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The Ultrafast X-Ray Imager program at Sandia National Laboratories
O 2-D x-ray imagers with —nanosecond gate times designed and fabricated at SNL
O Fielded at Z Machine, NIF, Omega, SLAC, ...

Applications at Sandia's Z Machine
O Gated radiography
O Time-resolved spectroscopy
O Multi-frame x-ray imaging

Characterization Methods
o Temporal gate profiles
O Linearity of response
O Application-specific configuration testing

Sensor improvements
O ROIC improvements to reduce gate time, number of frames, ...
o Superlattice enhancement for soft x-rays, electrons
O Thicker Si detectors and GaAs detectors



The Ultrafast X-Ray Imager
Program at Sandia National
Laboratories



The UXI program at Sandia has created a new class of
4 2D, nanosecond-gated x-ray imagers

Z-Machine National Ignition
Facility

>X-ray imaging is a valuable diagnostic for
Inertial Confinement Fusion (ICF) and High
Energy Density (HED) physics research

>Faster frame-rate reduces motion blur while
multiple frames provide a temporal history of
an evolving experiment

>Burst-mode CMOS imagers provide unique
capability for multiple x-ray images on single
line of sight with nanosecond gate times

i

Commercial CCD Camera with

two superimposed images

Omega

Furi Sensor 2ns shutters for both frames



Many parts come together to become a hybrid CMOS
5  uxl camera

Readout Integrated Circuit (ROIC)

♦
Icarus

• Fabricated in SNL's 6" 350nm CMOS
• I -2ns min shutter, 2-8 frames
• I 024x5 I 2 array of 25pm x 25pm pixels
• Adjustable shutter timing

Photons

Hybrid CMOS
Sensor

WU Camera System Development
for Application-Specific Needs

Detector Array

E

Bias metal

Detector Si

Tp.m pixel pitch
4 

Integration

Direct Bond Interconnect (DBI)

• External supplier
• Wafer-to-wafer bond sts

In.,dium bump

• Processing at Sandia, „ 
• Die-level processing



Icarus is the state-of-the-art sensor in an advancing product

6 
line

In Use

Furi

FY14

Hippogriff

FY15

Icarus

FY16Year

Min Integration time -1.5 ns -2 ns -1.5 ns

Frames 2
2 (full resolution)

4 or 8 (Row interlaced)

*4 (full resolution)

*8 (L/R interlaced)

Tiling Option No No No

CMOS Process 350 nm (SNL) 350 nm (SNL) 350 nm (SNL)

Pixels 448 x 1024 448 x 1024 512 x 1024

Pixel Size 25 um x 25 um 25 um x 25 um 25 um x 25 um

Capacitor Full Well 1.5 million e- 1.5 million e- 0.5 million e-
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3 (full resolution
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Daedalus

FY19

6+ (Row/L/R interlacing)

One Side

350 nm (SNL)

512 x 1024

25 um x 25 um

1.5 million e-



Applications at Sandia's Z
Machine



Dual UXI cameras are now being used for I 6-frame
8 spectroscopy

Axial Diagnostic Package

Camera 1 Camera 2

Crystal reflector
disperses x-ray energy in

one dimension

Time (ns)

2

4 —

6

8 —

10 —

V

Camera 1

X-ray wavelength

Camera 2

X-ray wavelength

Temporal multiplexing
with 2 camera systems

➢ Two Icarus sensors employed with multiple slits
each to create a I 6-frame, time-resolved set of
spectra



Gated radiography is making an impact on Z
9 experiments

Large Format Camera

UX1 Cameras
'Niro ,

Z Center Section

Images from
December 2018

Time integrated image

Time gated image

•

Bright, late-time
emission obscures liner

Liner visible during
implosion

➢ Icarus sensor used to gate out late-time radiation, enabling higher contrast imaging of
imploding liners

➢ Multiple frames possible on a single shot from a single line of sight
➢ Serious challenges in EMI, debris, shock, radiation tolerance
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Time-resolved, multi-frame pinhole images are being
used to diagnose laser preheat conditions

Z Final Optics Assembly
Typical laser preheat
with phase plate

Laser preheat with
observed dust particles

Time series with
color channels

Laser preheat with
no phase plate

Time

5 ns —

10 ns —

Filter 1
Filter 2 15 ns —

> Icarus sensor used in
pinhole camera system to
image MagLIF laser-induced
plasma prior to stagnation

