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Synthesis

 An important area of focus with LWFAs is the acceleration of high charge
(>100 pC) beams with sub-1% energy spreads and low transverse
emittances (100 nm-rad) for future collider applications

* A “flying-focus plasma photoinjector” can utilize spatiotemporal coupling
of a laser’s fields to generate an e- beam with a trapezoidal shape, ideal for
beam loading, with high amounts of charge

* Applying this concept with experimentally-relevant laser parameters can
generate an asymmetric e- beam with nearly 200pC of charge and 100s of
nm-rad emittance

Bulanoy, S. S., et al., Journal of Instrumentation 19.01 (2024): T01010.
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Two-color ionization injection uses a second laser to generate the
electron beam inside the wake

* A high-intensity drive laser (ay = 2) drives a
nonlinear plasma wake

* A co-propagating laser with a shorter wavelength
and lower a, can be focused inside the wake as it is
formed

15} (b)
* The focused injector further ionizes the gas; Hop g
electrons with low transverse momenta can be 05}

trapped with low emittance i

-0.5}

E
-1.0F !
-1.5F ]
* The range of ionization is very short, so only a small b =T = ; :
amount of charge is injected k (z-ct)
E‘é‘\‘(om) L. L. Yu et al., Phys. Rev. Lett. 112, 125001 )

C. B. Schroeder et al., Optica Publishing Group paper JSIIl_1 3. (2015)
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Flying focus produces lasers with long intensity ranges

* Flying focus can be used to create intensity profile with a
traveling focus spot. This acts as a dynamic ionization front
for our usage

* The minimum spot size can be tuned to lengths L > zp, C vediens

eallens |

allowing us control the amount of charge injected ° no chirp 7
\
/

Simulated FF laser intensity profile in a vacuum
with ve > ¢

E‘é‘%OND D. Froula et al., Phys. Plasmas 1 March 2019; 26 (3): 032109.
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A flying focus laser can generate a near-trapezoidal beam
inside a blown-out wake

* The linear charge density of a (@) A'ﬁk . \deal beam loading
beam generated by a flying focus A R Fi
laser: Trb " 5 AG) = Ao = A1(§ = $1)
2 | | E Rp\*
v < — - 0 — (2t &b
A(f) =1 en ! s g trailing  |e- beam (b) A Ao \/(x) T ( 2 )
Y |”f—1| §2 _4 e-beam | griver )
X | _4kp)‘ A =Ei/x
|
: -0
: (0 A  E,=E, (&) =load field value
| ek, _ : ,
| mcw, Rp = maximum wake radius
2 : 0'/\- 0 X = slope of electric field
VK_______:EL__Z 2
I

M. Tzoufras et al., Phys. Rev. Lett. 101, 145002 (2008) s

A. Jain, et al., Phys. Rev. Research 8.2 (2026): 023213. _ _
Jiayang Yan, PhD Thesis (2024)
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The e-beam could be produced in an LWFA stage, then
accelerated in a PWFA stage

Injection stage Injected beam Acceleration stage (20 GeV)
ng = 2 X 1016 ¢m~3 Q =220 pC
4 10 . Ne/No 240 ¢ — 1(10kA) 10
' Before acceleration 2 3 4 5 = s
. 3 _21.0{¢ N
el a B |e— = 0.6
4 €, = 170nm - rad N 8205 y
) i %020.0 '
;D’ 2 1=04 0, Ey =76 nm - rad BRE ot \"-"/\“‘ o
- Y ,le 10 Ag g — 6(y 1908 22 2z 20 18°°
Injector /€ = 6% 0 " i ’
14 063 5
3 — d
04 . g 20
h After acceleration % _,, L "
0 ' ; : ’ & —— Loaded 3 2§)
S kO €, =189nm-rad = — Unloaded | 8o >
f vt B |
Injected beam A=92um €, = 80nm - rad ok % o m
Driver AEJE < 1%

Instead of staging this process, can we inject and ideally load a beam in one stage?
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We want to verify this method with an experiment

* ATF @ BNL, the only lab with a TW-class CO, laser, requires upgrades to enable sub-ps
pulse (ongoing)

 BELLA at LBNL could be well-suited for pursuing an experiment based on this method,
before upgrades at BNL complete

e Two systems: hundred-terawatt (HTW) and petawatt (PW) with 4, = 800 nm laser.
The injector would need to be frequency-tripled (4; = 267 nm)

BELLA BELLA . . .
* In this presentation, we will show
HTW System PW System . : . :
preliminary results with some idealized
p ~50TW ~ 1PW scenarios based on these parameters
Ao 800 nm 800 nm
TEWHM ~ 40 fs ~ 40 fs
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Particle-in-cell simulations drive our studies

Open-source version available

Open-access model

| 40+ research groups worldwide
are using OSIRIS

- wo-picatorsinieaane. @ OSIRIS is our primary PIC code for studying

scientific journals . . . . . .

