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Abstract
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1. FIREX, Fast Ignition Realization Exp’t 4@
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Implosion Fast Heating Ignition/Burn

¢ preliminary: Demo of 600 times liquid density
Demo of 1 keV temp. by 1kJ/1ps.

¢ FIREX-I : Demo of 5-10 keV temperature by 10kJ/10ps.

¢ FIREX-Il: Demo of ignition and burn by Fi
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Integrated experiment of Fast Ignition
Cone-attached surrogate fuel capsules were compressed

by GEKKO-XII and heated by LFEX lasers 4
Compression Laser: Fusion Fuel Target Heating Laser:
GEKKO-XII LFEX |

Beam# 9/12 beams Beam# 4 beam

Energy  250-350 J/beam Diameter 500 ym Energy 200 ~ 3000 J
(2.5 kJ total) Tthk!‘leSS 7 um .
Duration 1.5 ns Material ~ CD plastic Duration 1.0-4 ps

(Flat top) Cone Wavelength 1053 nm

Wavelength 527 nm Angle 45 deg.
Material Gold, DLC, etc



AEXISL—Y — & LFEXL—H—
LFEX laser completed in 2008
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LFEX laser — construction, tuning & exp’t v
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Main amplifier
Subsystem
of LFEX

""?) > > : W g -
Interaction &=
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Nov, 2008 Precision alignment of pulse ompressor

Dec, 2008 Target irradiation with high-power beam started
Feb, 2009 Irradiation of Fast Ignition (Fl) target started
Sept, 2009 Fl integrated experiment (1 ps) /1 beam
Aug, 2010 Fl integrated experiment (1 ps) /2 beams
Nov, 2014 FI physics experiment (1 ps) / 4 beams <= 3.1
2015 -2016 Fuel temperature of 5 keV 9
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Cold main fuel

Xrays :Fast2-D imaging — MIXS
2D-SIXS
Hot spark Fast 2-D spectroscopy — McMIXS
M-MIXS
Neutrons : Yield
Burn history
Imaging
Spectroscopy
Typical core size : <100 um
life time : 100 ps Ar< 10 um
Time- and space- resolved measurements are required. At=10ps
W\ O7Fds ~100ps — At=10psih B

JINE LY .:747“47\“ ~100 4 m —Ar=10u sHhE

AEHR I BIXRILF—XER. HEFEHIANEE
v, nBEEIRIE ik, QUX—Y gV
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2. Ultra-Fast X-Ray Imaging is essential

Ultrafast x-ray imaging is needed for ICF research.

[Imploding shell ]\ [ Imploded core ]

~ NS ~ 100 ps
~ several 100 ym ~ several 10 pm

X-ray framing camera

with gated MCP _ S
(40-80 ps resolution) <10 ps imaging is
required for
observation of core
dynamics.

ILE OSAKA



Ultrafast imaging by x-ray streak camera

So far, only x-ray streak cameras have resolutions < 10 ps.
However, in conventional use, only 1D imaging is available.

@ Ramp voltage

Focus electrode

Photo cathode slit {
(1000A CH/
thin Au, Cul, or Csl)
A0 Phosphor
— screen
E Deflection
o l:z plates
7 Anode
Pinhole
camera

Electron beam

Acceleration
mesh

Imploding target

— We need a trick to use it for 2D imaging.
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Image sampling is essential for 2D imaging
on a streak camera
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Conventinal 1D MIXS 2D-SIXS
—> continuous —>» continuous — discrete
(resolved) (resolved) (sampled)
v | ) .o
2% 23 23
23 o 935
22 @ E @ E
T 3 T Y T 9|
0 o mm
(like raster scan on TV) (like CCD pixels)
1-D selected image 1-D image sampling 2-D image sampling

Many types of efforts have been made to demonstrate
2D imaging on a streak camera.
--- How to avoid overlapping of the data when streaked?

