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Why do we need x-ray sources !

- - X-ray diffraction
PhYSlCS . g X-ray absorption
- Plasmas physics -Thomson
- Solid State physics | scattering
o probe the matter wpp - ect..
Femtosecond
_ _ * Imasin —| - Non destructive testing
X ray/Gamma ray siNg - Phase contrast imaging
sources

To excite the matter ==

' —>
Chemistry _ Ultrafast x-ray
science
- X-ray radiography
Biology — e

> There Is a need for femtosecond x-ray sources



Femtosecond X-rdy SOUICES. Synchrotron / Free electron lasers /QO

Particle accelerator - undulator
(RF cavity)

o X-ray beam
relativistic electrons

- collimated x-ray beams

- picosecond duration at synchrotron
- femtosecond duration at FEL

- stable

- FEL are several orders of magnitude
brighter than synchrotrons

- Large facilities
- limited beam time




Femtosecond X-ray SOUrCeS: Plasma sources

Hot electrons from laser solid interaction ionize inner shel atoms. Inner shell vacancy is
filled by outer shell. This results in the emission of a short x-ray pulse

e - femtosecond duration (few hundreds).
- Compact

- Isotropic emission
0 - Lines spectrum, not easily tunable

- Low brightness



Combine avantages of Synchrotron and plasmas sources /L

How can we produce a radiation source that Is :

- Compact
- femtosecond
- Collimated



Combine avantages of Synchrotron and plasmas sources /\

How can we produce a radiation source that is :
- Compact

- femtosecond
- Collimated

— Produce synchrotron radiation in a plasma

Produce relativistic Wiggle the electron

electron beam beam

- Laser - Laser - Nonlinear Thomson
- Laser plasma accelerator - Plasma - Betatron
- counter-propagating - Compton / Thomson

laser backscattering



Outline /L

| - General formalism: Radiation from relativistic moving charge

2 - Non linear Thomson scattering

3 - Betatron radiation

4 - Compton scattering

5 - Conclusions & perspectives



The radiation mechanism

For all sources described here, the radiative mechanism is the radiation from
relativistic electrons.

B

Relativistic electron

—  What are the required conditions to produce x-ray with relativistic electrons ?



Radiation from a relativistic electron

d’I e’ A
dwd() - ¢ J ”

€

Velocity Acceleration
2

iw[t—ﬁ.f(t)/c]fi X [(ﬁ_ ,3) X ,3] dt
(1-B.7)

Position

Radiated energy

Direction of observation

—> This Is the general expression of the radiation emitted by a moving charge

From simple considerations we can determine the radiation features



Radiation from a relativistic electron

Velocity Acceleration
. 2
S J ” eiw[t—ﬁf(t)/c]fi X [(n—pB) X B] df
dwd() 47726‘ oo (1—,5.?7)2

Radiated energy

—» Radiation is maximum for B.n — |. This is verified for = | and B and n parallel

— Radiation is emitted in the direction of the electron velocity.

— Relativistic electrons emit orders of magnitude more radiation than non
relativistic electrons



Radiation from a relativistic electron

Velocity Acceleration
' 2
S J ” eiw[t—ﬁf(t)/c]fi X [(n=pB) X B] df
dwd() 47726‘ oo (1—,5-’7)2

Radiated energy

—  No radiation is emitted without acceleration

—  Acceleration is responsible for the emission of radiation



Radiation from a relativistic electron

Velocity Acceleration
' 2
S J ” eiw[t—ﬁf(t)/c]fi X [(n-pB) X B] df
dwd() 47726‘ oo (1—,5-’7)2

Radiated energy

— Transverse acceleration is more efficient than longitudinal acceleration to
produce radiation



Radiation from a relativistic electron

Velocity Acceleration
. 2
S J ” eiw[t—ﬁf(t)/c]ﬁ X [(n—pB) X B] df
dwd() 47726‘ oo (1—5-’7)2

Radiated energy

__» The phase term can be locally approximated by e'®(!-B)t

The integration over time is non-zero only if the the phase term oscillates at the same
frequency as the integrand.

