been made in national 

laboratories (LBNL, BNL ATF, LLNL).  
!  The technology is not far enough in the development cycle to 

attract private funding. 
!  Users would consider purchasing a turn key commercial ICS 

systems, but first someone has to fund the development. 
!  The type of application that can drive further development: 

1.  Serve a large enough addressable market to absorb the 
development costs. 

2.  ICS should offer a solution for the obvious and unmet need 
within the application. 

3.  Publicly funded light source facilities should not be competing 
for the same users. 



Outline 
!  ICS challenges 
!  Inverse-Compton Gamma-ray Source (IGS) 

experiment report 
!  Inverse Compton Source for Extreme Ultraviolet Lithography 

(new proposals) 



Photofission detection 

!  Photon-induced fission produces signals of prompt neutrons and gammas 
and delayed neutrons and gammas 

!  Delayed neutrons/gammas are a characteristic signal of SNM 



ICS gamma ray source 

!  High efficiency at high energy 
(~ 1% extraction efficiency, like 
FEL!) 

!  Directionality (1 m diameter 
beam at 1 km distance) 

!  Light sources do not reach these 
energies 

!  Border line “transportable” 
system 

!  Disadvantage: in DOD 
terminology, ICS is TRL 2-3 on a 
scale of 9, so the funding 
capacity is very limited at this 
time [ F.V. Hartemann et al., Phys. Rev. ST AB 8, 100702, (2005). ]  



IGS project at ATF 

!  DTRA funded Phase II SBIR project (2010-2011) 
!  Goal: demonstrate burst mode ICS operation enhancement with re-

circulated laser 
!  Outcome: 
1.  The primary objective was not achieved 
2.  Good progress, however, on the laser recirculation, ICS quality e-

beam pulses generation and infrastructure development 
3.  Some valuable experience applicable to future efforts 

R. Agustsson, S. Boucher, L. Faillace, P. Frigola, T. Hodgetts, A. Ovodenko, 

M. Ruelas, R. Tikhoplav  (RadiaBeam)  

M. Babzien, O. Chubar, M. Fedurin, T. Shaftan, V.  Yakimenko (BNL),  

I. Jovanovic (Penn State), W. Brown (MIT), A. Tremaine (LLNL) 



IGS design: laser recirculation 
! Recirculation Injection by Nonlinear Gating (RING)  

!  Initially Developed at LLNL by I. Jovanovich 

!  Advantages: simple, inexpensive, can handle high power 

[ I. Jovanovic et al., Nucl. Instr. and Meth. A, 578 160 (2007).] 



IGS design: interaction chamber 
!  In-vacuum RING optics (12.5 ns round trip) 
!  PMQ focusing/defocusing and diagnostics at the IP 



IGS design: IR laser system 
!  Transport of  ATF YAG laser to EH 
!  Two passes through spatial filter and 

amplifier to achieve 100 mJ at the IP 
!  Matching optics into the interaction 

chamber 
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Once the beam enters the hall, it is immediately shifted to the right to clear the area of the rest of 
the CO2 transport line. The grey rectangles shown on the right side of the image represent the 
CO2 area.  The next element in line is the Faraday Rotator, which safeguards the drive laser 
equipment upstream. After that there are two turning mirrors, and the first telescope/collimator. 
The purpose of this telescope is to simply resize the initial YAG beam to best match at the 
entrance of the amplifier, as well as remove any possible rough collimation defects.  
 
After the first telescope there is a polarizer plate and the spatial filter, to improve beam stability 
and quality prior to amplification.  After the amplifier, the beam does the first pass through the 
quarter-wave plate and is then reflected back into the spatial filter by hitting a flat mirror. 
Passing through the spatial filter twice, the beam is first cleaned up for the amplifier, and on the 
second pass, the amplified beam is cleaned up for the RING. In addition, by passing through the 
quarter-wave plate twice, the beam will now be reflected from the polarizer plate instead of 
passing through it, and will continue over the beam line one. It is then dropped down and 
directed into the RING.  
 

