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A new focusing spectrometer with spatial resolution (; s,
(FSSR*) has been built for operation in the Z-machine.

Laboratories

= This spectrometer has been designed to diagnose Z
experiments using the X-ray Thomson Scattering technique.
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see Belyaev LM, Instrum. Exper. Tech. 1977 and Pikuz et. al. 2




The experiments presented here are motivated by () e,
the need to better understand laser-heated foil x-ray
sources and our FSSR type spectrometers.

= How does the emitted x-ray
spectrum change when viewing
the foil at different angles?

= What is relative intensity of the

_ Dedicated experiments were
He-B line compared to He-a.

designed to answer these
questions using the Z-Beamlet
= What is the spatial resolution of laser at Sandia.

our spectrometer?

= What is the spectral resolution of
our spectrometer?




1he FS5R spectrometers use a spnerically bent
crystal to provide spectral and spatial

Sandia
m National

Laboratories

resolution.
FSSR spectrometer FSSR Experimental Setup
/ dvectr \ ﬂystal: Quartz 2023, Spherically beh
S ftiigi;lenergy Radius = 150 mm
direction / image Plane Central Bragg angle: 46°
low energy/ Source-to-crystal :20cm

Crystal-to-Detector : 21.8 cm
|\ Spatial Mag.: ~ 1x

\ Spherical Energy Range: 5800 — 6400 eV
N Detector: Fuji Image Plate (TR)

Rowland

Quartz 2023 on BK7
Size ~58 x 18 mm

. N
X-ray source TN~ 2023 ~Sa ~020-0]
\
Spatial resolution direction
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Two FSSR spectrometers simultaneously viewed a laser ) i
irradiated foil at 90° (“Face-on”) and 8° (“Side-on”).

Spectrometer Geometry Laser Pulse Shape & Irradiance
A Main pulse
Metal foil (25 um) Spot size ;1n55J
Ti,V, Mn, or Ni ~ 150 um FWHM 5.9%10" W/cm?
_ Pre-pulse
Spatial Laser 0.5ns
res. Intensity 230
2.6x10" W/cm?
FSSR 1 Spatial
res.
Face-on FSSR 2 Q 1 ns dead
90° Side-on e .
ge 00 05 1.5 2.5
Time (ns)

We investigated the following spectral lines:
Ti He-B (5586 eV)
V He- (6117 eV)
Mn He-a (6181 eV)
Ni He-a (7804 eV)




The Mn spectrum exhibits a clear difference in

m ﬁgggir?al
shape between the Face-on and Side-on views.
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Mn Face-on Image
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' Lineout width = 0.1 mm, centered at y = 0 mm
Target Coord.
e aé i .
6k =-—=- Face-on, 90° 0
0.5 F = Side-on, 8° l} He-a
‘ 5F ||| 1s2p-1s2
10 Fluence — F | ll 6181 eV
5800 6000 6200 sa00  (PSL/pixel) "¢ |l |
Mn Side-on Image 3t N
1.0 ok I
Al
3 \
0.5 1 \
Target Coord. 0] S— e .~ AR B
(mm) 0.0 [ ae 6000 6050 6100 6150 6200 6250
Energy (eV)
0.5 : : . :
Spatial Information from vertical lineouts
10 Face-on FWHM: 340 um @ 6181 eV
5800 6000 6200 6400 Side-on FWHM: 220 ym @ 6181 eV

Energy (eV)
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The V He-B spectra also show differences ) i,
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between the two viewing angles.

V Face-on Image
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V Spectra
Lineout width = 0.1 mm, centered at y = 0 mm
4f
. -==- Face-on, 90°
[ =  Side-on, 8°
3k ‘ He-B
s 1s3p-1s2
Fluence - I
(PSL/ pixel) | :| o117 eV
2F |

He-y
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F |
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Spatial Information from vertical lineouts
Face-on FWHM: 310 ym @ 6117 eV

Side-on FWHM: 230 ym @ 6117 eV ;




The Ti He-p spectra show a brighter k=
resonance line in the Face-on view.

