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Introduction(1/4) : Reactions in plasma induced by high-intensity lasers
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“Review of laser-driven ion sources and their applications «
Hiroyuki Daido, Mamiko Nishiuchi and Alexander S Pirozhkov

— Diverse and complex phenomena are occurring



Introduction(2/4) : Nuclear Reactions in Laser Plasmas
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» Nuclear reactions are expected to occur within the laser plasma

~ . . - R
Why laser-driven nuclear reactions are significant

- A unique approach compared to accelerator-based experiments

Accelerator - Laser
Collide high-energy particle at low-density Collide low-energy photons at high-density

- Observation of nuclear reactions in ultra-high electromagnetic fields




Introduction(3/4) : Our Goal

Goal : Clarify the mechanism of laser-driven nuclear reactions
through precise analysis of y-rays emitted from laser plasma.
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Introduction(4/4) : Challenges, Our approach

However, direct measurements of y-rays emitted from laser plasma have not yet been achieved.

Challenges In y-ray measurements

K Signal pile-up due to a lot of radiations emitted in an extremely short time
(107 ~/cm?) (~ns)

- Limited number of laser shots per day, making it difficult to obtain sufficient statistics

- Shot-to-shot variations in laser characteristics

Our approach

[ - Using nuclear emulsion : A detector with excellent spatial resolution.

-Record all radiation tracks from a single shot without pile-up.

Precisely detect y-rays in emulsion
= Measure y-ray energy, direction, and flux directly



Experiment (1/2): Facility

Kansai Photon Science Institute (KPSI)

Laser : J-KAREN-P

Wavelength : 810 nm

Pulse energy : 10 J

Pulse time length : 30 fs

Focus size : =1 um

Focusing intensity : 10%2W /cm?
Repetition frequency : 0.1 Hz




Experiment (1/2): Facility

Kansai Photon Science Institute , QST , Japan

Laser : J-KAREN-P

o
Wavelength : 810 nm ®@
Pulse energy : 10 J
Pulse tlme !ength : 30 fs @ Target
Focus size : ¢=1 pm —
Focusing intensity : 10%2W /cm? Detector

Repetition frequency : 0.1 Hz



Experiment (2/2): Setup

Laser shot : 1 shot o=

Target : Ag spm

Detector : Emulsion Stack
30 layers + 2 Changeable Seat

I ] i
Put only experiment time

Size : 50 mm X 60 mm

Location : On the outer surface of the vacuum
chamber (20 mm SUS wall), positioned at 0°

Distance from target : 1023.9 mm




Detector Details : What is Nuclear Emulsion ?

Nuclear Emulsion : 3D Track Detector
that records charged-particle trajectories with “high spatial resolution”

High spatial resolution : =1 pum (The size of the AgBr crystals : 200 nm), 10'*channels/cm?

— Can clearly separate individual tracks even in ultra-high radiation environments.
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Analysis(1/4): Event selection
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Analysis(2/4): Result (Angle)

A total of 798 y-ray events were identified
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Observed a peak structure near the target direction in the angular distribution
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Counts

Analysis(2/4): Result (Momentum)

Momentum distribution
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Analysis(3/4): BG fit & true event calculation

Fit the background assuming a Gaussian distribution
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Analysis(4/4): Flux calculation

The y-ray flux ® from the target,
assuming that y-rays are emitted isotropically from the target

Event
€ X Pygpr XS XN

b =

~ 4.68 X 107 + 1.5 X 107 [counts/(sr - shot)]

Event : Number of true event (8.899 £ 2.98 count)

e . The probability of a track being recorded through 5 emulsion layers (0.86°*2)
Pagpr - Probability of e*e~pair production within 4 emulsion layers (4.5 x 107%)

S : Area of the y-ray search region on the emulsion (20cm? + (102.39 cm)”2 [sr])
n : Number of laser shots (1 shot)
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Summary , Future Works

* Aiming for direct measurement of y-rays from laser-produced plasma using emulsion.
» Conducted experiments using J-KAREN-P and successfully observed 798 y-rays events.

* The y-ray flux per laser shot for the Ag 5 um target was 4.68 x 107 + 1.6 x 107 [count/ sr
- shot].

Future Works

- Evaluate the validity of the observed flux through comparisons
with simulations.
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Detector Details (2/2) : How to get particle tracks

Scanning device : HTS-2 (Hyper-track selector 2)
The world‘s fastest emulsion scanning device (F Lab ,Nagoya University)

-y~ |Mage sensor

How to scan

- Capture a series of images while shifting the focal plane through the emulsion depth
- Obtain positions(x,y,z) of Grains (silver crystals) through binarization

- Link Grains to create microtracks

Y
- Connect the two microtracks (front and back) to form a base track o trackd
\bace track
The base track contains information such as position, angle, and pulse height. (x:7,2,6:,8,,Ph)
| micro track2 \\

how many Grains are connected

Connecting 30 base tracks (30 emulsion layers ), we can reconstruct 3D particle trajectories.



