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We present a novel design for an optical spectrometer for use in ultra-violet Thomson scattering measurements 

of plasma parameters in high energy density (HED) inertial confinement fusion (ICF) experiments on large-

scale high-energy laser facilities. In experiments investigating high-Z plasmas the fidelity of measurements is 

commonly limited by signal/background ratios approaching or exceeding unity. An α-BBO Wollaston prism 
can provide both spectral dispersion and polarization channel separation, allowing simultaneous measurement 

of both the Thomson scattering signal and plasma self-emission along a single line of sight and in a single 

experiment, which should greatly improve data quality and reduce the opportunity cost of taking high quality 

measurements. We present a basic discussion of the design and a worked example of an instrument designed 

to take 4th harmonic electron plasma wave measurements in HED experiments at the OMEGA laser facility. 

 

I. Introduction 

Thomson scattering is a powerful diagnostic technique that 
can be used to make localized, quantitative measurements of the 
plasma temperatures, densities, and velocities in a wide range of 
experiments. Since its introduction in the 1960s it has been a 
workhorse diagnostic for the MFE community1–3 and more 

recently the technique has been developed and applied extensively 
in HED, ICF and laboratory astrophysics experiments to study 
hydrodynamics, thermal transport, kinetic effects, and the growth 
of plasma instabilities4–13. 

A recent campaign of experiments at the 60 beam OMEGA 
high-energy laser facility at the Laboratory for Laser Energetics 

(LLE), University of Rochester has used Thomson scattering to 
study the evolution of laser-produced plasmas. The overarching 
motivation of this work is to benchmark and improve the accuracy 
of the numerical design models used to predict the performance of 

ICF hohlraums. In these experiments hot, dense coronal plasma is 
blown off the surface of uniformly heated spherical targets using 
351 nm laser heating intensities of ~1014 - 1015 Wcm-2. A 263 nm 
ND: Glass probe laser14 probes the plasma and the Thomson 
scattering diagnostic15,16 observes scattering from thermally 
excited plasma waves. The experiments initially focused on 
measuring the dynamics of low-Z plasmas produced from 
beryllium sphere target in order to benchmark models in the 
absence of the complex transport and radiation physics that 

characterize high Z plasmas. Modeling of these experiments 
proved to be quite accurate17,18 and the experimental campaign 
then shifted on to characterization of Au Sphere targets19, which 
introduce additional difficulties due to the presence of strong self-
emission backgrounds.  

At the plasma electron temperatures (𝑇𝑒 ~ 4 keV) and 

densities (𝑛𝑒  ~ 3×1026 m-3) probed in these experiments the plasma 
self-emits in the waveband of the scattered signal via the 
bremsstrahlung emission process20. In the Rayleigh-Jeans limit 

(ℎ̅𝜔 ≪ 𝑘𝐵𝑇𝑒) the bremsstrahlung emission power per unit volume, 
per unit frequency per unit solid angle summed over both linear 

polarizations can be estimated: 
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Fig. 1 Ray deviation angles for a α-BBO Wollaston prism. 
Ordinary and extraordiary polarizations are seperated by ~ 20°. 
The exact deviation angle is a function of wavelength, leading to 
angular dispersion of the outgoing rays when used the input rays 
are polychromatic. Calculated using Sellmeier equationsand 
method presented in section II. 
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Where 𝜔 is the emission frequency, 𝜔𝑝𝑒 is the plasma frequency, 

𝑍̅ is the average ionization state and ln Λ ~10 is the coulomb 
logarithm for the conditions present in our experiments. Inspection 
of this equation shows that the self-emissivity of the plasma scales 

as 𝑍̅ for constant 𝑛𝑒 and 𝑇𝑒. For an Au plasma 𝑍̅ is >10x larger 
than for a Be plasma, so that if the plasma is probed at a similar 
density and temperature the amplitude of self-emission to be 

expected to be ~10x higher. Experimental experience shows that 
often this self-emission is of similar or greater amplitude than the 
scattered signal and must be carefully subtracted in order to make 
accurate measurements19. 

The requirement of background subtraction necessitates 
either dedicated background measurements; repetition of each 
experiment without the probe beam to independently measure the 
background21,22; or an interpolative estimation of the background 
present in each experiment19. Both approaches have significant 

drawbacks. Experiments on HED facilities are a scarce 
commodity; dedicated background measurements therefore come 
at a high opportunity cost. Taking dedicated background 
measurements in the absence of a probe beam can also alter the 
background in cases where the probe beam contributes to the 
plasma heating. Interpolative background estimation can add an 
inherent and difficult to quantify distortion to the detailed shape of 
the reconstructed scattered spectrum, making it difficult to make 

strong statements about the plasma conditions, particularly under 
conditions where the Thomson Scattering spectrum approaches the 
non-collective regime, becoming broad and diffuse. Subtle 
modifications to the shape of the spectrum can be concealed, such 
as those introduced by the presence of non-Maxwellian electron 
distribution21–23 functions driven by laser heating. Increasing the 
signal/background by increasing the probe energy is often not 
possible as there are fundamental limits on the laser probe power 

that can be used if we want to avoid heating the plasma or driving 
probe filamentation24,25. This leads to the conclusion that the ideal 
TS diagnostic must simultaneously measure both the scattered 
signal and the background. Given the short spatial scales over 
which the plasmas parameters vary, this background ideally needs 
to be measured along the same line of sight. 