H. Shraga, et al., RSI 75, 3921 (2004) , and references there in. |,



Sampling on single image / repetitive signal

Single signal

Waveform sampling

(1)

Waveform f ﬂ

\

—»‘ |

T

)

discrete

Ts = (1/2)At
Ex. Sampling oscilloscope

1-D image sampling
(Sultanoff)

> X

continuous

v [:
2D image ¥

i —

Ay = (1/2)Ar

Ex. TV raster scan
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Repetitive signal

Sampling on repetitive signal

— - Tsig -

. ‘<—
Tsample > Tsig

Reconstructed waveform

Sampling on repetitive image

(MIXS)
[8]6;S7AYS)
=

Reconstructed 2D image



Principle of multi-imaging x-ray streak camera (MIXS)
to obtain time-resolved 2-D x-ray images @

Tilted image array on a cathode slit ILE OSAKA
Image 1 2 3 4 5

Streak tube
Images  Streaked Streaked images
Laser
CCD
camera

Slit cathode Phospher
+LL

Target  Multi-pinhole
disk

Streak camera

Frame time

—— <60 Ps

N o Imploded core plasma__ ... i1 cted time-resolved 2-D images
t=ty t=t, t=t4
= @ © O O O .

1
- 30 ps 2
e 10'! fps achieved :
-<— 090 ps 5
2) H. Shiraga, et al.,
200um RSI. 66, 722 (1995).
1) O. L. Landen, 3) H. Shiraga, et al.,
RSI. 63, 5075 (1992). RSI. 68, 745 (1997).



Advantages of MIXS

== N

Easy to obtain 10 ps or better resolution
2. Continuous in time
- no lost signals between frames

3. After sampling, no image distortion
4. Choice of spectral response

5. Spectroscopic applications
Disadvantages

1. Small field of view
2 Not suitable for objectives larger than the field of view

ILE OSAKA



Implosion experiment of FI cone-shell target
at OMEGA laser
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Purpose: to investigate
* Core formation in cone-shell target
* Core & cone plasma dynamics
* Core-cone interaction

Team:
ILE, Osaka University
LLE, University of Rochester
General Atomic
Lawrence Livermore National Lab.




Experimental set up
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Laser: Target:
35 béams 70deg Au cone
15 kd/1 ns SQ
(~1015W/cm?) CH shell:
900 pm in diameter
20 ym thick

D, or D3He: 0, 5-10 atm

Diagnostics: MIXS, XFC, XPHC, Yn, etc



PJX x-ray streak camera

®* Developed at LLE, Rochester*

* 6-cm long KBr photocathode

* Photoelectrons accelerated through a slot,
focused with a quadrupole doublet

* Fiber-coupled, back-illuminated CCD recorder

* D range >> 1000

* Temporal resolution <10 ps

* by P. Jaanimagi

ILE OSAKA

20



Pinhole arrays for MIXS imager @
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Cathode position

O o)
° o o O O Qo 0
o\o o ©o © © © ©° 0 o o 010“]"
|
j_o o o ° © - = - - ® l

rooooooooo/o _.||._

90 um 10 um in diameter 200 um

3 arrays x 19 pinholes
M=12x

Initial alignment of MIXS is very tight (in y direction).
3-arrays allow much tolerance for misalignment.

21



MIXS imager in retractor for PJX

ILE OSAKA

22



MIXS-PJX system

Space:

Time:

Spectrum:

Frames:

Installation:

ILE OSAKA

AXx: ~15 um (pinhole, cathode)
Ay : ~20 um (sampling)
Field of view: 200 x 190 um (# of images, etc)

At: 13 ps (tube, sampling)
Time range: 1nsFS

X-ray range: > 2 keV (filter, cathode)

# of frames: up to 100
Interval: 10 ps

After off-line alignment,

inserted into the OMEGA target chamber,
pointed to TCC with TIM.

23



MIXS installation on OMEGA target chamber
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#30577 MIXS raw data
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0
Fid.—
500
Core
(19 pinhole images) ;. 1000
Cone 1500

2000

0 500 1000 1500 2000
col

—— Time

0 200 400 600 800 1000
FS30577_woback 25




MIXS frames: frame exposure=13ps,
frame Interval=10ps

—>»Time

.. h. ’. '. .. n. ‘. ". m. ".
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(b) Time integrated 190 pm n@

200 um
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Implosion experiment of cone-shell target at
LLE OMEGA laser
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200 pm x 200 ym -, CH shell:1000 pm®, 25 mmt,
D, 5 atm

0.5

Laser: 70deg Au cone

. 35 beams
al 05 ; 0.5 : 15 kJd/1 ns SQ
aniZimage core T T cone (8x1 014W/cm2)

X-ray emission from core and cone tip
Ultrafast x-ray image (At=10 ps) obtained with
MIXS: Multi-lmaging X-ray Streak Camera with PJX at LLE

by H. Shiraga, S. Fujioka, P. Jaanimagi, C. Stoeckl, etal. 27



#30577 backlight
core-cone
(w/ gas fill)

- Stagnation at first
image

Cone tip was damaged before the formation of the core. 28




2D simulation of 70/30 deg cone-shell target implosion

(density) by H. Nagatomo, ILE, Osaka

70 deg cone

30 deg cone

-0.02

-0.04

ILE OSAKA

0.04

0.02

006  -004  -002 ) 002 0.04

Shock wave after convergence hits the cone tip
before shell stagnates at the target center. 29
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X-Ray Backlighter Cone/Shell Also, particle diagnostics, neutron diagnostics,
Target Fuel Target scattered light diagnostics including imaging,
A Drive Lasers temporal history and spectroscopy with high
.‘ o for Implosioon resolutions are required.

