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Introduction	  and	  Background	  
In	  applications	  such	  as	  the	  production	  of	  hydrogen	  ions	  
for	  accelerators	  in	  spallation	  neutron	  sources,	  including	  
the	  Oak	  Ridge	  National	  Laboratory’s	  Spallation	  Neutron	  
Source	   (SNS),	   charge	   stripping	   of	   hydrogen	   ions	   using	  
high-‐power	   lasers	   represents	   an	   attractive	   technical	  
approach.	   The	   use	   of	   laser–ion	   interaction	   in	  
conjunction	   with	   a	   laser	   recirculation	   cavity	   using	   the	  
method	   termed	   Recirculation	   Injection	   by	   Nonlinear	  
Gating	   –	   RING	   (Fig.	   1,	   [1])	   holds	   promise	   for	   greatly	  
improved	   efficiency,	   but	   the	   high-‐radiation	  
environment	  raises	  concerns	  about	  the	  longevity	  of	  the	  
key	   components	   of	   such	   a	   system,	   especially	   the	  
nonlinear	  crystal	  used	  for	  frequency	  conversion.	  

	  
FIGURE	   1.	   RING	   principle	   [1]	   adapted	   to	   laser	   ion	   stripping.	  
Fundamental	   frequency	   (ω)	   and	   the	   second	   harmonic	   (2ω)	  
laser	  pulses	  are	   injected	  into	  the	  cavity	  and	  rejected	  from	  the	  
cavity	   using	   a	   pair	   of	   dichroic	   mirrors.	   A	   sum-‐frequency	  
generation	   (SFG)	   crystal	   generates	   the	   third	   harmonic	   pulse	  
(3ω),	   which	   is	   recirculated	   in	   the	   cavity	   with	   all	   mirrors	  
designed	  to	  be	  highly	  reflective	  for	  the	  third	  harmonic.	  

A	  critical	   requirement	   for	  achieving	  high	  enhancement	  
factors	  with	   a	   recirculation	   cavity	   is	   low	   loss.	   In	   RING,	  
besides	   the	   usual	   diffraction,	   scattering,	   and	   limited	  
reflectivity	  of	  cavity	  mirrors,	  limited	  transparency	  of	  the	  
nonlinear	   crystal	   used	   for	   frequency	   conversion	  
represents	   another	   important	   source	   of	   loss.	   When	  
placed	   in	   a	   high-‐radiation	   environment	   such	   as	   that	  
present	   in	  the	  SNS,	  degradation	  of	  the	  performance	  of	  
any	  of	  the	  RING	  optics	  could	  ensue,	  resulting	  in	  the	  loss	  
of	   enhancement.	   A	   typical	   high-‐radiation	   environment	  
at	   the	   stripping	   section	   of	   the	   SNS	   tunnel	   consists	   of	  
fast	  neutrons,	  which	  are	  accompanied	  by	  gamma-‐rays;	  
the	  dose	  is	  expected	  to	  be	  5	  Gy/year	  once	  the	  stripping	  

foils	   are	   replaced	  with	   a	   laser	   based	   stripping	   system.	  
Shielding	   RING	   from	   other	   possible	   radiation	   types,	  
such	   as	   lower	   energy	   X-‐rays,	   could	   be	   accomplished	  
effectively,	   but	   the	   effect	   of	   highly	   penetrating	  
neutrons	  and	  gamma	  rays	  on	  cavity	  performance	  needs	  
to	   be	   studied	   in	   more	   detail	   before	   the	   possible	  
deployment	   of	   this	   technology	   in	   such	   high-‐radiation	  
environments.	  	  

Description	  of	  the	  Experiment	  
We	   conducted	   surrogate	   experiments	   to	   irradiate	   the	  
beta-‐barium	   borate	   (BBO)	   crystal	   used	   in	   the	   RING	  
technique	   in	   SNS-‐like	   conditions	   at	   the	   Pennsylvania	  
State	  University’s	   Breazeale	  Nuclear	   Reactor	   (PSBR).	   A	  
large	   fast-‐to-‐thermal	   neutron	   flux	   ratio	   (Fig.	   2)	   is	  
important	   in	   this	   surrogate	   experiment,	   as	   the	   SNS	  
conditions	   are	   consistent	   with	   a	   large	   fast-‐to-‐thermal	  
neutron	  flux	  ratio.	  The	  importance	  of	  this	  condition	  can	  
be	   understood	   if	   one	   considers	   the	   BBO	   composition.	  
BBO	   contains	   a	   considerable	   fraction	   (~6	   a/o)	   of	   10B,	  
which	   exhibits	   a	   large	   thermal	   neutron	   cross-‐section,	  
for	  	  	  the	  	  	  10B(n,α)7Li	  	  	  reaction,	  	  	  which	  	  	  generates	  	  large	  