If we assume that the electron oscillates at the frequency We It is necessary to have
w (1-B) ~ we

— Therefore an electron oscillating at We produces radiation at W = We/(1-B) ~ 2Y?We



What do we need to produce X-rays beams ! /L

— Relativistic electrons undergoing transverse oscillations

— X-ray radiation can be produced by wiggling electrons at a frequency far below x-
ray range We ~ ()~)></2Y2 (Spatial period is typically a cm for a few GeV e- beam)

— [he trajectory must be essentially longitudinal to produce an x-ray beam (because the
radiation is emitted in the direction of electron velocity)

— A sinusoldal trajectory with small transverse amplitude combines
all these condrtions



What do we need to produce X-rays beams !

€x Y s the maximum
angle of the electron orbit

Electron energy Yy >> |

—> Relevant parameters to obtain the features of the radiation are :
The electron energy Y
The spatial period of motion A,

The parameter K=y Y.

—> Radiation features will depend on these parameters



Radiation properties: Spatial distribution

— The radiation is emitted in the direction of the electron velocity.
0=-¥Y-=K/y for K> |

__4 e S S N

_ = p o 0- I/X for K<</



Radiation properties: Period of the radiation

The electron radiates the same field amplitude when it is a the same phase along the
trajectory (A and A; are identical).

The field amplitude A radiated at t=0 and z=0 propagates at the speed of light
The amplitude A; is radiated at z=Ay and t=Au/(P€)

A
— The spatial period of the radiation emitted is therefore A = = — A, cosf

Z



Radiation properties: Period of the radiation

For the calculation of B, we assume a sinusoidal trajectory given by:

K
x(z) = xpsin(k,z) = kﬂ sin(k,z) = > sin(k,z) where  k, =2m/A,

/) 7u




Radiation properties: Period of the radiation

For the calculation of B, we assume a sinusoidal trajectory given by:

K
x(z) = xpsin(k,z) = k£ sin(k,z) = > sin(k,z) where  k, =2m/A,

/) 7u

The longrtudinal electron velocity can be derived from the trajectory :

B, =~ ,3[1 — %cosz(kuz)] B, = ,3(1 - 4K—722)



Radiation properties: Period of the radiation

For the calculation of B, we assume a sinusoidal trajectory given by:

K
x(z) = xpsin(k,z) = k£ sin(k,z) = > sin(k,z) where  k, =2m/A,

/) u

The longrtudinal electron velocity can be derived from the trajectory :

K2 _ K2
B, = ,8[1 - z—yzcosz(kuz)] B, = ,B(l - 4—72)
— The spatial period of the radiation field is then:
A A K?
A=—=—A,cos0 = —“2(1 + —+ 7202)
B: 2y 2

— The radiation spectrum necessarily consists in the fundamental frequency W=2TTc/A
and 1ts harmonics.



Undulator and wiggler regimes /L

How do we know if we have harmonics in the spectrum ¢
We can look at the electron orbit in the electron average rest frame where B =0

— For K<<I, the longitudinal velocity reduction due to the oscillation is negligible.
The motion is harmonic in the electron averaged rest frame.

A dl/dwdQ

This is the undulator regime

\ 4
A

— For K>>I, the longitudinal velocity reduction is significant. The motion is a figure
eight motion in the electron averaged rest frame.

dl/dwdQ

This Is the wigsler regime /\ A
g8 g /\ n
A



What is the critical energy in the wiggler regime ? /A=

\ N
B
. & ..
3 Tbit ’/‘i‘xt + At -
\_/ t "”‘.

The observer receives bursts of radiation of duration T separated by a time A/c.
The burst duration is: T = p/2y3c
The Fourier transform of this temporal profile gives the the critical frequency:

W, ~ 1/7'~y3£
p

Ay A
2T 72#K’

For a sinusoidal trajectory we have pg = and w, = %K7227Tc//\u



Summary of radiation features

—» Radiation features depend on ¥, Ay, K

(2y*he/A)/(1 + K?/2)

Fundamental radiation energy for undulator regime

Cri’FicaI rladiation energy for wiggler regime %Kyzhc//\u
Typical divergence angle for undulators 1/,),
Typical divergence angle for wigglers K/)’
Number of photons emitted / electrons for undulators ——— 1.§3 X 10~ 2K2
Number of photons emitted / electrons for wigglers — 3131 X 102K

— Radiation flux and energy increase when increasing K, ¥ and/or decreasing Au.