 

Figure 4:  Laser transport, spatial filter and amplifier placement schematics.  

7. Project Management/Administration 

7.1 Project Management 
The Excel workbook for EVM is included as an attachment with this report. The current Earned 
Value of the project is calculated to be $603,760, which corresponds to a Schedule Variance of  
$-63,743.  
 
 



IGS design: projected performance 
!  Design performance: ~ 107 X-rays per pulse (at ~ 160 keV) 

!  With the RING resonator expected enhancement is factor of ~20 
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RING commissioning 
!  Successful bench top test (~ 3% losses per round trip) 

!  Excellent spatial stability of the focal spot (publication pending) 



PMQ system 
!  Spot size at the IP ~ 15 µm RMS 

!  In-vacuum PMQ triplets fabricated for focusing and also to clear 
the beam downstream of IP 

x0= y0= 2! 

x0= y0= ! 

x0= y0= !/2 

PMQ #1 
Center 



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. 



Detection issue 
!  Original plan was to use Amptek “spectrometer” 
!  More detailed analysis revealed that Amptek is a bolometer 

working in photon counting mode, not suitable for picosecond 
pulse detection 

!  Plan B was using scintillating screen, but signal to noise is an 
issue, since 160 keV photons are hard to detect (long penetration 
depth), and experiment was not planned properly with this 
problem in mind. 



Experimental Results 
!  Produced 20-bunches pulse train e-beam 300-600 pC/

bunch 
!  Achieved 15 µm e-beam at the IP 
o  ~ 50 mJ IR laser at the IP (run out of time to fully 

commission spatial filter and intra-vacuum RING cavity) 
x  No X-rays were detected 



Conclusions 
!  It was attempted to demonstrate the burst mode ICS operation at 

the ATF, but a combination of a detection method planning error 
and aggressive schedule and budgetary constrains prevailed..  

!  The experiment came fairly close, and we are looking forward to 
the future opportunities to continue this work. 

!  Valuable experience has been gained, and some useful hardware 
has been developed. 

!  ATF staff was very supportive and instrumental throughout design, 
implementation and commissioning stages of this project (thank 
you)! 

!  The project was supported by DTRA Phase II SBIR Contract No. 
HDTRAI-10C-0001 
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Motivation 
!  EUVL is the next big thing in the semiconductor industry to 

enable ~ 10 nm features 

Public Slide 3   | 

EUV has come a long way in last 25 years 
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L&S 

1st papers soft 
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ASML start 
EUVL 
research 
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ASML has active program since 1997.  
Currently >1000 people work on pre-production systems are shipped 2010-11. 
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80 
nm 

160 
nm 

ASML ships 
pre-production 
tools 
 

ASML ships 2 
alpha tools to 
IMEC 
(Belgium) and 
CNSE (USA) 

NL: 

40 nm hp 28 nm  
Lines and spaces 

Japan: 

Kinoshita et al 
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EUVL ICS System 
! CO2 laser is ideal match for the wavelength (gamma ~ 20) 
!  Burst mode 1 J class CO2 is available via re-amplification 
! NCRF e-gun and CO2 can in principle achieve 1 kHz rr 



New EUVL ICS Project at ATF 
! DOE Phase I SBIR Award No. DE-SE0007703 

! Phase II goal: scaled experiment at ATF BNL  
1.  Peak brightness demonstration 
2.  Pulse train ICS demonstration 
 

!  Phase I technical objectives: 
1.  EUVL ICS single shot system optimization 
2.  Design of the CO2 laser recirculation/reamplification 
3.  Design studies of e-beam dynamics 
4.  Design of the interaction chamber  
5.  Phase II experimental planning 



Scaled experiment design 
!  Proper scaling requires the same optical properties for e-

beam and laser. 



Pulse train system design 
!  ATF code to optimize the molecular composition of the 

amplifier, to maintain good bandwidth after multiple passes. 
!  Leveraged on the similar studies for IFEL in 2010. 



E-beam transport optimization 
!  ELEGANT simulations and final 

focus optimization 
!  PMQs design 

     



Schedule 


