Gamma-ray spectrometer
Science at FACET Il workshop

Presented by Félicie Albert
Lawrence Livermore National Laboratory

October 19t 2016

<%
™~
\\

LLNL-PRES-XXXXXX B Lawrence Livermore

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 1
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC Natlonal Laboratory




Gamma-ray (and x-ray) spectrometer (and

applications)
Science at FACET Il workshop

Presented by Félicie Albert
Lawrence Livermore National Laboratory

October 19t 2016

LLNL-PRES-XXXXXX B Lawrence Livermore

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 1
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC Natlonal Laboratory




Outline

= Gamma-ray source based on Compton scattering
— Performance
— Gamma-ray measurements
— Applications

= X-ray source based on betatron emission
— Principle
— X-ray measurements as a diagnostic of electron beam properties
— Applications
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Narrow band gamma-rays from Compton scattering

| Compton
Doppler upshift ! ‘» recoil
4v?2
(l)x = T o Vv M

vo=E,/mc?=E;/0511MeV  do

o NV | AEEEEE
| energy-angle
Yo ® > ‘ ~—/ "\ "\ N\ o, correlation

Energy-momentum conservation yields 4y? upshift

Compton scattering cross section very small 6 x10-2> cm?
High photon and electron densities required at interaction point
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T-REX source components ™

-Up to 120 MeV
-5 mm.mrad

-35 x40 pum focus
-10 ps

-0.5 nC

LLNL
Photogu/n:_ 8

NIF ARC Picosecond
Fiber Technology

LLNL Hyper-dispersion

Compressor I ‘ Interaction laser (ILS)
; -Up to 750 mlJ (IR)

[

m -:r;\;._\_r' Ny ) fiol j -150 mJ (UV or green)
Conimerciél":?w~ | -20ps
) Nd: YAG Ampification
Photocathode drive laser (PDL) H
-261 nm
-50 pJ flat top (space and time)
-10 ps D. J. Gibson et al, Phys. Rev. ST Accel. Beams 13, 070703 (2010).
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T-Rex: LLNL’s ﬁrst Compton gamma-ray source
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T-Rex propertles
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F. Albert et al, Phys. Rev. ST Accel. Beams, 13, 070704 (2010).
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Photon flux and divergence

Electron beam and ILS

3:1 Fiber Taper 0.478 MeV gamma-rays

Gamma- rays

Electron beam only

Andor intensified CCD
No gamma-rays

Csl[TI] Scintillator

Estimations indicate 10> photons/shot (based on calibrations with 13’Cs source @ 662 keV)
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Spectrum measurement

Input spectrum (simulation)
1.5x10'5‘

1.x10%
Al plate

14
Gamma-rays 5.x10

Photons/mm?/mrad?/s/0.1% BW
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Nuclear Resonance Fluorescence (NRF) can provide
isotope-specific contrast

= Incident photon excites nucleus
— MeV
— Discrete energies

’ — Isotope specific

Excited nucleus = Nucleus subsequently re-radiates
M photons
. § — NREF lines very sharp (1 eV)
R ‘ e o — Need high brightness narrow band
Fluorescence source to detect them
Time = Applications

— Isotope specific detection

— Special Nuclear Materials detection
(Homeland security)

— Nuclear waste assay and detection
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NRF transitions are isotope-specific and have large
cross sections

Max transparency  Photo-fission

-
(5
o

Mass Number
—
o
(=]

0.5 1
NRF Energy MeV

Gamma-rays in the 0.5-3 MeV range are both highly penetrating and non activating
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Direct detection of ’Li NRF line with T-REX

T T T T T T T Y T T Y Y T T T Y T T T T T T T T T T Y Y T

Al Pb

<
e Gamma-ray beam 1000+ Fluorescence Compton o
‘--_ 5 N N B B B B B § | [ scattering from ]
&« : \\ LiH sample 500 - SampIeNRF g 5
. ¥ NRF 7Liat 478 keV "¢ 511 keV Line ]
R —— 478 kev e-p production !

60Co Lines (1.33 and

g 1.17 MeV) h
g R
o] -
“ ol /\
10} |
”””’ 5— ‘ ! '.'
f”” I 1
D Al
100} 511 keV e-p ] . . ' -
[ annihilation pairs ‘400‘ g ‘600‘ o ‘800‘ - ‘1000‘ : 1200- . 1
80} ]
: 478 NRF Li Energy (keV)

Counts/keV Bin (arb. unit)

Drawback: 7.5 hours measurement

60 480 500 520
Energy (keV)

F. Albert et al, Phys. Rev. ST Accel. Beams, 13, 070704 (2010).
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Trapped electron \

/ Laser pulse

—

Electron sheath lon bubble

Betatron x-ray beam

10-20 micrometers

“Betatron x-rays bring focus to a very small, very fast world”, LLNL S&T Review, January/February 2014
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Modeling

Equation of motion P = —mwpi + «

d2[ e2w2 > ; 7.7 2
Intensity per unit solid angle and o / i x (7 x B) (=% dt
frequence w TE 1J—oo
o d*1 e swpN\2 (1 5 5 62 5
Asymptotlc limit d0dw = 371'26 ( : > (? + 0 ) [K2/3(§) + (1/72) n 02 K1/3(§)]