Lrgeecloer anduer flying focus lasers with ionization physics

community

Detailed documentation and

sample inputs files available
- | Support for education and

training

* Using Quasi-3D geometry withm =0, 1
azimuthal modes

Using OSIRIS4.0

| The code can be used freely by
research institutions after
signing an MoU

OSIRIS framework @ 4w, + | Open-source version at:
Massively Parallel, Fully Relativistic
Particle-in-Cell Code

- | Support for advanced CPU / GPU architectures. E

- | Extended simulation/physics models el UCLA W TLFS%\IDI%O

NIV
MICHIGAN

https://osiris-code.github.io/

- | Al/ML surrogate models and data-driven discovery
Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt

This material is based resources of NERSC facility,
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Choosing optimal driver parameters

» To drive a nonlinear wake while not ionizing some chosen
gas

ao (black) and k,wq (red) eqpt. lines

50.0

2SCLO<3

10.0

. » Trapping mechanics are optimized for large potentials
2

Y1) = YPmgx _%52 -

4
2
lpmax X Rb
Since the size of the wake scales with the laser spot size, we
want

2 < kywy

» To keep the blown out structure of the wake, we require
sufficient ponderomotive force and pulse length:

2
E, < (ao/kpwo) = (ao/kpwo) > 1
1 <kpet < kpwy
See: Navid Vafaei-Najafabadi WG1 Tue 5:20!
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HTW laser can drive a nonlinear wake atn = 1e18 cm ™3

n=1el8cm™3,wy = 17.2 um, kowo = 3.2,a9 = 2.6, Ty = 38fs, kyct = 2.1
ne/no
| 1 2 3 1 5 -—- E.=0.38f
— 10! --- W=184-af%2

10.0 3 3

7.5

5.0 , 2 .
. N . wake properties

zq 0.0 E 3&1
w

S f ~ 0.38
o ~

50 %N wmax z 1-85
-7.5 N .. 1 ”I kpr ~ 2.7
-10.0 ”,

3 2 . ”I
—_— 2 _2 I’
g 1 J
S 1 o ;
2 : -
g ‘1) 0 % —a 2 0 2 1
& = kpé

-2

-3 —%

-6 -4 -2 0 2 4
ko€
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Designing the FF injector for the HTW bubble

3.0

lonization levels | ay(4 = 800 nm) | ag(1y = 267 nm) I bh traeponeld
r _______________ Nelh
0% ->0% | 0.171 I 0.063
’—m‘m 2.01
06+-> 07 | 3.051 } 1.141
4 TR '_"__] < 1.5
O7+-> 08+ 3.742 | 1.385 d

1.0

* Loading the beam where E, = 96 GV /m

0.57

* To achieve ideal beam loading, we match the 0o
initial linear charge density Ay and choose a 20 22 24 26 28 30 32 34

. . . (g_EC)
viable combination of Wr, Vg
Injector Expected beam
a, 1.2 Q 182 pC
4 4 2
E R w v
Ay = \/(—t) + (—b) = —feng L St Ly 483um ~ 5z Az 3.2 um
X 2 4 lvp—1| g2 4/
t X wg 3 um €x 1215nm - rad
vs/c 1.011 €y 86 nm - rad
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The beam generated has trouble flattening the field

ne/No Beam density (ne/no)
1 2 3 4 5 1 2 3 4 5
' ‘ B l ‘ ———
W'lol 1.00
s
0.75
51 L 100 2 -
— “ Q:_)
g & 0.50 =
xq 0 E A‘Q
X Ty il
10-1 0.25_
_5.
0.00 0
— 2
~10] o B 4l
3 2 5
o 0
2 (=]
E - 1 :N =
5 1 N% N N] =5
8 0 0 § -3 . : -
=N- o —7 -6 -5 —4 -3
wy . -1 kp&
g , , , i We are observing an overloading effect,
=6 —4 -2 0 2 4 . .
ko€ which will harm the energy spread!

11
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The beam has good shape and emittances but poor energy spread

3 [ —— measured 4 . .
---- Tzoufras theory 30 The InJECtO.r
FF theory creates anice
trapezoid which
L2 has reasonable
3 agreement with
& theory. The total
1 charge is _
consistent with
calculations.
R . J
0 0
-6.2 -6.0 -5.8 -5.6 -5.4
ko€
Emittance evolution Last slice emittance
600 17501
= 500 /\/\/\N\Ti 1500 i
%400 —E 1250
‘é ?:‘1000
£ 300 g
§ E 750
%,200 ; 500
5100 ______________________________ g 250
0 0

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 -6.1 -6.0 -59 -58 -57 -56 =55 -54
z [mm] kp&

(Average emittances once beam is fully injected:
€, =431 nm - rad, €y = 145 nm - rad

Enerqgy spread evolution

T —— N — (E} [MeV]
601 / T Tt BEED%
50
” 40
:
< 30 > |
Average energy
20
and energy spread
10 .
once beam is fully
0 . .
06 07 08 09 10 11 12 13 |njected:
Z [mm]
Last slice enerqy spread (E) =30.5 MeV
50 —— Slice energy spread [%]-
---- Slice energy [MeV]
40 v AE
— = 29.6%
E
, 30 \
fi .
: -
20
10
0—6.1 -6.0 -59 -58 -57 =56 =55 =54
(13 12
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Why is our beam not ideally loading?