> Multiple images with two
different filters

20 ns —

25 ns

'V



Characterization Methods



The camera's temporal gate profile is characterized by
I 2 sweeping laser pulses in time

Time

> Tabletop laser system allows rapid
characterization of each sensor in a
variety of timing modes

Laser Pulse
Camera Gate

Example gate profile
scan with 2 ns exposure

time over 4 frames

FO F I F2 F3



The camera's linearity and sensitivity are characterized
,, with x-ray and laser illumination

Laser Test System

Pulsed X-Ray Test System

X-Ray Photodiode

7
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Application-specific masks aid in characterizing
background

10

5

Spectrometer
Illumination
Pattern

Example image

➢ Opacity spectrometer on Z machine
utilizes 4-slit pattern, sensitive to
changes in intensity along spectrum

➢ Custom mask mimics illumination
pattern with uniform illumination to
examine sensor response

Pre-Exposure Image

200

Exposure Image

500
200

Frame covers
outer perimeter

l2.5p.m gold wires

400

ao

zo

-20

-40
1000

500
200

400
600

Post-Exposure Image

Raw Image Background Fit Corrected Image

-60

-120

160

160

Fit un-illuminated Surface fit to infer Subtract
pixel pattern background background



Sensor Improvements



I
ROIC Iperformance continues to offer imp rovements in

16 speed, robustness, and timing flexibility

Furi /

Hippogriff

lcarusV1/

lcarusV2

Daedalus/

Jaedalus\a&

Tantalus
I! tfivi.'40#441,0

UXI Sensors

FY15 FY16 FY17 FY18 FY19 FY20 FY21 FY22 FY23

Hippogriff Icarus V1 Icarus V2 DaedalusVl Daedalus V2/HE Tantalus

40 V V
Delivered Delivered Delivered In Testing

• 15t full-scale multi-frame sensors

• 1.5-2ns minimum shutter

• Optimized for 1-10 keV x-ray detection

1st cameras compatible with pulse-dilation

1 ns min. shutter with 2 or 4 (Icarus-2) frames per hemisphere

Optimized for soft x-ray, visible, and e- detection

• 3 frames per hemisphere (6 frames with interlacing)

• 1-side abutment for spectroscopy and z-pinch imaging applicatior

• Large well for high energy x-rays while maintaining low end sensi

• Daedalus HE will use GaAs or other advanced detector

is

tivity

• 1st sensor in new commercial foundry process

Design goals include

6 frames per pixel w/ independent quadrants (>_12 frames with interlacing)

0.5 ns minimum shutter
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The addition of a quantum superlattice improves
responsivity for shallowly absorbed particles

Incident
radiation

Vbiai Contacts

electrons

➢ For electrons, soft x-rays, and
Surface recombination near-UV light, dead layer dictates

detector sensitivity
\D. 11111 ➢ Quantum superlattice-enhanced

detectors developed in
si partnership with NASA J PL

• .....

Impurity recombination
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0
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demonstrated substantial increase
in senitivity

Backscatter limit
0.25

0.20

0.15

0.10

0.05

0.00

Bare Si

Nitride passivation

Superlattice

1 2 3 4 5 6 7 8 9

Electron Energy (keV)

10

Depth (nm)



18 I Sensor thickness can be tailored to meet applicationneeds

➢ Most deployed detectors 25ium Si

>Mature fabrication and integration

>-700ps impulse response

➢ 8µm Si deployed on a limited basis
with passivation

>Mature sensor fabrication

>Passivation adds integration complexity

>-400ps impulse response

➢ 100µ,m Si being developed for greater
hard x-ray sensitivity 0.8

> Only effective up to —15 keV x-ray energy

>Add integration complexity L 0.6
LI:

>-3ns impulse response

• 0.4

Si Detectors

25 µm

thick
8 p.m thick,

passivated

100+ p.m

thick

III-V

Detectors

R&D

10-40 p.m

GaAs

High

Maturity

Low

I ►
1-10keV electron 1-8 keV X-Ray 8-15 keV X-Ray 10-60 keV X-Ray

Blue light Visible light

1

0.2

0

—25iim Si
—8iim Si, passivation
  100µrn Si

0.5 1 2 5
X-Ray Energy (keV)