Probe X-Ray

LY At=1-2 ps, Ar=4 pm

Backlight Laser

X-Ray Filters
Heating Laser Fresnel Phase 2\
Zone Plate
Backlighter X-Ray imager Sampling Image
Characteristics X-Ray Streak Camera Computer
Spectrum Implosion of Fusion Target CCD Camera
Pulse Shape Implosion Dynamics
Spatial Pattern Core Plasma Parameters High Spatial
Energetics Fusion Products Resolution
Imaging High Temporal Resolution
Heating Characteristics Spectrum Selection  Image Recording
Hot Electrons (hv=5 keV, 8 keV) Time-Resolved 2D image
Transport AX<5pum Coupling to Imager
Energetics At<2ps

EUKIRBERERTIL, n, v, EMPBRAIRIS W E N EE

30



3. Issues found in Fast Ignition experiment found
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Background noise
intensity > 10"° W/cm?
energy > 1000 J
— large amount of hot electron generation (>1 ~ 10 MeV)
— intense hard x rays (yrays) and EMP
— too large background noise and other nuclear reactions

Diagnostics must be compatible to such harsh environment.

H. Shiraga, et al., IAEA/FEC2014, IFE/P6-2 (2014);
Y. Arikawa, et al., RSI 83, 10D909 (2012).
31



Plasma diagnostics compatible to hard x-ray and
EMP harsh environment were required

ILE OSAKA

Diagnostics troubles in 2009 experiment with large energy LFEX shot

-Freezed PC’s, violent noises in oscilloscopes

-Too big scintillation decay signal overwhelming the DD neutron signal
-Intense background noise and cathode discharge in x-ray imaging devices

Neutron TOF scintillation detector Multi Imaging Xray streak camera

(]

\’ Dischar ewith int 1sé hard
MCP gate open N B

Hard x-ray

32



EMP shield box for electro circuits worked well
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12009.10.6
Fast Ignition

2010.11.19
Fast Ignition

EMP noise effects on photodiodes, PC’s, and
oscilloscopes were significantly reduced.



Reduction of hard x-rays
in x-ray imaging diagnostics

ILE OSAKA
X-ray framing camera with total reflection mirrors
to eliminate hard x-rays
hard X-ray detector

Pinhole disk Ptmirror
Target soft X-ray

Hard x-ray-shlelded cathde for x-ray streak tube

Rt EILE .
: cathode disk

2wkem—t— G- . Tungsten

x%&?»r}b@-»

O LT txf/ \

|mage12345

These schemes worked well and contributed to efficient experiment.
34



Prototype flat x-ray mirror
P y 60 nm thick Pt coated on

quartz substrate

,E, 1.0 JLE OSAKA
= 0 pp" m «111." | M\MHM} *\& .a‘rx
EOI I
T ) " I ! H
T -1.0° N ——— B
0 0.1 0. 2 0.3
Position[mm]
Surface roughness 3A
1 ! 1 1x10 J !
- Grazing incidence: 1 [deg]
= b
% W w/o absorption " 1007
@ w/abs  Roughness =0 A e
‘0 ' D
o 5 £ 10
3
Pt E
1
0 : : . 0.1 ] ] ]
2 4 6 8 10 202 -0.1 0 0.1 0.2
Photon energy [keV] &L A B [mrad]

R > 40% for hv < 4 keV Broadening < 0.1 mrad 35




Hard x-rays are eliminated with Pt total reflection
mirors, and only thermal x-ray images are recorded

At CCD
camera

;
2
r
\J

\MCP

Au cathode
(strip line)

Voltage
pulses ™S JL

Pt mirror

rescent

Thermal
X-ray

ILE OSAKA

w/0 mirrors ‘

Xray Framing Camera

o Q

a € .