—>  X-ray sources based on laser plasma accelerators will be described using this

formalism. For each source we will define K, Y, >\u and use these expressions to

obtain the radiation features.



Outline

100 eV Nonlinear Thomson scattering

Electron orbit
Radiation features
Experimental results

| keV Perspectives

Betatron radiation

Electron orbit

10 keV Radiation features
Experimental results
Perspectives
|00 keV

Compton scattering

Electron orbit
Radiation features
Experimental results

| MeV Perspectives



M[Sjiglele

Calculate the electron orbit

v

Obtain y, A, K

\4

Use these y, A, K to obtain the radiation features



Nonlinear Thomson scattering: principle

It Is the radiation produced by an electron oscillating in an intense laser field

%)
X
$

i\

Orbit g _K Iy

Electron
fs pulse




Nonlinear Thomson scattering: Electron orbit /L

S
N
The electron, intially at rest is submitted to
O'b't ~KIy the EM laser field.
/\/\// The equation of motion is :
® y A

£ — —¢(E+ ¥ X B).

Electron
fs pulse

The Hamiltonian describing the electron dynamics is:

5:[ ;«’ ;5 )=y = ‘/1 + 52 - J] + (p + d)2. ™ denotes a normalized quantity

We consider a circularly polarized field. The normalize potential vector is:

1 1
a= ao[— cos(w;t — k;z)é, + — sin(w;t — k,-z)éy].

V2 V2

ag = 0.855/1[10'8 W /cm?]A3[ wm]



Nonlinear Thomson scattering: Electron orbit /L

For an infinite plane wave and an electron initially at rest we have two constants of motion:

A A A . .
44 Is independent of x and y = Conservation of the transverse canonical momentum:

j—[depends on%andgonlythmugh o =1t—2% .Thus aj—[/af= —8,7:[/82

v — ﬁz = Constant = |

o . a
This give the trajectory (@) = =0 sin(¢),
V2
$(¢) = — % cos(p) G oy=14+4
J\@ \/'2- P), an Y 4 :
2
A a
o) =7,

—— [he motion consists in transverse oscillations with a longitudinal drift



Nonlinear Thomson scattering: Electron orbit /L

The spatial period of the electron orbit is
2

40
Au — Z/\L
and the K parameter is
4
Ky = Ky = 1 + a2/4) = ay/\2
X Y \/-2_610( ()/ ) O/ .

The radius of curvature is

p =~ (A, 2m) X~2a3/16

— For typical a typical laser (100 TW), we can reach ag ~ 10 and we have
Yy ~ 25

Au ~ 20 microns,
K ~ 7 (wiggler regime)



Nonlinear Thomson scattering: adiation features /L

Using expressions from general formalism we have: Forag= 10

—  Spectrum, critical energy:

3
ag

ExceV] = O'SAi[um] ~350 eV
— Spatial distribution
0 = x = by = 2v2/aq ~280 mrad
AO=1/y~4/al ~40 mrad
—» Photon number / electron
N, = 4.68 X 1024, a few photons / electron

—  Source size is about ten microns

—>  Duration is a few femtoseconds



Nonlinear Thomson scattering: Radiation features /L

Numerical simulation for ap=2 and |0, electron initially at rest, no ions background

Spatial distribution Spectrum
|
510 :
400 a0 =5 g : 37
w S
- ‘ 8 S axi104 S |
E 0 n 0.5 g [a8)] L é =10
= 3 X 3 N
1 & — 3x|04 % :
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T T T T T 0 C 2x|o_4‘
=10 100 2 S
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0
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X(mm)



Nonlinear Thomson scattering: Experiment

1998 : First demonstration in (S.Y Chen et al,, Univ Michigan). Measurement of the first

few harmonics of non linear Thomson scattering radiation.