The polarization of Thomson scattered light is set by the 
polarization of the probe radiation; from the very earliest days of 

Thomson scattering diagnostic development this property has been 
exploited to provide a means of discerning Thomson scattered 
signals over strong self-emission backgrounds1,2. Thomson 
scattering diagnostics typically use linearly polarized probe beams, 
with the polarization vector oriented normal to the scattering plane 
(the plane containing the probe beam and collection vector), such 
that the collected scattered light will also be polarized 

perpendicular to this scattering plane. Measuring separate channels 
for collected radiation with polarizations parallel and 
perpendicular to this plane therefore provides a means to make 
simultaneous measurements of the self-emission for background 
correction. 

In this paper we present a conceptual design for a novel 
spectrometer that enables such a measurement. While this design 
may have other applications, this paper focuses on its specific 
application as a Thomson scattering diagnostic in HED 
experiments. The design uses an alpha barium borate (α-BBO) 
Wollaston prism optic both to separate the incoming light into 
orthogonally polarized channels and to simultaneously angularly 
disperse those channels. When the Wollaston prims is correctly 

oriented all the Thomson scattered signal should be directed into 
one of the two polarization channels. Self-emission from the 
plasmas should be unpolarized and therefore the optical power 
should be divided equally between the two polarization channels. 
The exact deviation angle imparted by the α-BBO Wollaston prism 
varies as a function of wavelength as plotted in Fig. 1. For a 
collimated, polychromatic input beam the two polarized, deviated 
output beams will therefore be angularly dispersed. With the 

addition of a focusing optic the Wollaston prism forms the basis of 
a spectrometer. 

As well as measuring background, this spectrometer design 
could also be well suited to experiments where we would like to 
infer the presence of magnetic fields in the plasma through Faraday 
rotation either of the incoming Thomson probe beam or outgoing, 
scattered signal beam or both26. We would note however that this 
sensitivity to Faraday rotation should not generally interfere with 

background subtraction. While the division of the signal between 
the twos channel is sensitive to rotations, these are typically small. 
The presence of a small amount of signal in the background 
channel does not invalidate the background subtraction so long as 
we are cheifly interested in the shape of the scattered spectrum, 
rather than its absolute magnitude.  

We note that in laser driven HED experiments background 
can be produced through Thomson scattering of the 351 nm heater 
beams. Since these beams are linearly polarized this background 

source may have a polariztion sensitivity and care must therefore 
be taken to estimate and account for any background contribution 
from these beams when performing a background subtraction. 

This paper presents the general design concept for this 
spectrometer and provides a worked example for the design of an 
instrument focused specifically on measurements of the electron 
plasma wave (EPW) channel of the OMEGA Thomson scattering 
system when configured for 263 nm probe experiments. The 

design has two major benefits. Firstly, the signal to background 
ratio of the Thomson data channel is improved 2× with no loss of 
signal. Secondly, the residual background is recorded on a second 
channel so that it can be subtracted to fully correct the signal. As 
we have already discussed, signal to background ratios for 
measurements of high Z plasmas taken with this the OMEGA 
EPW system are commonly ~ 1:1 and therefore there is a clear 
problem to solve for these specific measurements. 

II. Wollaston Prism as a dispersive optic for use 
as the basis of a spectrometer 

Wollaston prisms are a commonly used optical component 
which are used to introduce an angular separation between two 

orthogonal linearly polarized components of a beam of light. A 
diagram illustrating typical construction is provided in Fig. 2. The 

 
Fig. 2 Construction of a Wollaston prism. Black Arrows indicate 
the optical axes of the two sub-prisms. The ordinary polarization 
is the polarization perpendicular to the optical axis of the input-
side prism. 
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prisms are constructed from uniaxial birefringent optical materials. 
They consist of a pair of right-angle prisms of equal external shape 
bonded along their hypotenuse. The optical axes of the two prisms 
are oriented orthogonal to one another in the plane normal to the 
nominal beam input vector. At the interface between the two sub-

prisms the two components of the incoming light beam experience 
an equal but opposite change in refractive index, inducing 
refraction in opposite directions and leading to the desired angular 
separation of the two linearly polarized components. 