J.D. Jackson, Classical Electrodynamics, 3™ edition (1998)
E. Esarey, B. A. Shadwick, P. Catravas, and W. P. Leemans, Phys. Rev. E 65, 056505 (2002)
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Modeling: example

Beam profile

1.0 — 20
=)
0.5 © 10
0.0 gr 0
>
-0.5 @ 10
-1.0 -20 I
0 200 400 600 800 1000 -40 -20 0 20 480 o 2 4 ® 8 10
z(um) 8, (mrad) X-ray Energy (keV)
Parameters
n.=10¥%cm=3
y=200
Xo= 1 um
a=0
F. Albert et al., Proc. SPIE 2013
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Betatron x-ray characterization

Experiment parameters
Laser: 4-8 J, 60 fs =
Cell Length: 1 cm &
100% He or He-N, &
n.~ 6x10%8 cm3 g
@
\ Interferometer M > IPa k(o
L o & e
m/ M 0.1
e —
A= 2 < D 20.2
B 0.3
()
B “1.0
S
Gas Cell

.
—

This platform can be implemented on many

laser systems

F. Albert, B.B. Pollock et al, Phys. Rev. Lett., 111, 235004 (2013).
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Electron spectrum measured with two-screen
spectrometer

IPB
IPA

S
xo®
Electron spectrometer @\ed

Gas Cell

Cannon
Spectrometer
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Stacked image plates spectrometer to measure
spectral and spatial information on betatron beam

——— Ch1AI 100 pm

Image plates + —— Ch2Ti 100 ym
o 0.01t E
NN —— Ch4 Cu 100 pm

=
o
2
§- Ch5 Mo 100 um
s ——— Ch6 Ag 150 um
% 104+ —— Ch7 Sn 500 um
= Ch8 Ta 500 um
\ E ——— Ch9 Au 1.6 mm
1]
o
I’;( : .\\ § ——— Ch10 Pb 1Imm
—r‘ayS > 105 ——— Ch11 Pb2mm
o
) ] 3 —— Ch12 Pb 3mm
Plastic housing w Ch13 Pb 4mm
Ch14 Pb 5mm
Ch15 Pb 5mm
1078

10 20 50 100 200 500 1000
x—ray energy [keV]

C.D. Chen et al, Rev. Sci. Instrum. 79, 10E305 (2008).
F. Albert et. al, Plasma Phys. Control. Fusion 56 084016 (2014).
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Betatron on-axis spectrum measurement

10 mm cell

100 % He
E=5.3)
a,= 2.33

n,=6x10'8 cm3

0.20
0.10
0.05

PSL plxel

0.02
0.01

Channel number

d?l/dwdQ [normalized]

0

‘4‘0‘ 60 80
X-ray energy [keV]
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Injection amplitude retrieved from the betatron
spectrum

1.05 o
E iR == == :analytical, wc=20 keV ‘
O , ! , , .
E 08’ i ) = = = :analytical, wc=15 keV ] 4 Electron trajectory
g : i E 5 e RK Nnumerical = 2 n
= 0.6 E \ g :
@) f | = 0
A =
041 | _2
SRt “ V
3 , i —4
202 N | 0 500 1000 1500
S ' Pe JY-.... SSeee i z [um
© 0.0., !/ | D T T L ———— Lum]
0 20 40 60 80 100
X-ray energy [keV]
Analytical Numerical ,
dl w 2 5, W dQI €2w2 > - - ’I;w(t—ﬁ'F)
dwdn o, T2 Q) dQdw  dme | )" (> fB)e cdt

This spectral analysis provides information about betatron oscillation amplitudes without any

spatial information
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We use the beam profile to retrieve the spatial
orientation of the oscillations

Electrons injected around the axis
r0=5 um, /30 steps

>
z (laser propagation)

Theoretical profile from RK +

Experimental profile

radiation model
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This spectral and spatial analysis provides a
tomographic reconstruction of electron trajectories

H particles injected

X
Y
>
/ z (laser propagation)
y (polarjzation)
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Angular dependence of betatron spectrum
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Angular dependence of betatron spectrum
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Angular dependence of betatron spectrum
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Angular dependence of betatron spectrum
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Development of a betatron radiation source at LCLS

MATTER IN EXTREME CONDITIONS (MEC) —_

= Colocation of three laser systems
— XFEL (8 keV, 70 fs, 3 mlJ)
— ns optical laser (20 J, ns)

— fs optical laser (1 J, 40 fs)
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Physical mechanisms studied with betatron radiation
at LCLS

energy non-equilibrium non-equilibrium thermalized
. SiO2 heated by optical laser deposition structure A structure B structure B

fs (TW) laser Target A,

Il /
Betatron

Spectrometer

. Fe heated by X-ray FEL hv

Target
X-FEL

Betatron

Spectrometer

K-shell photoionization Radiative recombination Auger decay (KLL)
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