2003 : First demonstration of nonlinear Thomson scattering in the X-UV range (LOA).

He gas jet

I— ) —

50TW /30 fs

laser

Filter
Magnet

—————— /\ Grating
Mirror

Deviated electrons

ao = 5

Radiated Energy (arb. units)

Radiated Energy (arb. units)

o

o
©

Laser axis

0.4

0.2

0 10 20 30 40 50 60
Observation angle (deg)

Number of
photons
(arb. units)
-z 8

—_ O O O

I I

0.1 |
Energy (keV)

0.1

0.03 0.1 0.2
Energy (keV)



Nonlinear Thomson scattering: Perspectives /L

— Increase the energy, reduce the divergence

Use PW class lasers with ap ~20
We expect : ~few keV
High flux : ~| photon / electron

— Attosecond x-ray pulses production !

A single electron produces an attoscond pulses train
However this disappears when summing over all electrons

A solution ?Very thin solid target, complex schemes with counter
propagating lasers to confine e- orbit in a thin layer.



Outline /‘L

100 eV Nonlinear Thomson scattering  Au~10 um and y ~ 20

Electron orbit
Radiation features
Experimental results

| keV Perspectives

Betatron radiation  Au~ 150 um and y ~ 300

Electron orbit

10 keV Radiation features
Experimental results
Perspectives
|00 keV

Compton scattering  Au~ 1 pmand y ~ 300

Electron orbit
Radiation features
Experimental results

| MeV Perspectives



Betatron radiation: Principle

It is the radiation produced by an electron oscillating in a wakefield cavity

ion cavity

X =l ays

Betatron
orbit



Betatron radiation: Electron orbit

Proposed by A. Pukhov et al. in 2004

The electron, is accelerated and wiggled in
the ion cavity

ion cavity

The equation of motion is :

dp mo’ me’
—=F,+F =——27Z - —2L0Gx+
g Lt 5 {z - 5 (XX +yy)

X =l ays

with  {=2+71,—V,t

Betatron
orbit

We can consider a propagation distance << dephasing length. The acceleration is linear

2
x() =rgh cos(gt), y()=rgcoslwgt+$) and  ¥B="1+ fh.

where wp,~ @,/ 27y is the Betatron frequency and rg the transverse amplitude

— T[he motion consists in a longitudinal acceleration and transverse oscillations across
the cavity axis



Betatron radiation: Electron orbit

The spatial period of the electron orbit is

Au(t) = 42¥(D)A,,

AuLum] = 4.72 X 1019y /n [cm 3]

Y(pm)

and the K parameter Is

K(1) = rg(t)kp\/y(t)/z,

K = 1.33 X 107 %/yn,[cm~3]r

—> [or typical typical parameters in a laser plasma accelerator we have:

y ~ 300

Au ~ 150 microns,
K ~ [0 (wiggler regime)



Betatron radiation: radiation features

Using expression from general formalism we have:
— Spectrum, critical energy

hw, = 3Kvy*hc/A,

hw [eV] = 5.24 X 10_2172ne[cm_3]rﬁ[,u,m]

—» Photon number / electron

N, =331 X10"?K for K> 1.

— Spatial distribution
3 =Ky

— Source size is a few microns

— Duration Is a few femtoseconds

Fory ~ 300, Ay ~ 150 pm, K ~ 10

~9 keV

~0.3 photon / electron

~30 mrad



Betatron radiation: radiation features

Numerical simulation for ap=4, xo=2 pm, pz=20, ne=1.10'? cm-3

Spatial distribution Spectrum integrated over spatial distribution

30 T T T T T

20—(p .

10 -

10 9_ - .