The uniaxial birefringent materials that these optics are 
constructed from also exhibit dispersion. As an example, the 

refractive indices experienced by the ordinary (𝑜) and 

extraordinary (𝑒) polarizations in an α-BBO crystal can be 
described using the Sellmeier equations27,28, 

𝑛0
2 = 2.7471 +

0.01878

𝜆2 − 0.016670
− 0.01516𝜆2 

𝑛𝑒
2 = 2.3174 +

0.01224

𝜆2 − 0.01822
− 0.01354𝜆2 

Plots of these curves provided in Fig. 3 illustrate the dispersive 

nature of this material. This underlying dispersion means that the 
separation angle induced by the prism is sensitive to the 
wavelength of the light. In Fig. 2 the polarization components of 

incoming light beam are labeled 𝑜 and e based on their orientation 
with respect to the ordinary and extraordinary axes of the input 
sub-prism in the Wollaston. The angular deviation each 

polarization undergoes, 𝛿𝑒\𝑜, can be calculated straightforwardly 

using Snell’s law. Here we have made the simplifying assumption 
that the incoming rays arrive normal to the input face of the input 
sub-prism. The first deviation occurs at the change in refractive 
index at the Wollaston hypotenuse: 

𝛽𝑒\𝑜 = asin (
𝑛𝑜\𝑒 

𝑛𝑒\𝑜
sin(𝛼) ) − 𝛼 

Where 𝛼 is the prism angle, the angle between the hypotonus and 
the input face of the Wollaston prism (commonly 45°). A second 
deviation then occurs due to refraction of the light as its leaves the 
Wollaston prisms exit face. 

𝛿𝑒\𝑜(𝜆) = asin(𝑛𝑜\𝑒 sin(𝛽𝑒\𝜊)) 

Deviation angles calculated using these equations are plotted in 
Fig. 1. Note that the splitting of the two polarizations is not 
symmetric; the center of the deviated rays is biased 0.5 degrees 
towards the extraordinary ray. The angular dispersion introduced 
by the Wollaston can be calculated straightforwardly by 
differentiating the deflection angle. This dispersion is also plotted 
in Fig. 3.  

Like any angularly dispersive optic, the Wollaston prism will 
impart a pulse front tilt on the outgoing beams. This tilt limits the 

temporal resolution that may be achieved by the spectrometer29,30. 
A diagram illustrating this effect is provided in Fig. 4. We consider 
a short, collimated impulse of light passing through the optic. The 
undispersed pulse enters the optic with its pulse front, the plane of 
maximum light intensity, parallel to the optical phase front. On 
exiting the dispersive optic, this pulse front is tilted at some angle, 

𝛾, with respect to the onward propagating phase fronts. Since light 
propagates orthogonal to its phase front the arrival time of the light 

pulse at a detector will be stretched over a period of time 𝛿𝑡~
𝛾𝑑

𝑐
, 

where d is the width of the beam after it has been dispersed by the 
prism. 

In a refractive optic the pulse front tilt is introduced due to the 

difference between the phase velocity of the light, 𝑣𝜙 =
𝜔

𝑘
=

𝑐

𝑛
 and 

the group velocity 𝑣𝑔 =
𝑑𝜔

𝑑𝑘
 of the overall optical pulse. The group 

velocity is slower than the phase velocity in a dispersive medium 
and therefore the phase fronts advance with respect to the pulse 
front as the pulse propagates through that medium. Angular 
dispersion in such an optic is introduced by imposing a path 

difference through the dispersive media across the width of the 
beam aperture. This difference in path length leads to a difference 
in the pulse front delay with respect to the phase fronts at one side 
of the beam and the other, resulting in a tilt. Looking a little deeper, 
it can be shown that angular dispersion and pulse front tilt are 
intimately related, and that in general the tilt introduced by any 
angularly dispersive optical device can be estimated31: 

tan 𝛾̅ = 𝜆̅ |
𝑑𝛿

𝑑𝜆
| 

Where 𝜆̅ is the average wavelength in the pulse and |
𝑑𝛿

𝑑𝜆
| is the 

average angular dispersion introduced by the device. For the α-
 

 
Fig. 3 Top, plots of the ordinary (o) and extraordinary (e) refractive 
index of α-BBO. Bottom, angular dispersion produced by an α-

BBO Wollaston prism 

 
Fig. 4 The Wollaston prism will impose both pulse front tilt and 
chromatic dispersion. Both effects act to limit the temporal 
resolution of the instrument. 
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BBO Wollaston prism dispersion the maximum value for the pulse 

front tilt is 𝛾~0.32 rad. Temporal smearing due to pulse front tilt 

thus scales with the width of the beam 𝛿𝑡 𝑑⁄ ~1 ps mm-1. 
Chromatic dispersion is also introduced by the Wollaston prims, 
again illustrated in Fig. 4. Between 190 and 300 nm the mean 
refractive index of BBO varies between 1.83 and 1.65. This leads 
to a ~0.6 ps/mm delay between the light at opposite ends of this 
spectral range. In this case the temporal smearing scales with the 
length of the optic. 