(2) The injector properties in simulations

(1) our estimated wake properties are

incorrect

_ (B’ (@)4 _ XTR
AO_\/()() t(2) »Umax = 16E;

Our R, may be over-estimated, meaning we
designed the beam with too much charge

Beam density (ge/no)

FAR
BEYOND

k2\en.

Our load field E; and
position &, appear
correct with our inputs
and model

do not match expected values

3.0 —— Calculated spot size
=== kaD =0.57

Wy is not constant
over the focus range

Location of peak intensity in co-moving coordinate

-2
Measured vy doesn’t .

exactly match
simulation input

kp€m

-4

=5

-6

o

~ v =1011
vr = 1.01

””””””

100 150 200 250

13
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Potential parameters for using a PW driver

* Using the PW system would allow us to operate at higher densities with laser bubbles,
though higher emittances are expected

3 Expected beam parameters

no = 1.6el7 cm™ Injector parameters

Driver parameters
Ao = 800 nm Qo 1.2 Q 350 pC
Wy = 36 um Lf 860 um Az 6.1 um
an =27 Wg 7.5 um €y ~ 2800 nm - rad
0 -_— .
vs/c 1.01 €y ~220nm - rad

wahm > 40 fS

14
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Summary of results

* |dentified possible experimentally-relevant parameters to perform a
flying-focus ionization injection experiment at a facility with high-
power NIR lasers

* |dentified main limitations with the 15t/3"9 harmonic setup
* Need relatively high a, to ionize gas with the injector pulse

* Still able to achieve high charge and near-trapezoidal profile with moderate
transverse emittances

* Work is continuing on revising the setup for a HTW injection stage
and simulating a PW injection stage

FAR
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Thank you for listening!
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Backup slides
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Backup plots

Slice emittance over time

wpt =109.20
2.0 £ = 3.0
— EX
- an e &‘y
2.5
1.5
= 2.0
&
g <
3 Q
1.0+ 1.5 =
w fV<D_
o v
ke
w - 1.0
0.5
0.5
0.0 ‘ 0.0
—-6.5 45 —4.0
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Slice energy spread over time

wpt = 109.20
100 3 -3.0
—
-=== AEJE [%]
2.5
75 -]
2.0
” <
(]
= 50 1.5 2
©
= i
1.0
25
l/"“\\ /’I ‘\" K 0.5
//\ T
0 | ....... | I | 0.0
-6.5 -6.0 -5.5 -5.0 —4:5 40
18
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Backup plots

\P’('\
&
g
//\’b?&
17501 ot
—_— EX
51500 - &
©
5
& 1250
5
2 10001
5
= 750
£ a°
500 & ;
\(\
8 QO
% 250 S
0_ P Er T S
-6.1 -60 -59 -58 -57 -56 -5,5 -54
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Requirements for electron trapping with ionization injection

* For a particle ionized inside the bubble, it is 400 - Y
“ ” l/Jf -4
trapped” if:
V1 200 _
T _
2o o £
* If y, is small, which is determined by the injector’s % -~ 3
aq, then the condition relaxes: ~200- ( 2
Y- s -1 400, B
. .. |
* Small a for the injector is important for the I e ]
trapping condition and for emittance (discussed 3
later on
) i = 9P(&;)
Yr =9Y(Syr)

FAR
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Wake evolution and trapping may affect beam profile

10]

0.8

Wakefield Evolution

~<06{ /
0.4

0.21

50

FAR
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100

- 1.85

- 1.80

F1.75

-1.70

F1.65

Wmax

— 2 *slope
-=- Max potential
----- Center position

r—2.65

F—2.70

F—2.75

- —2.80

&c

Trapping dynamics may impact the shape of
the beam

—1= Y —1;
r = o~ 56—

2
R P 4
Vi =Yo =580 —

Electrons are born off-axis:

r?
;& o.4,j ~ 0.04

21
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A flying-focus laser can generate a near-trapezoidal beam
inside a blown-out wake

* The linear charge density of a beam generated

by a flying focus laser: (1) Amount of charge ejected from the

ions by the moving focused laser. Note

A(gf) _ 1 dQ dz d¢; that ng = ny/Z, Z is the ion level before
2m dz dg; Sy ionization

aQ _ m_ 2

P Ewi (eng)
dz vy — (2) Encompasses motion of the focus spot in
a&;  |ve-1| the co-moving coordinate with constant v