Ti Face-on Image

1.0 .
Ti Spectra
05 Lineout width = 0.1 mm, centered at y = 0 mm
Target Coord. 4 - _'_ _ """ |':ace_or; 900 """"""""""""""""" .
(mm) 0.0  ———  Side-on, 8° ]
3 _ He'B _
Fluence : i 153p-1s* ;
-0.5 ¥ | 1eV 3
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o | 3
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Target Coord. Energy (eV)
(mm) 00

Spatial Information from vertical lineouts
Face-on FWHM: 300 um @ 5581 eV
Side-on FWHM: 280 um @ 5581 eV
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Energy (eV) 8




The Ni He-a configuration used two different Mica crystals 7
(9th order, Bragg = 46°). The Side-on crystal produced a poor

spatial focus.
Ni Face-on Image
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Ni Spectra
Lineout width = 0.1 mm, centered at y = 0 mm

04 g T T T T T T - - -l- T Féce.-on,, 900 T T
?th order Side-on, 8° ]
0.3F reflections I l He-a E
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Spatial Information from vertical lineouts
Face-on FWHM: 340 um @ 7804 eV
Side-on FWHM: NA due to poor focusing of
the Mica crystal
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PrismSPECT NLTE simulations of Mn at T, = 2.2 ) e,
keV and n, = 6 x 108 cm™3 show good agreement .
with the Face-on spectrum.

Mn Li-sat. to He-a ratio

provides T, measurement
Plasma slab 200 pym thick, n, = 6e18 cm-3

Mn PrismSPECT model and Experiment Intensity normalized to He-a Res. line.
Intensity normalized to He-a Res. line. T T ey _
M PRI SRR DR NI R 1 {---- T,=2200eV u
O PrismsPECT a ; o S e
08 1 TB = Eg?g eV , i Intensity 967 -
= n, =obelscm” [ i ] i
Normalized Zbar =22.8 i i 0‘45
Intensity 0.6 /AR =1000 , - 027 -
IREEEEE Expt. lineout ool Ly N
0 4: ] | 6060 6080 6100 6120 6140 6160 6180 6200
] *l Energy (eV)
] ! : Mn Inter. Comb. line to He-a ratio
0.2 1 v provides n; measurement
] Vol Plasma slab 200 um thick, T, = 2.2 keV
0.0 ] voF Intensity normalized to He-a Res. line.
’ ! ' T ! ! ! ' 107 I n =E;.Be18I cm‘sl A I I
6060 6080 6100 6120 6140 6160 6180 6200 08 T Moleetsomr
Energy (EV) Normalized o i
. . . Int it 0.64
PrismSPECT indicates that our T
0.4
spectrometer has E/AE =1000. ;
0.24
PrismSPECT gives n,= 1.4e20 cm™3 001 et Y&
which is 30x lower than n_, (4e21 cm3). B oy vy




SPECT3D™ NLTE simulations were used to ) s,

simulate both Face-on and Side-on views.

Mn SPECT3D and Experiment

Face-on view
Intensity normalized to He-a Res. line.

SPECT3D Model Setup L I S .

Te = 2200 eV 08] —— Spect3D i
n, = 6e18 cm-3 Normalized ] .':"' i
Plasma geometry = Disk nensity 993 3 ?
Spatially resolving detectors (res.= 100 um) 0.4 Y -
0.2 VAY O F

Face-on ot NS M

spectrometer 6060 6080 6100 6120 6140 6160 6180 6200

Energy (eV)

Mn SPECT3D and Experiment

Side-on view
Intensity normalized to He-a Res. line.
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21 _ Side-on 0] — SpectD | [

o ©] 3
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: J" 1
"Spect3D and PrismSPECT are collisional-radiative spectral 0.0 besprzeneZ 7 ' . . .

analysis codes produced by Prism Computational Sciences, Inc. 6060 6080 6100Er?;r290y ?éc,? 6160 6180 6200 11




Using the same T, & n; as the Mn best fit, PrismSPECT () &=,
was used to generate Ti and V He- spectra.

PrismSPECT Setup
T,=2200 eV
n =6e18 cm3
Thickness = 200 ym

E/AE =1000
V PrismSPECT and Experiment Ti PrismSPECT and Experiment
4 ) A 1.0 T e e e -
] —— PrismSPECT [ ] = PrismSPECT
o84 f == V expt. lineout 0.8 - -=-=+ Tiexpt. lineout
] HoB i 0.6 ] He-B
. 0.6 e- = . ~_ 1a2 L
Normalized ™ : {l 153p-1s2 - Normalized ;ggﬁ ;\s; :
Intensity 4. 6117 eV Hey [ Intensity 0.4 ' ]
1 satellites [ ] 2 He-y i
0.2 ; - 0.2 & il satelites |
0.0 s ’[LU\- 0.01 t M_—
S : 02 '
5900 6000 6100 6200 6300 6400 5500 5600 5700 5800
Energy (eV) Energy (eV)
Zbar = 20.9, n_= 1.3e20 cm-3 Zbar =20.1, n,= 1.2e20 cm=




Turning off the laser pre-pulse increased the )
intensity the V He-B line by 2.5x when viewing at 45°.