A basic schematic layout of the proposed spectrometer design 
is given in Fig. 5. The major components are a collection telescope, 
a field stop (pinhole), a collimating optic, a Wollaston prism which 
divides the beam into its two component polarizations and 
angularly disperses those polarization channels as a function of 
wavelength and a focusing optic to encode the angularly dispersed 
output beams into a spatially resolved image which can be 
recorded using an image sensor. 

III. 4ω EPW spectrometer for OMEGA experiments 
– a worked example 

In this section we provide a worked example of a design for 
a spectrometer focused on electron plasma wave (EPW) 

measurements taken in HED experiments at the OMEGA laser 
facility. 

A. Requirements 

Measurements of the 4ω EPW feature on OMEGA focus on 
measurements of the blue-shifted resonance peak; typically, a 
waveband between 190 & 230 nm is measured. This choice avoids 
the bright background source produced through the 3/2ω process 

at ~ 234 nm32 which can effectively blind the diagnostic. The 
lower wavelength limit is effectively controlled by the limited 
range of transmission and reflectivity of the available optics and at 
180 nm by atmospheric absorption. For the design of the 
spectrometer discussed in this paper we will therefore take the 

190 – 230 nm bandwidth as the measurement bandwidth 
requirement. The spectral width of EPW features rarely exceeds 
5 nm. We may therefore place a spectral resolution requirement of 

𝛿𝜆 ~ 1 nm to ensure that we accurately reflect the shape of the 
spectrum. 

The experimental dynamics in the HED experiments we 
would like to use this diagnostic to probe tend to evolve on 
timescale ~100 ps. We therefore adopt a 50 ps temporal resolution 
requirement for the diagnostic. 

The existing OMEGA Thomson scattering system uses an 
off-axis Schwarzschild objective to collect and collimate scattered 
light at ƒ / 9.1. This collimated light is transported from the target 
chamber to a spectrometer table where is reimaged onto the 
spectrometer input place at ƒ / 20, resulting in an overall 
magnification M = 2.3. A 100 µm pinhole is used as a field stop, 
limiting the collection to a cone with a waist of ~ 43 µm diameter 
in the plasma. We will assert a constraining requirement that the 

new spectrometer should act as a drop-in replacement for the 
existing system. We therefore require a minimum acceptance of 
ƒ / 20.  

The primary detector used for Thomson scattering 
measurements is the ROSS optical streak camera33. These streak 
cameras use a 22 mm wide photocathode33. We therefore require 
the output of the spectrometer to be well matched to this detector 
width.  

Finally, we require that the overall efficiency of the new 

spectrometer match or exceed the existing EPW spectrometer, so 
that an adequate signal may be recorded without requiring any 
increase in probe intensity and commensurate increases in the risk 
of measurement disturbance due to probe heating. The 
spectrometer currently used for 263 nm EPW measurements is a 
Princeton Instruments 2300i (300 mm focal length) paired with a 
1200 g/mm grating. 

B. Design 

A diagram of the design described in this section is provided 
in Fig. 6. Off-the-shelf α-BBO Wollaston prisms are available with 

a 10 mm clear aperture. Limiting the design to optics of this size 
implies that the maximum collimating focal length that can be used 
given the ƒ / 20 input provided by the OMEGA transport telescope 
is f < 20 cm. To meet the resolution requirement the angular extent 
of the input image must be smaller than the angular dispersion 
associated with that resolution element. Over the 190 nm – 230 nm 
bandwidth we have set as our requirement the magnitude of the 
angular dispersion varies from 0.04 - 0.14 deg nm-1 (see Fig. 3). 

To achieve a 1 nm resolution at the minimum dispersion of 
0.04 deg nm-1 the maximum input image size that can be used 
assuming a 20 cm collimating lens is 140 µm. In the proposed 
design the collimating optic is a 90° off-axis parabolic mirror. 
Once properly aligned to the pinhole this optic will produce a 
collimated beam free of chromatic and spherical aberrations (other 
3rd order aberrations are limited due to the small input image 
size/angular field height). The choice of a 10 mm diameter beam 

at the Wollaston prism implies a pulse front tilt limited temporal 
resolution of ~10 ps for the instrument, easily meeting the 50 ps 

  
Fig. 6 Diagram of design of Wollaston spectrometer for application 
in OMEGA 4ω Thomson scattering experiments. The design is 
drawn roughly to scale and fits within ~30cm x 30cm area of 
optical table. 