	  
FIGURE	  2.	   The	  neutron	   spectrum	  of	   the	  Penn	  State	  Breazeale	  
Nuclear	  Reactor	  at	   the	   in-‐core,	  R1	   location	   for	   the	  pneumatic	  
transfer	   system.	  The	   shaded	   region	   shows	   the	   spectrum	  used	  
to	   irradiate	   the	   BBO	   crystal,	   which	   is	   obtained	   by	   the	  
attenuation	   of	   the	   PTR	   R1	   spectrum	   by	   a	   1.27	   mm-‐thick	   Cd	  
sheet.	  Cd	  effectively	   removes	  neutrons	  with	  energies	  ≲0.5	  eV	  
(dashed	   line),	   but	   is	   negligible	   on	   neutrons	   with	   energies	  ≳1	  
eV.	   The	   neutron	   flux	   has	   been	   normalized	   to	   the	   measured	  
total	   flux	   at	   neutron	   energies	   >7	   MeV	   (dotted	   line),	   with	  
reactor	  operating	  at	  300	  kW	  power.	  
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with the bulk of the nonlinear frequency converter crystal, rather
than the thin anti-reflective coatings deposited on cavity mirrors.
In the absence of the convenient ability to experimentally measure
the loss of transparency of the nonlinear crystal in SNS, we present
the results of a surrogate irradiation test designed to mimic the
expected conditions at SNS. We report the measurements of
transparency of a beta-barium borate (BBO) crystal when irra-
diated in a nuclear reactor [6], accompanied by a Monte Carlo
analysis of the radiation dose delivered to the crystal in our
experiment [7]. The results allow prediction of the performance
degradation of a RING cavity in typical SNS conditions.

2. Experimental approach and results

We have selected a BBO (BaB2O4) crystal for our irradiation
experiments. BBO is a nonlinear optical crystal of choice for
this RING implementation due its favorable characteristics: high
nonlinearity, available phase matching and transparency at the
required wavelengths, broad spectral bandwidth, and good
mechanical and thermal properties. The selected crystal dimen-
sions are 5!5!6 mm3, and the crystal is not antireflection coated.

Our surrogate experiment to irradiate the BBO crystal in
SNS-like conditions has been conducted at the Pennsylvania State
University’s Breazeale Nuclear Reactor (BNR). BNR is a 1 MW
research reactor with available in-core irradiation tubes, allowing
irradiation of samples with large fast neutron fluxes. Large fast-
to-thermal neutron flux is important in this surrogate experi-
ment, as SNS conditions are consistent with large fast-to-thermal
neutron flux. The importance of this condition can be understood
if one considers the BBO composition. BBO has a considerable
fraction (" 6 a=o) of 10B, which exhibits a large thermal neutron
cross-section, and could contribute to a large radiation dose
arising from ðn,aÞ reactions. These reactions are not representative
of the true damage mechanisms associated with fast neutrons, such
as elastic and inelastic scattering.

We chose to use the PTR R1 in-core location for this experi-
ment, which has this favorable ratio of fast to thermal neutrons.
The neutron spectrum at PTR R1 location is shown in Fig. 3 [8].
The sample was wrapped with a 1.27 mm thick natural Cd sheet
to reduce the neutron flux t0:5 eV and eliminate any X-rays that
are present at this irradiation location, and then placed in a 1 mm
thick polyethylene container. If the thermal neutron flux were not
reduced significantly by use of the Cd sheet, a considerable
contribution to the dose would result from ðn,aÞ reactions.

To validate the neutron flux experimentally, an Al–Au wire
sample was inserted into the reactor core together with the
sample and its activation was measured 72 h after the irradiation
experiments. Using the 27Al ðn,aÞ24Na reaction with a 7 MeV
threshold, fast flux 47 MeV was measured at a 300 kW reactor
power and used to normalize the total flux (Table 1) and neutron
spectrum (Fig. 3).

The crystal was irradiated in multiple experimental runs. After
each run the crystal was withdrawn from the reactor for approxi-
mately 10 min and visually inspected in order to obtain a loss of
transparency which can be readily measured optically and corre-
lated to the radiation dose. An apparent transparency loss was
obtained after 3 runs shown in Table 2. The crystal transparency
was then measured 72 h after the completion of the last irradia-
tion run using a laser system operating at three wavelengths:
406 nm, 658 nm, and 808 nm. The transmission was measured
using a silicon photodetector, and compared to the crystal
transmission measured prior to the irradiation experiment. The
induced (additional) absorption in the BBO crystal calculated
from these transparency measurements is shown in Table 3.