_ V Spectra
V foil, Standard Laser Pre-pulse Lineout width = 0.1 mm, centered at y = 0 mm
" 5] —— No Laser Prepulse
----- Laser Prepulse
0.5
Target Coord. 1 He-B
(mm) o, 10 ] 1s3p-1s2 ]
Fluence ] 6117 eV
05 (PSL/pixel) - He-y I
T 1sd4p-1s2
o 57 | 6439eV [
5900 6000 6100 6200 6300 6400 6500 I-' :
V foil, No Laser Pre-pulse 0 X M, .
10 = = . o ey ey g o e ! e B
5900 6000 6100 6200 6300 6400 6500
0.5 Energy (eV)
Target Coord.
™™ o0 o Spatial Information from vertical lineouts

With Pre-Pulse: 200 ym FWHM @ He-[3
No Pre-Pulse: 195 ym FWHM @ He-f3
1.0 Emitting plasma appears to be the same
5900 6000 6100En§%0y?(e\?$00 6400 6500 Size in bOth cases.

-0.5
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Backlit grid images provide an estimation of the ) it
spatial resolution and the magnification.

Mn plasma backlighting a Au Grid
Bar width =45 uym

oe Bar spacing = 125ym Vertical lineout across grid
{ 0.30 . :
0.25 :
0.0 5 :
0.20 ] s

Target coord.
(mm)

Fluence ] i
(PSL/pixel) 0.15 7 -

-0.5

0,105 —
0.055 —
1.0 0.00 T ,
6100 6120 Béfergy?;?.fo} 6180 6200 1.0 %Oéfget coord. (Eﬁ?n) 05
Spatial Resolution limited to
€ Au Grid used ~100 um by the Image Plate
for backlighting scanner (Fuji BAS-5000)




These initial experiments suggest the spectrometer must be 7
modified so that it produces a more concentrated image (i.e.;— ™™™
smaller footprint).

= The image size is controlled by the magnifications in the
sagittal and meridonal planes, My, and M, .. respectively.

-1
M. = R _| S0 _
© 2s,sin(0)-R | £,
_5,—Rsin(©,)
s, —Rsm(0,)

mer

where s, = object distance, s; = image distance, 8; = Bragg angle, f = sagittal focal
length, R = crystal radius of curvature.

"= M, is reduced by moving the detector onto the Rowland
circle. Here M_ .= 0, and the spectral image width is
determined by the spectral line width and not the object size.
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The fluence [photons/um?] of the x-ray image is i) S

Laboratories

also controlled by the active solid angle of the crystal.

= The active solid angle (ASA) is the total solid angle of the crystal that is
responsible for reflecting incident x-rays.

= The ASA can be calculated by integrating the crystal’s rocking curve over
the entire crystal surface.”

ASA = GTXYTXRC[GB—e(a,y)]dady (R] sin(0,)
S

(0 0

min ¥ min

Where RCis crystal rocking curve, 8; = Bragg angle, 8 = local grazing angle, R=crystal
radius, s,= object distance, and a = crystal polar angle and y = crystal azimuthal angle
as defined from the center of the crystal sphere.

Example surface plot of RC[8;- 6(a,y)] for:
Quartz 2023, 6181 eV, R = 150mm, s = 20 cm,
0y =46°

"See T. Missalla et. al., RSI 1999
E.J. Gamboa, et. al., JINST 2011




Sandia
Once ASA, M., and M, are calculated we @z
can estimate the fluence of the x-ray image.

( \
Fluence{ photons} | E.nT ASA
2
wm E. 4n 2 2
L sangag ELme’”Mme’” j T (AEJ
\ cos() D/ )

Where E = laser energy on target, E, = single photon energy, n = laser to x-ray spectral
line conversion efficiency into 4m, T = filter transmission, ASA = active solid area of
crystal, L., = object size in meridional plane, L, = object size in sagittal plane, M, .=
meridional magnification, M, = sagittal magnification, ¢ = angle between the
reflected ray and the image plane normal, AE = intrinsic spectral line width, D =
spectrometer dispersion [energy/mm)].
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The crystal rocking curves were calculated ()=,
using the multi-lamellar theory contained in

XOP."

= Crystal thickness = 65 pum, R =150 mm, X-ray energy
= 6181 eV (Unpolarized).