* For a wake with a parabolic potential,
l/)(ff) P (&) 4 (gl Stf) 1 (3) “Compression factor” describes
a& _Sf _ &f . compression of electrons as they are
dér & \/52 4 trapped in an accelerating phase
fx

FAR
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Extra Slides: Threshold lonization ag calculations

lonization levels Ay = 800 nm Ay =267 nm lonization levels Ao = 800 nm Ao =267 nm
05+-> Q%+ 0.171 0.063 Arid+.> Arlé+ 1.9428 0.6989
O6+ -> O7+ 3.051 1.141 Ar14+ -> Ar15+ 2.3128 0.8309
7+ _ 8+
0*->0 3.742 1.385 Arl5+.> Arlé+ 25027 0.8969
Ariet-> Art7 >10 >10
N4+ -> N>+ 0.106 0.039
N5+_> N6+
2.0368 0.7649 Xe24+ -> Xe25+ 1.3839 0.485
N6+_> N7+
2.5577 0.9549 Xe25+-> Xe26+ 1.4609 0.5119
Xe26+ > Xe27+ 4.0236 1.4209
Fé*-> F7* 0.258 0.094
Xe27+-> Xe28+ 4.2926 1.5148
F7*-> F8+ 4.3476 1.6198
F&*-> Fo* 5.1905 1.9258
Kr23+ -> Kr24+ 2.2658 0.7989
Kr24+ -> Kr25+ 2.6557 0.9369
Ne’*-> Ne®* 0.37 0.134
" o Kr25+ -> Kr26+ 2.7817 0.9799
Ne®*->Ne 5.9584 2.2128
26+ _> Kp27+ > 4.9525
Ne*-> Nel0* 6.9893 2.5867 r r 10
FAR K27
r27+ -> Kr28+ >10 >5
BEYOND 23
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Current profile monitor: COTR

— 0.50
T -10 | .
g 0 o Down-ramp | e}
£ 10 =
o -10 @
8 o st (fros <
3 s 10 3
x ogb-s - |, & ) ° S
o 1 L » f } | + <
0 . o~ 4 it ] 05 g
400 < S¢ Tat 1T~ c
Electron energy (MeV) E 0 g = 10 T !l B 3
(@] el | | . § | I I o
e beam & 50 | ] ] ] T
- B Electron > 53 = ] ] a
spectrometer ‘B 24 = | ) ] | [}
o] g z = 2 f:\./ 0 | ! ‘ ~.| I 1 (QD-
© ¥ D ~ N f 3
o 20 g e e P o 2]
; COTR g ES Uk 5 N E';
Bandpass 4 . i
filteprs s g8 B Q
COTR 3 o N ' ) 3
/ / 5 Sy o 0 . g, o
0 < +&/ : . Q
Longitudinal distance from beam centre (um) 10

Cc COTR wavelength (nm)
1.0 700 750
a 0 z
& S 9]
i Qo S
z 5= 3
s g3 &5
Do g o O g.
3 = g
o 05 Q
= o]
@ L =
B Q g o
= 05 O < ’5 g
= =
=) =38 3
B 7 ]
oy o
= 0
o
=4
5]
o
=
Q
7]
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Backup: details of previous work

ny = 2el6 cm™3 . )
Driver Injector :
3_ 6
Ao =9.2um Ao = 0.4 um ‘ Generated beam
T =250 fs T=20fs 22 ’ Q = 220 pC
wo = 105 um wr = 8.6 um 1 €x = 170 nm - rad
ag = 2.7 ap = 0.17 - - 0 €y, =76 nm-rad
Br = 1.04 'y kyé
lon. level ar (Driver) ar (Injector) _
Kr7* -> Kr8* 1.87 0.06 ) Driver
Injector
Kr8* -> Kro+ 3.10 0.16
Kro+ -> Krio+ 3.78 0.20 | Injected beam
Krio+ -> Kril+ 4.51 0.23

FAR
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Extra Slides: 3D Nonlinear Theory

* In the “small bubble” regime,

E, =—2%r7 X
2.00 = 1.5 — 0.0
Slope=0.28,/ Iy fit
175 ’ - 1.0 -0.5
1.50 A . W
. 1.251 ) T8
S 0.0 G =
£ 1.00 4 - -15 >
o -05 = %
0.75 - £ o
1 -2.0
1 E; -—1.0 o
0.50 - : 3 : :
1 ] —— Ez f't 1 5 £ 2 5
. ! B . - — —&.
s L gl T ot i
0.00 e a—— -2.0 L 3.0
-15.0 -125 -100 -75 -50 -25 0.0
FAR § (c/wp)
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