-20 — -

P (mrad)
\J
(n"e) A8usua pajelpey
Photons/0.1 %BW

0 0 10 20 30 ' Eneirgy (kev) o
3 (mrad)

-30 -20 -1



Betatron radiation: experiment

2004 : First demonstration (LOA, France)

500 microns Be filter
Betatron X-ray beam

Magnet
He gas jet

50TW /30 fs

laser Phosphor screen

|

Deviated electron

CCD X (taper)
6cm x 6cm
+ filtre de Be 500 pm

Jét de gaz 3 mm




Betatron radiation: experiment - angular distribution /\OO

-60 -40 -20 O 20 40 60 -60 -40 -20 O 20 40 60 -60 40 20 O 20 40 60

mrad Mrad mrad

— Beam profiles depend on the electron orbits

— Typical divergence: 10-50 mrad



Transmission grating
5000 lines/mm | keV 5 keV

| st order -|st order
/ 2 microns Al fitter

@ Spectrum at 200 MeV (exp)
Toroidal mirror 8o e  Spectrum at 200 MeV(model)

Synchrotron fit with £ =1.74 keV

— |t Is a Synchrotron type spectrum



Betatron radiation: experiment - spectrum @ 100 TW N”

Measured using single Photon counting method

6x107

§5x107 |\
4x107 |
|07 | ah |\

1V A
2!'07 = “AN '_"‘
A ‘l’ A

Photons/0.1%BW/sr/shot

n N
I1x107 + .I \J '\l\". ‘-‘,’ ,.“"1

8000 10000 12000 14000 16000 18000 20000
Photon energy hw (eV)

— [he spectrum extends up to a few tens of keV



Betatron radiation: experiment - source size

Magnet

He gas jet

50TW / 30 fs
laser

knife edge

Deviated electron

5.10'°
15
19
10 4.10
3 13.10"
0
-5 12.10"
-10 1019
-15
1490 100 1510 1520 1530 0

— Source size < 2 microns

3m

CCD image

Profile




Betatron radiation: application - Femtosecond x-ray diﬁ‘ractiorfmo

Excitation Laser:
Trigger

Incident

x-ray pulse

)

X

000000000000
000000000000
000000000000
000000000000
000000000000
000000000000

i

Diffracted
x-ray pulse

[t 1s a pump probe experiment

o
o » Ao ©
© o do o ©9¢g
00008000 doo?

00000000000

000000000000
000000000000
000000000000




Betatron radiation: application - Femtosecond x-ray diﬁ‘ractiorfﬁo

Delay line

Diffracted
signal

Excitation pulse

He gas jet

m\
50TW /30 fs
laser

Deviated electron

1.2

09 |
08 | S

0.7 1

0.6 T -
05 r

0.4

— Ultrafast phase transition can be measured
with tens fs resolution

Normalized diffracted x-ray

-0.4 0 0.4 0.8 1.2 1.6 2
Delay At (ps)



Betatron radiation: application - radiography

Betatron source has good features for this application:

- High brightness (102° ph/s/mm?/mrad?/0.1%bw @1 keV)
- Source size about | micron
- Coherence length of the order of 50 microns at | m and 5 keV

~|l m ~2m

—@‘\

50TW /30 fs \
laser

Faisceau de rayonnement X Betatron

Deviated electron

— Single shot image

— Compact setup thanks to micron source size




Betatron radiation: Summary & Perspectives

—» - 10° photons/shot/0.1% BW @ | keV
- collimated: |0’'s mrad

- ultrashort: 10’s fs
- broadband: |-10 keV
- small source size: |- 2 microns

simple to produce, collect and use for applications

— Increase the energy, reduce the divergence

Use PWV class lasers to increase the electrons energy
We expect : ~100 keV

High flux : ~| photon / electron

— (Control the electrons orbits and produce higher energy, higher flux radiation
while keeping the laser energy constant.



Can we increase the betatron energy !