 
Fig. 5 Basic layout of proposed Wollaston spectrometer. The ray 
lines here incate the paths of the extremal rays. Thomson signal is 
collected from the overlap of the collection cone (green) and probe 
beam (purple). Background light is collected from the entire 
collection cone. 
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requirement. The 10 mm optics also introduces a negligible 6 ps of 
chromatic temporal dispersion. 

The diagnostic is required to record two channels on a 22 mm 
wide streak camera photocathode. Approximately 25% of the 
photocathode is consumed by fiber-coupled timing comb and 

fiducial signals, leaving the center ~ 16.5 mm available for data. 
Leaving a small gap between the two channels to avoid cross talk 
this leaves ~ 8 mm per channel or an average of 200 µm per nm 
for the 40 nm of required bandwidth. The spatial resolution of Ross 
streak cameras is ~100 µm, sufficient to achieve a resolution of 
~1 nm for this image size even at the bottom end of the range of 
dispersion, again easily meeting requirements. 

The absolute range of angular dispersion over the required 

190 – 230 nm bandwidth for one channel is ~ 2°. If we distribute 
the signal from the two channels over ~4.1° (with space for a small 
gap to separate them), this implies that the focal length of the final 
focusing lens must be ~ 20 cm, focusing at f / 20. The final 
focusing optic we have selected for this design is another 90° off-
axis parabolic mirror. To fit the two channels within this 4.1° 
dispersion range the proposed design uses a pair of closely spaced 
mirrors to perform a gross correction to the ~ 20° separation angle 

introduced between the two polarization channels by the 
Wollaston prism. The steering mirrors are positioned downstream 
from the Wollaston prism at a distance sufficient for the two 
polarization channels to drift apart and be fully spatially separated. 
The minimum deviation angle between the two polarization 
channels is 15.9°. A 10 mm diameter collimated beam will 
therefore be fully spatially separated with a ~1 mm clearance over 
a drift distance of ~ 40 mm.  

The diffraction limited spot size when focusing 230 nm light 
at ƒ / 20 is 11 µm. Assuming the optical design achieves a spot size 
< 10 × this diffraction limited performance, the spectral resolution 
achieved by the optics will be limited by the size of the image of 
the pinhole. Signal power could potentially be controlled via an 
iris f-stop after the collimating lens (see Fig. 6). The diffraction 
limited optical focusing performance reaches ~100 µm at f / 180, 
meaning that such an iris could provide achromatic neutral density 
filtering down to ND ~ 2 before the reduction in aperture would 

start to significantly impact the achievable resolution. This iris 
would also reduce the range of collection angle.  

The α-BBO substrate of the Wollaston prism provides a 
natural transmission cutoff for wavelengths shorter than 190 nm. 
If the 190 nm end of the spectrum for each channel is oriented 

towards the center of the streak camera photocathode, with 
wavelength increasing out towards the edges of the photocathode, 
then this cutoff provides a convenient means of preventing cross 
talk between the two channels at the center of photocathode. To 
achieve this goal the steering mirrors can be adjusted so that the 
two polarization channels converge, as illustrated in Fig. 6. The 
190nm rays of each channel then approach on another at an angle 
0.5°. This angular correction achieves the desired orientation of the 

two spectrometer channels on the photocathode, as shown in the 
zoomed view provided in Fig. 7. 

To limit the maximum wavelength of signal that propagates 
to the photocathode a field stop may be placed at the input of the 
streak camera. The ROSS streak camera input plane is an 
intermediate image plane that is optical relayed to the 
photocathode using an Offner triplet33. This intermediate plane 
presents an ideal place to position the required field stop. In 

principle, mirrors could be used directed the unwanted light into 
beam dumps to reduce the possibility of scattered light making its 
way to the photocathode, as illustrated in Fig. 7. The dispersion 
curve for the Wollaston prism is non-linear. While the signal from 
190-230nm is dispersed over ~2°, the background light from 
230 nm all the way out to 3500 nm is dispersed over only an 
additional 3.5°. Field stop mirrors at either side of the 
photocathode limits would only need to be ~12.5mm wide to catch 

all of this light. Since this rejected light contains the waveband of 
the IAW signal, it could in principle be used as an input for a 
second spectrometer to allow a simultaneous measurement of the 
IAW spectrum without the need to resort to a beam splitter to 
before the EPW spectrometer.  

The convergence of the angular ranges of the two groups of 
beams introduced by the steering mirrors has a secondary benefit. 
Since they are now converging rather than diverging the beams can 
be allowed to drift together over some distance before being 

focused. This minimizes the required aperture and ray angles of 
incidence on the focusing mirror, therefore minimizes focusing 

 
Fig. 8 Transmission data for α-BBO. Data was taken from the  
Thorlabs website. Assuming that losses are purely due to 
absorption in the substrate (conservative case), a transmission of 
~55% at 195nm would expected for a 10 mm cube. 