6y (rad)

Experiment in 2021
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Counts

Analysis(2/4): Result (Energy)

Energy distribution
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FrUJL—23> %8R (3/4)
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Focused Intensity (W/cm®)

10

Ultra-Relativistic Optics
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Exawatt-Zettawatt pulse generation and applications
G.A. Mourou, N.J. Fisch , V.M. Malkin , Z. Toroker, E.A. Khazanov , A.M. Sergeev , T. Tajima , B. Le Garrec
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FrUJL—23>%EER(2/4) « Calculate efficiency
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FrUJL—23> %8R (3/4)
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Calibration experiment
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Abstract

- We aim to direct measure of y-rays from laser-produced plasmas.

-We take an approach using nuclear emulsion detectors

- Conducted experiments using the PW laser system at QST
—Now working on emulsion scanning and data analysis
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Why detection of y-ray from laser plasma?

Achievable focusing intensity of laser is increasing
— Nuclear reactions may occur in the laser plasma!

Why laser-driven nuclear reactions are significant

- Potential to discover new physics by observing nuclear reactions in
ultra-high electromagnetic field environments
Accelerator Laser

\Collide high-energy particle at low-density A Collide low-energy photons at high-densityj

QCD= 10"W/em®
Nonlinear QED: Eve*A, =2m,c*

7
Relativistic Optics -
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: /
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leV

Exawatt-Zettawatt pulse generation an

d applications

G.A. Mourou, N.J. Fisch , V.M. Malkin , Z. Toroker , E.A. Kha
zanov, A.M. Sergeev, T. Tajima , B. Le Garrec

Goal : Clarify the structure of laser-driven nuclear reactions
through precise analysis of y-rays emitted from laser plasma.
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A Review of laser-driven ion sources and their applications
NUCIear reaction Hiroyuki Daido, Mamiko Nishiuchi and Alexander S Pirozhkov
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Why use nuclear emulsion?

However, direct measurements of y-rays emitted from laser plasma have not yet been achieved.

Challenges In y-ray measurements

- Signal pile-up due to a lot of radiations emitted in an extremely short time

7 * Limited number of laser shots per day, making it difficult to obtain sufficient statistics

_ - Shot-to-shot variations in laser characteristics

Our approach

{ - Use nuclear emulsion ,to record a lot of radiations without pile-up

- Furthermore, it can simultaneously detect particles at various positions in a single laser shot.

Precisely detect electron—positron pairs produced by y-rays in emulsion
= Measure y-ray energy, direction, and flux directly



What Is nuclear emulsion?

Nuclear Emulsion : Atype of photographic film. used for particle measurement a long time

Strong Point
- Ultra-high spatial resolution : =200 nm (The size of the AgBr crystals)
— Can clearly separate individual tracks even in ultra-high radiation environments.
Charged particle

AgBr crystals AgBr crystals
— 3 ®
. De\_/elop, P
_ fix . ¢200nm
“looseeissececs = .
Ag++e‘—.> g é .
Gelatin Gelatin

300um

Real emulsion tracks



] .
Emulsion scan in NA

UNIVERSITY

The emulsion must be scanned and digitized for analysis.

Scanning device : HT S-2 (Hyper-track selector nuclear emulsion readout system 2)
The world‘s fastest emulsion scanning device (F Lab ,Nagoya University)
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Hyper-track selector nuclear emulsion readout system aimed at scanning
an area of one thousand square meters

F Masahiro Yoshimoto1,2,*, Toshiyuki Nakanol , Ryosuke Komatanil |, and Hiroaki Kawahara

micro trackl

bace track
(x,¥,2,0,, 6,1

micro track?2
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] .
Emulsion scan in NA

The emulsion must be scanned and digitized for analysis.
Scanning device : HTS-2 (Hyper-track selector 2)

The world*s fastest emulsion scanning device (F Lab ,Nagoya University)
How to scan

- Capture a series of images while shifting the focal plane through the emulsion depth

<@ |mage sensor

- Obtain GRAINS (silver crystals) through binarization

-Link GRAINS to create microtracks

- Connect the two microtracks (front and back) to form a base track

—

The base track contains information such as position, angle, and pulselheiqht.

how many GRAINS are connected micro track1
Stacking multiple emulsion layers and connecting base tracks, ba;: 5 }L'aé: kp,;,.,)
- - . rYrerSxrYyr
we can reconstruct 3D particle trajectories. micro track2 \u

—By applying cuts to the digitized tracks, we extract only the desired particle tracks. 34




Summary, Future works

Summary
- We aim to directly measure y-rays generated from laser-produced plasmas.

- We employ nuclear emulsion detectors with high spatial resolution to
overcome pile-up and track identification challenges.

Future works

- Scan the emulsions used In the experiment to identify
electron—positron pair production events

- Calibrate the efficiency and momentum resolution for low-momentum electrons

— Improve the precision of y-ray energy and flux measurements
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