Radiation energy  Aw [eV] = 5.24 X 10_2172ne[cm_3]rﬁ[um]

Photon number N, = 3.31 X 107?K with K =133 X 10_10\/yne[cm_3]rﬂ

— Increase the amplitude of oscillation — Use plasma with density modulation

X (um)
N - T R N

Normalized Spectral Intensity (dI/dw)

0 200 400 600 800 1000 12(

X (um)

. 1 L L L L
0 200 400 600 800 1000 1200

Energy (keV)



Outline /‘L

100 eV Nonlinear Thomson scattering  Au~10 um and y ~ 20

Electron orbit
Radiation features
Experimental results

| keV Perspectives

Betatron radiation  Au~ 150 pm and y ~ 300

Electron orbit

10 keV Radiation features
Experimental results
Perspectives
|00 keV

Compton scattering  Au~ 1 pmand y ~ 300

Electron orbit
Radiation features
Experimental results

| MeV Perspectives



Thomson backscattering (Compton): Principle /L

It Is the radiation produced by a relativistic electron oscillating in a counter
propagating laser field

Relativistic Electron
X from LWFA

l X-rays

4 §9~K/y
o VA VAV Ve -

|

Counter-propagating
laser pulse

gas

Plasma
accelerator



Thomson backscattering (Compton): Electron orbit /L

Relativistic Electron The electron, intially at rest is submitted to
x from LWFA the EM laser field.
l X-rays
as
s M4 )9 - kv Th i f motion is :
. AN , e equation of motion Is :
Plasma Counter—Lropagating d—ﬁ = _e(E + v X é)
accelerator laser pulse dt

The Hamiltonian describing the electron dynamics is:

ALAD ™ denote a normalized quantity
HFE P T = =\/ \/1+(P+a)2

We consider a linearly polarized field, counter propagating. The normalize potential

>

a = agcos(w;t + k;z)e,  with w; = 2mc/A;
ki - _277'/)\Lé)z



Nonlinear Thomson scattering: Electron orbit /L

There are two constants of motion:

A

H is independent of X and ¥ = Conservation of the transverse canonical momentum:
PJ_ — ﬁ_L — 5 = (.

H depends on tand 7 only through ¢ = t +2%2 .Thus aj{/a? = 83:[/82

Y = P = C o=y + v} = 1=2y;—1/Qy) + o(1/7?).

This give the trajectory| ap .
- P i) = L sine)
5(¢) = 0 d y(g) = C+ LT arcos(e)
» an A% ) 2C )
A 1 1+ a2/2 at .
2o) = {5~ e = o5 sin2e),

—» [he motion consists In a transverse oscillations



X-ray Compton scattering: Test particle simulation

0.0008

electron | | | " Laser ao=0.2
0.0004 | §

[ um---o—_—:“f\vf\,f\wvﬂvﬂvf\vf\v’\vﬁw—mﬁ “s wemsEEmsEsEEEEEE

X(pm)

-0.0004

-0.0008

0 2 4 6 8 10 12
Z (um)

The spatial period of the electron orbitis: A, = A /2,

The K parameteris: K = gy = 0.855\/1[1018 W/cm?]A%[ wm]

For typical a typical parameters we have

We have : y ~ 300

Au ~ 0.5 microns,
K~ 1 We can be either in undulator or wiggler regimes



X-ray Compton scattering: Test particle simulation

Using expression from general formalism we have:

—  Spectrum :

Aw [eV] = 4.96y%/A; [um] for K < 1,

ho, [eV] = 3.18y%I[10'® W/cm?] for K > 1.

—» Photon number / electron

N, =153 X 1072K* for K <1,
N, =331 X1072K for K > 1.

— Spatial distribution
> =Ky
@=1/
— Source size is a few microns

—— Duration is a few femtoseconds

Fory ~ 300, Ay ~ | pm, K ~ |

~500 keV

~0.1 photon / electron

~ 15 mrad



X-ray Compton scattering: Test particle simulation N’

Numerical simulation for ap=0.2 and 2, electron energy is 100 MeV

Spatial distribution

20=0.2

Oy (mrad)
o

—m

Oy (mrad)

-10

-10

0o 10
Ox (mrad)

N
o

o)
2 ~3
23
N
D a
| »w O
= 3
o
Vﬂ
0q
~<
0
60 gf’
— a
24
N
a
w 0
S 3
202
0q
<
0

Photons / 0.1%BW

Photons / 0.1%BW

Spectrum
4x 106} a0 = 0. ",2{1,'3 25 ........
2x10¢

0 200 400 600
12X 10—

a0 = 2
8x10-
4x10-

|

0 400 800 1200

Energy (keV)



X-ray Compton scattering: experiment

Electron bunch



X-ray Compton scattering: experiment

Electron bunch
Laser pulse

Collision position

®



X-ray Compton scattering: experiment

Electron bunch
Laser pulse

Collision position

®

Gamma ray pulse

Advantages:
- Micron period (modest energies electrons can produce X-rays and Gamma-rays)



X—ray Compton Scattering: Two beams method

Experiment by
a e Ross filters ~ .- N. POWGFS et al.