0

20

40

60

80

100

185 195 205 215 225 235 245

tr
an

m
is

si
o

n
 [

%
]

wavelength [nm]

α-BBO (Thorlabs, 6mm thick 
sample)

 
Fig. 7 Zoomed in view of the streak camera input image plane for 
the spectrometer design presented in Fig. 6, illustrating how field 
stops may be used to manage unwanted longer wavelength light. 
This diagram assumes the signal is on the o-polarized channel.  
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aberrations. If the centers of two sets of beams drift together at a 
2.7° approach angle, then the drift distance required is ~ 30 cm. 
The diffracted beams will spread by ~ 5 mm over this distance, so 
that the clear aperture requirement for the final focusing lens is 
~ 15 mm. This is again illustrated in Fig. 6. 

Since we have maintained the same feed f-number and 
pinhole size as the existing OMEGA EPW system, the relative 
efficiency of the two systems can be assessed based on the optics 
downstream of the pinhole. The existing OMEGA EPW 
spectrometer uses a standard Czerny-Turner design consisting of a 
collimating mirror, reflective diffraction grating and final focusing 
mirror. The major difference in efficiency between the two 
systems therefore lies in the difference in efficiency between the 

Wollaston prism and the diffraction grating. Detailed 
Transmission data for α-BBO down to 190nm is difficult to come 
by. Fig. 8 shows a plot of data published on Thorlabs website. This 
data is for a 6 mm piece of material. Conservatively scaling this 
curve to 10 mm suggests we can expect transmission of ~60% over 
most of the waveband of interest. Transmission is reported to fall 
quickly as we approach 190 nm. For comparison, properly blazed 
diffraction gratings might be expected to provide a diffraction 

efficiency of ~30-80% into the m=1 order. We may therefore be 
reasonably confident that the efficiency of this spectrometer design 
will almost certainly be similar to and very likely may exceed the 
efficiency of the existing grating spectrometer system. 

IV. Conclusions 

The spectrometer design outlined in this paper is ideally 
suited to measurements of the Thomson scattering spectrum under 
conditions where the signal to background ratio is low and an 
independent measurement of the background is required to 
correctly extract the shape of the Thomson scattered spectrum. The 

potential of this design is illustrated via a worked example for a 
design aimed at 263 nm EPW scattering measurements from high 
Z laser produced plasmas on the OMEGA laser. The design would 
also suit the 4ω Thomson scattering diagnostic recently proposed 
for the Laser Mega-Joule34 and the system that has been 
implemented on the Shenguang-III laser10,12. 

There has been a great deal of progress in understanding the 
limitations on probe power that ought to be used in Thomson 

scatter measurements in HED experiments over the last 
decade24,25. This has led to the introduction of phase plates to the 
probe beams on most OMEGA experiments and a general sense of 
caution regarding the use of increased probe power to improve 
signal to background levels. The improvements that this 
spectrometer design introduce are therefore timely – and should 
help to make accurate Thomson scattering measurements at the 
lowest possible probe intensities. 

A new Thomson scattering diagnostic capability is currently 

being developed for the National Ignition Facility (NIF)35,36. This 
diagnostic will be used to measure plasma parameters in ICF 
hohlraums using a 5th harmonic, 210.6 nm probe laser. The EPW 
signal on this system is to be measured in the waveband from 150 
- 200 nm and is expected to be characterized by a signal to noise 
ratio ~1. While Wollaston prisms constructed from α-BBO will 
only transmit light down to a wavelength of 190 nm, there have 
been recent publications discussing new, exotic birefringent 

crystals such as Beryllium Fluoride Borate37 which can exhibit 
transmission and strong birefringence and dispersion down to 
150 nm, making them potentially suitable for application as the 
basis for a new spectrometer design for the NIF Thomson 
scattering system. 

Acknowledgments 

This work was performed under the auspices of the U.S. 
Department of Energy by Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA27344. 

This document was prepared as an account of work sponsored 
by an agency of the United States government. Neither the United 

States government nor Lawrence Livermore National Security, 
LLC, nor any of their employees makes any warranty, expressed 
or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use 
would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring 

by the United States government or Lawrence Livermore National 
Security, LLC. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States 
government or Lawrence Livermore National Security, LLC, and 
shall not be used for advertising or product endorsement purposes. 

Data Availability Statement 

The data that supports the findings of this study are available 
within the article. 