10 20



Sandia has developed fast GaAs photodiodes to
19 improve hard x-ray sensitivity

➢ Si hard x-ray response limited,
temporal response hampered by thick
detectors

➢ Photoelectric absorption —Z4

1

0.9

0.8

c 0.7
o

g 0.6

-o 0.5

-2
o 0.4

< 0.3

0.2

0.1

—25p.m Si

—100µm Si -

20µrn GaAs

GaAs offers

simultaneous
improvement in

speed and

absorption

10 20 30 40

X-Ray Energy (keV)

50 60

➢ Superior hard x-ray absorption and
sub-nanosecond response
demonstrated in frontside-illuminated
GaAs detectors

GaAs p-i-n
photodiode
20 i..tm thick,
532 nm laser
illumination

0.9 -

0.8 -

0.7 -

0.6 -

a)
13 0.5 -

E 0.4

0.3 -

0.2 -

0.1

FWHM 0.52 ns

FWTM 1.1 ns

-2 -1 O 1 2

Time (ns)

3 4 5



Backside-illuminated GaAs pixel arrays are being
20 developed for hCMOS detectors

➢ Process changes required for hybrid CMOS compatibility

➢ First bonded test arrays complete

➢ 0.5 Mpix Icarus/Daedalus arrays available next year

'ME

GaAs pixel
test array
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Other detector materials show promise for hard x-ray
d etecto rs

-0a 1
Rvq-

2, 4

22
Ti

23
V

7 6

1
H

12
Mg

20
Ca Sc

21 24
Cr Mn

25 26
Fe

38
Sr

39 40
Zr

41
Nb

42
Mo

43
Tc

44
Ru

57
La

7Z
Ht

73
Ta

74
Re
75

Os
76

7 87
Fr

88
Ra Ac

89 1104
Rf 

58
Ce

105
Db

106
Sg

1 07
Bh

108
Hs

59
Pr

60
Nd

61
Pm

62
Sm

90
Th Pa

91 92 93
Np

94
Pu

0.8

a)
13 0.6

4
0.4

N

Z 0.2

9

1 
Co
27

45
Rh

I 77Ir
109
Mt

63
Eu

Am
95

10 11 12 13

5
B

13
Al

28
Ni Cu

29 30
Zn

3 
G
1
a

46 47 48 49
Pd Ag Cd In

Au
79 80

Hg
81
TI

110 111 112 113
Ds Rg Cn Nh

64 65 66 67
Gd Tb Dy Ho

97 98 99
Bk Cf Es

14 15

6
C N

Pb
82 83 

Bi

114
Fl

115
Mc

8

116
Lv

17 18

1
Ts
17

2
He

118
Og

68
Er

69
Tm

70
Yb

71
Lu

Fm
100 1

Md
01 102

No
103

Si 25pm
GaAs 20pm
CdTe 40pm

Material
investigated

Si Mature fabrication, low Z

GaAs Demonstrated fast detectors

CdTe Demonstrated fast detectors

CdZnTe

GaN

AISb

Cannot obtain small detectors

Background doping too high

Leakage current too high

Detector pulse
shapes obtained
with Advanced
Photon Source
white beam

-2 .1 0 1 2 3

Time (ns)

4 5 6



Nanosecond-gated imagers are expanding possibilities
22  in ICF and HED Physics

The Ultrafast X-Ray Imager program at Sandia National Laboratories
O 2-D x-ray imagers with —nanosecond gate times designed and fabricated at SNL
O Fielded at Z Machine, NIF, Omega, SLAC,

Applications at Sandia's Z Machine
• Gated radiography
O Time-resolved spectroscopy
O Multi-frame x-ray imaging

Characterization Methods
o Temporal gate profiles
O Linearity of response
O Application-specific configuration testing

Sensor improvements
• ROIC improvements to reduce gate time, number of frames, ...
o Superlattice enhancement for soft x-rays, electrons
O Thicker Si detectors and GaAs detectors

Please see poster 3PO4 for more exciting
applications of LA! camera systems

111
2ns 4ns 6ns 8ns
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