Lanex | Electron Rty

X-ray D. Umstadter group , Univ. Nebraska

103

Scattering beam

S <
Dual-gas jet & + 00T
. o // ~~
Drive beam C 5 A 2 300
- s i EZ
2 * T F30 A
— o ’ c
. X > .’ ] ] +
b Charge density (nC MeV-1sr™7) =~ e B 2 100 ’ *
[} > Kt +
200 2 1 =g .}
e 100 3 102 4 ‘ ‘
9' 1= 1 + 0 05 10 15 2
0 a3 Plasma density x 108 (cm~3)
U T v : T : ’ : L L | T FETTVTET

90 7060 50 40 30 20 MeV 50 5o 250 350 450

Electron beam central energy (MeV)

— Production of tunable x-rays radiation in the few |00s keV range

— Production of high energy radiation: up to a few MeV



X-ray Compton scattering: Single beam method f\

He gas jet

‘ High energy x-ray beam

50TW / 30 fs
laser Foil




X-ray Compton scattering: Single beam method f\

He gas jet

‘ High energy x-ray beam

50TW / 30 fs
laser Foil

g

]
solid foil

Gas

Back-reflected laser pulse plasma mirror

-

High energy
x-ray beam




X-ray Compton scattering: Single beam method

H | ,
sl High energy x-ray beam
50TW /30 fs
laser Foil
z
>~ W 2
©
Gas
Back-reflected laser pulse " plasma mirror Shadowgraphy image

=

High energy
x-ray beam




X-ray Compton scattering: Single beam method fL

H jet :
" en ) High energy x-ray beam
50TW / 30 fs
laser Foil

z
o

Gas

Back-reflected laser pulse plasma mirror

I
High energy
x-ray beam

X-ray signal (a.u)




Spectrum

Al 2.1 mm I ® i

Cu 0.5 mm Cu 4 mm \\._’_‘
Cu | mm Cu 8 mm 2 ) | =
Cu 2 mm Cu 12 mm

T

Photons / 0.1 %BW x 104

50 100

—>  About |08 phttir, a few 10% ph/shot/0.1%BW @ 100 keV

150 200
Energy (keV)

250

300



Source size

He gas jet Gamma ray beam

50TW /30 fs “
laser Imaging plate

knife edge
//\ \ —@— Experiment
1 A\

0.6

Signal (a.u.)

0.4 -

0.2

Pixel on detector

—>  Micron order transverse source size



High energy x-ray radiography




Compton radiation: Summary & Perspectives

—» - 10° photons/shot/0.19% BW @ 100 keV
- collimated: 10’'s mrad
- ultrashort: |0’s fs
- broadband: |10s keV -1 MeV
- small source size: |- 2 microns

simple to produce

— Increase the flux and reduce the spectral width
Produce high flux ten keV sources with small laser (10 TW class)

—» Application for high resolution radiography
High energy phase contrast imaging.



Summary

Electron energy (MeV)
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Summary

Peak brightness (photons/s/mm?/mrad?/0.1%BW)
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Conclusion /L

— We can produce femtosecond x-ray beams using laser plasma interaction

—> These sources are all based on radiation from relativistic oscillating electrons

— These sources are easy to produce, compact, bright, synchronized with the laser.

— [hese sources are not stable. The pointing, the flux and the spectrum vary
shot to shot. It is necessary to work on these problems before the source
can be delivered to users.

— [t Is an iImportant challenge to develop new schemes. In particular, would it
be possible to produce a Free Electron Laser using electrons from a LPA?
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