References:  

1 T.P. Hughes, Nature 194, 268 (1962). 
2 E. Fünfer, B. Kronast, and H.-J. Kunze, Physics Letters 5, 125 

(1963). 
3 N.J. Peacock, D.C. Robinson, M.J. Forrest, P.D. Wilcock, and 
V.V. Sannikov, Nature 224, 488 (1969). 
4 S.H. Glenzer, C.A. Back, L.J. Suter, M.A. Blain, O.L. Landen, 
J.D. Lindl, B.J. MacGowan, G.F. Stone, R.E. Turner, and B.H. 
Wilde, Physical Review Letters 79, 1277 (1997). 
5 S.H. Glenzer, W. Rozmus, B.J. MacGowan, K.G. Estabrook, J.D. 
De Groot, G.B. Zimmerman, H.A. Baldis, J.A. Harte, R.W. Lee, 
E.A. Williams, and B.G. Wilson, Physical Review Letters 82, 97 

(1999). 
6 D.H. Froula, J.S. Ross, L. Divol, N. Meezan, A.J. MacKinnon, 
R. Wallace, and S.H. Glenzer, Physics of Plasmas 13, 052704 
(2006). 
7 A.J.J. Harvey-Thompson, S.V.V. Lebedev, S. Patankar, S.N.N. 
Bland, G. Burdiak, J.P.P. Chittenden, A. Colaitis, P. De Grouchy, 
H.W.W. Doyle, G.N.N. Hall, E. Khoory, M. Hohenberger, L. 
Pickworth, F. Suzuki-Vidal, R.A.A. Smith, J. Skidmore, L. Suttle, 

and G.F.F. Swadling, Physical Review Letters 108, 145002 
(2012). 
8 J.S. Ross, H.-S. Park, R. Berger, L. Divol, N.L. Kugland, W. 
Rozmus, D. Ryutov, and S.H. Glenzer, Physical Review Letters 
110, 145005 (2013). 
9 G.F. Swadling, S.V. Lebedev, A.J. Harvey-Thompson, W. 
Rozmus, G.C. Burdiak, L. Suttle, S. Patankar, R.A. Smith, M. 
Bennett, G.N. Hall, F. Suzuki-Vidal, and J. Yuan, Physical Review 

Letters 113, 035003 (2014). 
10 T. Gong, Z. Li, X. Jiang, Y. Ding, D. Yang, Z. Wang, F. Wang, 
P. Li, G. Hu, B. Zhao, S. Liu, S. Jiang, and J. Zheng, Review of 
Scientific Instruments 86, 023501 (2015). 
11 C. Neuville, V. Tassin, D. Pesme, M.-C. Monteil, P.-E. Masson-
Laborde, C. Baccou, P. Fremerye, F. Philippe, P. Seytor, D. 
Teychenné, W. Seka, J. Katz, R. Bahr, and S. Depierreux, Physical 
Review Letters 116, (2016). 

https://doi.org/10.1063/5.0075505


7 
LLNL-JRNL-827993 

This is the authors peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has 
been copyedited and typeset. Please cite this article as Rev. Sci. Instrum. 93, 013501 (2022); doi: 10.1063/5.0075505 

12 H. Zhao, Z. Li, D. Yang, X. Jiang, Y. Liu, F. Wang, W. Zhou, 
Y. Yan, J. He, S. Li, L. Guo, X. Peng, T. Xu, S. Liu, F. Wang, J. 
Yang, S. Jiang, W. Zheng, B. Zhang, and Y. Ding, Review of 
Scientific Instruments 89, 093505 (2018). 
13 G.F. Swadling, C. Bruulsema, F. Fiuza, D.P. Higginson, C.M. 

Huntington, H.-S. Park, B.B. Pollock, W. Rozmus, H.G. 
Rinderknecht, J. Katz, A. Birkel, and J.S. Ross, Physical Review 
Letters 124, 215001 (2020). 
14 A.J. Mackinnon, S. Shiromizu, G. Antonini, J. Auerbach, K. 
Haney, D.H. Froula, J. Moody, G. Gregori, C. Constantin, C. 
Sorce, L. Divol, R.L. Griffith, S. Glenzer, J. Satariano, P.K. 
Whitman, S.N. Locke, E.L. Miller, R. Huff, K. Thorp, W. 
Armstrong, R. Bahr, W. Seka, G. Pien, J. Mathers, S. Morse, S. 