200ps 280 ps 360 ps

Shot# 34140
w/ mirrors 36




Reduction of hard x-rays
in x-ray imaging diagnostics

ILE OSAKA
X-ray framing camera with total reflection mirrors
to eliminate hard x-rays
hard X-ray detector

Pinhole disk Ptmirror
Target soft X-ray

Hard x-ray-shlelded cathde for x-ray streak tube

Rt EILE .
: cathode disk

2wkem—t— G- . Tungsten

x%&?»r}b@-»

O LT txf/ \

|mage12345

These schemes worked well and contributed to efficient experiment.
37



time

Shielding worked, and

LFEX injection time was accurately monitored using non-
imaged hard x-ray signal in x-ray streak cameras

0

Ch.B

Ch.C

Non-imaged hard
x-ray signal due to

LFEX

Balk shielding resulted in :
« Stopping cathode discharge
« Reducing background noise

Injection time was measured
within an accuracy better than
+/-10 ps.

500pm

ILE OSAKA

>

t=-10 ps t=+100 ps

Relation between hard x-ray signal
and the imploded core plasma

t=-160 ps

2000

Intensity [a.u.]
=
o
o
I

0

Example:

Thermal image]

Hard x-ray
N——

0
cathode slit

shield window

200 300

ne [ps]
38



Increment in x-ray signal observed in some shots
Reproducibility under investigation
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10-ps frame x-ray images and derived temperature distribution
Peak x-ray intensity

11.5 ps LFEX injection

: <€ > 200pm
Time S @ c H S

Ch.B O
X-ray image

Ch.C
X-ray image

Electron
temperature

f(Ch.C/Ch.B)

Ready to diagnose the heating dynamics
once the heating becomes significant

39



4. Various neutron diagnostics were developed
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AALA 0-saturated quenching

Liq. scintillator

Time-resolving detectors

MANDALA: 4p shielding

TOF scintillator: shielding hardened

Fast fiber scintillator: shielding hardened
BC422: position changed

Gated TOF scintillator: New

Gated Liq. scintillator # 1: New

Gated Liq. scintillator #2: New

Gated SLi scintillator #2: New

Multi-ch. 6Li counting mode: New

8 PMT with
§ gated-dinode

©INOIGORWN =

. - SLi scintillator Bubble detector
g-ray insensitive detectors

10. Bubble detector: Revival
11. CR39 auto-reading: New
12. Radiochromic film: New
13. Ag counter: Revival

"YAg +n—""Ag +vy
E>110Ag%110Cd+ B—

Ag foil
n-moderator (polyethlene) 40



4a. (y,n) reactions take place in y-ray rich
environment in high-intensity experiments
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We observed: =K

* Neutron signals in gamma-insensitive detectors
(bubble, Ag activation)

* Broadband neutron signals observed in shots
without implosion

 Correlation with gamma-ray signals

— There are neutron signals coming from (%, n) reactions.

10000 ————— o o || MA + g(hv) > M'A + n(hv-B.E)
1000 [ Deutron
(7)) C
£ 100 Neutrons in the MeV range can
£ 10} be created due to (y,n) reactions
s (photo disintegration reactions)
- . in materials in and around the
S o1} { 1 target.
)0} J S | S R T E—
0 10 20 30 40

Ey (MeV) 4l



New liquid scintillator was developed

ILE OSAKA

| ! I ! |
1t
——BC422 Bz quenched
New Liquid Scintillator
%‘ 01 L
5 Time correlated single photon counting measurement
Ry
c
= - 137Cs gamma source
o 0.01L
N 3
©
£
[e]
< 1E3
scintillation :
BBQ (used for dye lasers) 1E-4 l

4,4’”-Bis-(2-butyloctyloxy)-p-quatarphenyl ~ © 100 200 300

Time (ns)
host : p-Xylene

Quenching by oxigen

e Slow decay component was significantly reduced.
* Coupled with gated PMT, and used in Fl integrated experiment.

Nagai, et al., Jpn. J. Appl. Phys. 50, 080208 (2011) 42



Intense (v, v’) and (yv,n) signals were found to be the
main components of the background signal

ILE OSAKA
(%n) and (7% 7) in materials elsewhere (%n) and (% 7) signal components calculated
in and around the target chamber with Monte-Carlo code* assuming materials

and at the concrete walls configuration

*MCNP5 (A general Monte-Carlo N-Particle transport code)

MCP gate open
(concrete) \l, DDl neutron Yn=3x10’
Detector at 3m from TCC 0 —— - ' ' ' '
Old PW chamber Lead block 15 cm?
Target Chamber . N
") (iron, 86 cm diam.) Total Signal
E ]
= (7-n) neutrons from
=
K=y Target Chamber -
n from{goncrete wall PWChamber
——— Pbshield
Diagnostics ]
Assumed input gamma source g

Ty=5 MeV
Yy= 8x10™
6 ~ sin(0.56)'7

(single processes only)

200 300 | 400 | 500
Time (ns)
(y%n) : photodisintegration reaction, (7, 7) :scattering
Now we know nature of the background signals, and can accurately identify the DD
neutron signal even with the heavy backgrounds.