— Ged422 Theortical: R, = 0.046 mrad, FWHM = 0.047 mrad . )
— Gaussian fit: H|r||= 0.042 mrad, FWHM = 0.045 mrad — Lorentzian fit: Filni = 0.025 mrad, FWHM = 0.028 mrad

1.0———— L B L B S R B 1'0_"'|' L L L B
[ 08 [ i
- 08.-— 7] _E.-.. L
g [ s |
: =
S 0.6 A S o6l 1
T | c |
T A « FWHM T
‘g 0.4 = 0.047 mrad 2 04 - R
O I ] O I FWHM
0_2— 02l =0.032 mrad )
041 -005 00 005 01 015 02 01 -0.05 00 005 01 015 02

6.- 6 (mrad) B,- 6 (mrad)

"X-ray Orientated Programs
M. Sanchez del Rio, et. al., SPIE vol. 3151, 1997 18



Here are two examples of calculated ASA ) i
values for Quartz 2023 and Ge 422 at 6181 eV.

= Quartz dimensions: 60 x 18 mm, R = 150 mm, 6,=46.86°
Ge dimensions: 50 x 10 mm, R = 150 mm, 6;=60.27°

— (Ge 422 Active 5olid Angle
- = - Quartz 2023 Active Solid Angle
— Ge 422 Spectral Range

= +Quartz 2023 Spectral Range

++ Source on Rowland circle

_10°F; 12500

5 | | .

< 10°] j2000c ® ASA is largest when the source
- ©

T 10° i1500&  isonthe Rowland circle.

2 ] g h

. | oo However, the spectrometer

= E ] @ .

s | &  will have no spectral range.

2 107 easo . 1500 &

© .

< 10°%] 10

0 200 400 600 800 1000
Source-to-crystal distance (mm)
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The fluence of the x-ray image is maximized when () i
the image is formed on the Rowland circle.

= Quartz dimensions: 60 x 18 mm, R = 150 mm, 6,=46.86°
Ge dimensions: 50 x 10 mm, R = 150 mm, 6;=60.27°

— Ge 422 Active Solid Angle
= ==Quartz 2023 Active Solid Angle
—Ge 422 Image Intensity Factor
= = +Quartz 2023 Image Intensity Factor

joer s L e e 10? = The Quartz intensity factor

| peaks at 1687 mm which is
off this plot. At this distance
the spatial magnification is
0.07. This would prohibit us
from obtaining spatial
information.

"y
<
=Y

o o
Image Intensity factor
ASA (M, M_)

Active Solid Angle, ASA (sr)

107°

0O 200 400 600 800 1000
Source-to-crystal distance (mm)
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Predicted fluence values are 3x larger than the ) e,
experimentally measured values for two different
source distances for 6181 eV with Quartz 2023.

Source dist. Source
20 dist.66

= As an initial estimate this not
bad considering several
parameters are not well
known. For instance, x-ray-
to-laser conversion efficiency
could easily be off by a factor

il of 2 or 3. The spectra line

Predicted 286 PSL 1540 PSL Wldth and image plate

fluence (135 (840 calibration are also not well
photons/um?) photons/um? )
known.
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By switching to Ge 422 we can further increase the () s,
fluence. This is desirable for future scattering
experiments that will use a probe energy of 6181 eV.

= Ge 422 (2d=2.31A) allows the image plane to be placed near
the Rowland circle for reasonable object distances and crystal
bending radii. Ge 422 configuration

Quartz 2023 configuration



Manson source calibrations at 5898 eV (Mn anode) ;) s,
confirmed that the Ge 422 configuration produces a

brighter image (4x) than Quartz 2023.

= A HAPG from Optigraph was also tested in mosaic
focusing mode, but it lacked good spatial focusing.

Quartz Ge 422 HAPG

2023
20T G 429
i Quartz 2023 1
] HAPG 5

e = *

Image 160 x 200 x 630 x o |

FWHM(sp | 180 um |140pum |530pm | & °f ]

atial x 52_ ]

spectral) : .
OL o

5870 5880 5890 5900 5910 5920

Energy (eV)

Peak PSL | 3.50 14.4 1.60
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Summary ),

= |n preparation for future x-ray Thomson scattering
experiments on Z, we have begun experiments to better
understand laser-heated foil x-ray sources.

= Using two FSSR spectrometer placed at 90° and 8° Mn, V, and
Ti spectra were observed with E/AE = 1000 and a spatial
resolution = 100 pm.

= The intensity & shape of the emitted x-ray spectrum has an
angular dependence.

= The V He-B line appeared brighter with no laser pre-pulse.

= PrismSPECT and SPECT3D were used to diagnose the density
and temperature of the plasma.

= Using Ge 422 the spectrometer design has been further

optimized to produce a greater image fluence.
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