Loucks, and S. Stagnitto, Review of Scientific Instruments 75, 
3906 (2004). 
15 J.S. Ross, L. Divol, C. Sorce, D.H. Froula, and S.H. Glenzer, J. 
Inst. 6, P08004 (2011). 
16 J. Katz, R. Boni, C. Sorce, R. Follett, M.J. Shoup, and D.H. 
Froula, The Review of Scientific Instruments 83, 10E349 (2012). 
17 W.A. Farmer, C. Bruulsema, G.F. Swadling, M.W. Sherlock, 
M.D. Rosen, W. Rozmus, D.H. Edgell, J. Katz, B.B. Pollock, and 

J.S. Ross, Physics of Plasmas 27, 082701 (2020). 
18 C. Bruulsema, W. Rozmus, G.F. Swadling, S. Glenzer, H.S. 
Park, J.S. Ross, and F. Fiuza, Physics of Plasmas 27, 052104 
(2020). 
19 C. Bruulsema, Physics of Plasmas Accepted, (2021). 
20 G. Bekefi, Radiation Processes in Plasmas (John Wiley & Sons, 
New York, 1966). 
21 A.L. Milder, J. Katz, R. Boni, J.P. Palastro, M. Sherlock, W. 

Rozmus, and D.H. Froula, Phys. Rev. Lett. 127, 015001 (2021). 
22 A.L. Milder, J. Katz, R. Boni, J.P. Palastro, M. Sherlock, W. 
Rozmus, and D.H. Froula, Physics of Plasmas 28, 082102 (2021). 
23 D. Turnbull, A. Colaïtis, A.M. Hansen, A.L. Milder, J.P. 
Palastro, J. Katz, C. Dorrer, B.E. Kruschwitz, D.J. Strozzi, and 
D.H. Froula, Nat. Phys. 16, 181 (2020). 
24 R.K. Follett, J.A. Delettrez, D.H. Edgell, R.J. Henchen, J. Katz, 
J.F. Myatt, and D.H. Froula, Review of Scientific Instruments 87, 
11E401 (2016). 
25 A.M. Hansen, D. Turnbull, J. Katz, and D.H. Froula, Physics of 
Plasmas 26, 103110 (2019). 
26 A. Rigby, J. Katz, A.F.A. Bott, T.G. White, P. Tzeferacos, D.Q. 
Lamb, D.H. Froula, and G. Gregori, High Pow Laser Sci Eng 6, 
e49 (2018). 
27 R. Appel, C.D. Dyer, and J.N. Lockwood, Appl. Opt. 41, 2470 
(2002). 
28 D. Wang, W. Huang, and L. Yan, Proceedings of the 7th Int. 

Particle Accelerator Conf. IPAC2016, 3 pages (2016). 
29 A. Visco, R.P. Drake, D.H. Froula, S.H. Glenzer, and B.B. 
Pollock, Review of Scientific Instruments 79, (2008). 
30 J. Katz, R. Boni, R. Rivlis, C. Muir, and D.H. Froula, Review of 
Scientific Instruments 87, 11E535 (2016). 
31 Z. Bor, Opt. Eng. 32, 2501 (1993). 
32 W. Seka, D.H. Edgell, J.F. Myatt, A.V. Maximov, R.W. Short, 
V.N. Goncharov, and H.A. Baldis, Physics of Plasmas 16, 052701 

(2009). 
33 P.A. Jaanimagi, R. Boni, D. Butler, S. Ghosh, W.R. Donaldson, 
and R.L. Keck, in edited by D.L. Paisley, S. Kleinfelder, D.R. 
Snyder, and B.J. Thompson (Alexandria, VA, 2005), p. 408. 
34 S. Depierreux, V. Tassin, C. Neuville, and J. Katz, Review of 
Scientific Instruments 91, 083508 (2020). 
35 P.S. Datte, J.S.S. Ross, D.H. Froula, J. Galbraith, S. Glenzer, B. 
Hatch, J. Kilkenny, O. Landen, A.M.M. Manuel, W. Molander, D. 

Montgomery, J. Moody, G.F. Swadling, J. Weaver, G.V.V. De 
Dios, M. Vitalich, K.D. Daub, J. Galbraith, S. Glenzer, B. Hatch, 

J. Katz, J. Kilkenny, O. Landen, D. Manha, A.M.M. Manuel, W. 
Molander, D. Montgomery, J. Moody, G.F. Swadling, J. Weaver, 
G.V.V. De Dios, and M. Vitalich, Journal of Physics: Conference 
Series 717, 012089 (2016). 
36 J.S.S. Ross, P. Datte, L. Divol, J. Galbraith, D.H.H. Froula, 

S.H.H. Glenzer, B. Hatch, J. Katz, J. Kilkenny, O. Landen, 
A.M.M. Manuel, W. Molander, D.S.S. Montgomery, J.D.D. 
Moody, G. Swadling, J. Weaver, Review of Scientific Instruments 
87, 11E510 (2016). 
37 S. Guo, L. Liu, M. Xia, L. Kang, Q. Huang, C. Li, X. Wang, Z. 
Lin, and C. Chen, Inorg. Chem. 55, 6586 (2016). 
 

https://doi.org/10.1063/5.0075505