Characterization of gamma-rays needed

43



(v, n) and (y,v)) signals from surroundings can
be eliminated by using appropriate collimators

ILE OSAKA

gamma-n observation shot

Neutron collimator

made of paraffin, 6,,

50-cm thick %n — N 0 L
(Fe: chamber wall) -
Pb shield -2

. PMT after pulse |

. S
‘with collimator '

€ solid angle
3.6x10-°

Intensity(V)
1N

withéut coIIitinator

T

Xrays sca!fttered from

Shot # L1635 (25 Jan, 2011) target chamber bay
Fast ignition target concrete wall |
-10 - : : -
LFEX 427.7J, 0 100 200 300 400 500
without Implosion
Time (ns)

Collimators will be fully installed in 2011 exp’t.

44
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AL P IEFEHAERSIRIARKRERL NIVD oRMS

FFRDRKISZADE pRFABKE TORTR AT HE,

aHiBliE <pR>_E[R FIRER. BESR

IVIFUE 150mg/cm? X Bk R F D FRFE

—RRE 30mg/cm? TOHFE

et s ~5g/cm? No—H—[RFHIEREICEE
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Fast response °Li glass scintillator

Fall time (peak - 10% )
120 ns— 10 ns !

Ce (3+4)
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- Pr(3+)

Conventional 6Li glass
Saint-Gobain (KG2)
*Host: SiO, -

*Fluorescent ion: Ce (3+)

Li,O glass

emission 400 nm

decay const t, =50 ns
+ longer tail

fall time : (peak - 10%) 12 /\

New material
‘Fluorescent ion = Pr (3+)
emission 250 nm

(lifetime 1 xA3)

APLF80+3Pr
‘Host : LiF glass 3

(UV transparent)

=
2

Manufactured by
T. Murata, Kumamoto U.

\\\\
‘‘‘‘‘‘
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Fast response °Li scintillator APLF 80+3Pr
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PEFIRZERORIE

1k '~ Cf-252 neutron excitation
_ i —— GS2 (Conventional)
2 o1l ——APLF80+3Pr _:
5 : :
Q
pd
o 0.01F |
= ; Peak-10% Fall time : 10 ns
c [
5 ol | _
7 1E-3E ?

1E-4- . ‘H\. 1 l
0 200 400 600 800 1000
Time (ns)

Y. Arikawa et al., Rev. Sci. Inst. 80, 113504 (2009}!
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Hamamatsu 256¢ch I2cr:-lt3hick

Multi-channel PM, ead box
Scintillator
array

multi

anode PMT
Coaxial

Cable bundle

m X 3mm
6 x 16 channel

Detector

inserting port
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STRUCK
2GHz / 10 bit
digitizer

8ch / modules
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VR DT- DD-
Neutron

1.E+00

.1.E-01

1E02

(WY
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w

Intensity ( a.u )

1.E-04

scintillation -

BBQ (used for dye lasers) 1.E-05

4,4’”’-Bis-(2-butyloctyloxy)-p-quatarphenyl 0O 100 200 300 400 S00 600 700 800
Time (ns)

host : p-Xylene

Quenching by oxigen Eﬁ:ﬁko)gﬁﬂlfivﬁtﬁﬁﬁ'@%é&ﬁ‘
EERARREG I FL—5—%&FA

Nagai, et al., Jpn. J. Appl. Phys. 50, 080208 (2011) 59
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5. Summary of the talk
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1. FIREX project

Fast Ignition research
Experiments with LFEX laser

2. Ultra-fast X-ray imaging diagnostics
Sampling-image x-ray streak camera

3. Hard x-ray and EMP harsh environment
X-ray framing cameras
X-ray streak cameras

4. Neutron diagnostics
Neutron detectors in (y, n) environment
Scattered neutron measurement
Time-resolved neutron imaging

5. Various new plasma diagnostic instruments are working
very well in Fast Ignition laser fusion experiments. 65