Fig. 1. A diagram of the laser–ion stripping technique as employed at SNS [2].
Hydrogen ions go through a pair of 2 T magnets, interacting with a 355-nm laser
beam between them.

Fig. 2. RING principle [4] adapted to laser ion stripping. Fundamental frequency
ðoÞ and the second harmonic ð2oÞ laser pulses are injected into the cavity and
rejected from the cavity using a pair of dichroic mirrors. Sum-frequency genera-
tion (SFG) crystal generates the third harmonic pulse ð3oÞ, which is recirculated in
the cavity with all mirrors designed to be highly reflective for the third harmonic.

Fig. 3. The neutron spectrum of the Penn State Breazeale Nuclear Reactor at PTR
R1 location. The shaded region shows the spectrum used to irradiate the BBO
crystal, which is obtained by the attenuation of the PTR R1 spectrum by a
1.27 mm-thick Cd sheet. Cd effectively removes neutrons with energies t0:5 eV
(dashed line), but is negligible on neutrons with energies \1 eV. The neutron flux
has been normalized to the measured total flux at neutron energies 47 MeV
(dotted line), with reactor operating at 300 kW power.

Table 2
Crystal irradiation runs.

Power (kW) Irradiation time (s)

100 600
300 600
300 600

Table 1
Experimentally measured fast neutron flux of the Breazeale Nuclear Reactor at the
PTR R1 location at 300 kW power. The total neutron flux was calculated by
assuming the spectrum in Fig. 3 (shaded region).

Fast flux (47 MeV) Total flux

1.01!1011 cm%2 s%1 2.05!1012 cm%2 s%1
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amounts	  of	  heat	   from	  the	  energy	  deposition	  of	   the	  α-‐
particle	   into	   the	   BBO	   crystal.	   This	   reaction	   is	   not	  
representative	   of	   the	   true	   damage	   mechanisms	  
associated	   with	   fast	   neutrons,	   such	   as	   elastic	   and	  
inelastic	  scattering.	  

Results	  and	  Discussion	  

We	   conducted	   an	   in-‐core	   irradiation	   experiment	   in	  
which	   a	   sample	   BBO	   crystal	   has	   been	   irradiated	   with	  
fast	   neutrons	   and	   gamma-‐rays,	   accompanied	  with	   the	  
Monte	   Carlo	   analysis	   of	   the	   irradiation	   dose	   and	   its	  
comparison	   with	   typical	   conditions	   at	   the	   SNS.	   The	  
results	   (Fig.	   3)	   suggest	   that	   our	   design	   of	   the	   laser	  
recirculation	   cavity	   exhibits	   a	   radiation	   hardness	  
consistent	   with	   maintaining	   enhancement	   factors	   of	  
the	  order	  of	  10	  over	  >10	  years	  [2].	  This	  is	  a	  significantly	  
better	   performance	   compared	   to	   that	   currently	  
observed	  with	  carbon	   foils,	  where	   the	   foils	  have	   to	  be	  
changed	  multiple	  times	  a	  year.	  Even	  in	  situations	  where	  
only	   a	   small	   degradation	   of	   performance	   of	   RING	   can	  
be	  tolerated,	  the	  replacement	  of	  the	  BBO	  crystal	  is	  not	  
a	  significant	  concern,	  and	  we	  expect	  this	  technology	  to	  
be	   a	   major	   contender	   for	   hydrogen	   ion	   stripping	  
applications.	  
	  

	  
FIGURE	  3.	  Expected	  variation	  of	  the	  enhancement	  factor	  for	  a	  
RING	   cavity	   with	   pre-‐irradiation	   cavity	   loss	   of	   10,	   for	   linear	  
model	   (dotted)	   and	   quadratic	   model	   (solid).	   Shaded	   is	   the	  
range	  of	  the	  expected	  enhancement,	  reflecting	  the	  uncertainty	  
associated	  with	  mixed	  irradiation	  by	  fast	  neutrons	  and	  gamma-‐
rays.	  The	  dashed	  line	  indicates	  the	  enhancement	  factor	  drop	  of	  
10%	  from	  its	  pre-‐irradiation	  value.	  
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significant contribution of gamma-rays to the radiation dose in
our experiment, and the unknown contribution of gamma-rays to
the dose at SNS. An additional source of uncertainty are the
differences of the neutron energy spectrum at SNS and our BNR
experiment; however, this difference is expected to be less
important since in both cases the interaction is dominated by
elastic scattering. Since the RING design for SNS calls for recircu-
lation of 355 nm light and absorption at this wavelength has not
been directly measured in our transmission measurements, an
estimate of linear absorption at this wavelength is also needed.
Finally, BBO also exhibits nonlinear absorption which is wave-
length and intensity dependent, and it could also vary consider-
ably with dose. The nonlinear absorption is not considered in this
study, since it can be appropriately reduced by reducing the pump
intensity compensated by the increase in crystal length [4].

We first address the spectral dependence of absorption by
linearly extrapolating the experimentally measured absorption
coefficients (Table 3) to 0.67 cm!1 at 355 nm. For a 6.5 mm-thick
crystal needed for RING at SNS, this would result in absorption of
35.3% in radiation conditions equivalent to our experiment. To
conservatively estimate the range of effects of SNS conditions on
RING, we correlate the loss of BBO transparency to the dose rate
only due to neutrons in our experiment (6.72 kGy), or to both
neutrons and gammas (16.72 kGy). To address the most impor-
tant uncertainty associated with the interpolation of the absorp-
tion to low doses based on the measurement conducted with
large dose, we consider two characteristic models for dose-effect
dependence: (1) linear model (absorption increases linearly with
dose), and (2) quadratic model (absorption increases as a square
root of dose). These models represent upper and lower limits of
absorption behavior and have been chosen based on similar
experimental work performed on fused silica, quartz, KDP and
KD*P crystals [9,13]. Even though the exact correlation of light
absorption in the medium and the dose it was exposed to displays
a very complex behavior that does not follow a simple curve,
these models are nevertheless a good starting point that gives us a
very rough approximation of what to expect: the BBO absorption
behavior is expected to fall within limits set by these two models.
The quadratic model is considerably more conservative than the
linear model in terms of the expected RING resistance to radiation
damage. We define the SNS-equivalent time associated with our
experiment, as the time it would take for the BBO placed at SNS to
receive the same dose as in our experiment. Given the typical SNS
dose of 5 Gy/year, the SNS-equivalent time associated with our
experiment conducted at BNR is in the range of 1300–3400 years.
By assuming that the dependence of absorption with dose follows
one of the two characteristic models, the experimentally
measured loss of transparency in conjunction with the SNS-
equivalent time can be used to determine the time needed for
the enhancement of the RING cavity to drop significantly. We
chose a 10% drop of enhancement from its nominal value as a
characteristic time for RING cavity degradation. In Fig. 5 we show
the expected enhancement degradation of a RING cavity with a
modest enhancement factor of 10; such an enhancement allows
laser repetition rate (hence, the average power) to be decreased
by an order of magnitude from 402.5 MHz to 40.25 MHz, which is
a minimum requirement for laser recirculation scheme imple-
mentation at SNS [2].

For a cavity with an initial enhancement of 10, the expected
degradation time is of the order of 1000 years for the linear model
and 10 years for the quadratic model for absorption dependence
on dose. Even in the case of the more conservative (quadratic)
damage model, it can be predicted that the RING is sufficiently
robust for operation in SNS-like radiation environment. For much
higher initial enhancement (of the order of 100 or more), the
RING degradation time is likely to be much shorter, since such

high enhancement is critically dependent on very low absorption.
While our study suggest that this increase in absorption would
occur much earlier in the cavity lifecycle for high-enhancement
cavities, a more detailed experimental study would be needed to
rigorously determine the maintenance-free lifetime of the high-
enhancement RING cavity. We note that enhancement factors
over " 100 are very difficult to achieve in practice in this
implementation of the RING architecture for reasons such as the
non-vanishing linear and nonlinear absorption in the crystal at
ultraviolet wavelengths.

5. Conclusion

An experimental measurement of BBO crystal transparency
change in fast neutron and gamma irradiation has been
presented, with a goal to assess the potential of this crystal to
withstand high-radiation environment typical of SNS and to allow
continuous operation of a RING cavity for hydrogen ion stripping
with minimum maintenance. It has been found that the BBO crystal
is sufficiently resilient to SNS-like conditions, and will allow the
operation of the RING cavity with o10% degradation of enhance-
ment over a period of 410 years for an initial enhancement factors
of the order of 10. This is a significantly better performance
compared to that currently observed with carbon foils [14], where
the foils have to be changedmultiple times a year. Even in situations
where only a small degradation of performance of RING can be
tolerated, the replacement of the BBO crystal is not a significant
concern, and we expect this technology to be a major contender for
hydrogen ion stripping applications.
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