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Ioniza:on	Injec:on 

•  2007,	E.	Oz:	an	electron	
beam	

•  2010,	A.	Pak:	a	laser	
pulse 

Injec:on	condi:on:	
 

E. Oz et al., PRL 98, 084801 (2007); A. Pak, et al., 
PRL 104, 025003 (2010) 

Quasi-sta:c	approxima:on:	
 



Intrinsic	discre:za:on	of	charge	in	laser-
triggered	ioniza:on	injec:on 

Tunneling	Ioniza:on Injec:on 
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The	photoioniza:on	process	

• 	 The	Keldysh	parameter	
Ø  ΥK	<<	1,	tunneling	ioniza:on,		ADK	model,	
Ø  ΥK	>>	1,	mul:photon	process,		

N B Delone, V P Krainov, Physics-Uspekhi, 41 (5) 
469-485 (1998); V S Popov, Physics-Uspekhi 47 (9) 
855-885 (2004); L V Keldysh, Zh. Eksp. Teor. Fiz 47, 
1964 (1945); M V Ammosov, N B Delone, V P 
Krainov, Sov. Phys. JETP, 64, 1191 (1986); G L 
Yudin, M Y Ivanov, Phys. Rev. A, 64, 013409 (2001). 



The	injec:on	process	in	ioniza:on	injec:on 

•  With	the	quasi-sta:c	approxima:on	(																								),	

•  Inside	the	nonlinear	blowout	wake,	



Intrinsic	discre:za:on	of	charge:	1D	analysis 

•  1D	analysis:	 

Ø  For	the	laser	driver	
case,	when	pz	>>γph	 

Ø  For	the	beam	driver	case	with	γph>>1,	the	effects	of	the	energy	spread	
is	very	small	as	the	energy	is	high	enough.	 
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3D Reduction Factor: R =
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Intrinsic	discre:za:on	of	charge:	3D	effect 

W. Lu et al., PRL 96, 165002 (2006)  
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Bunching	in	ioniza:on	injec:on	using	a	
single	laser	pulse 

•  A	laser	pulse	(a0=2),	pre-plasma(np=2×1018	cm-3)	+	N5+ 

1.	due	to	the	spread	of	
transverse	mo:on: 

2.	due	to	the	spread	of	
energy: 



Bunching	in	ioniza:on	injec:on	using	a	
single	laser	pulse 

•  The	sliced	structure	in	(z,	x,	pz)	space 



Bunching	in	ioniza:on	injec:on	using	a	
single	laser	pulse 

•  Bunching	for	electrons	with	different	energy	 



How	to	diagnosis	this	phenomenon	in	
experiments? 

•  Coherent	transi:on	radia:on:	from	plasma	to	vacuum	
	 

P. 412, Electrodynamics of Continuous Media, 2rd Edition, L. D. Landau et al. 
W. Leemans, et al., Phys. Rev. Lett. 91, 074802 (2003). 
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Bunching	in	ioniza:on	injec:on	using	
two	pulses 

•  Using	two	pulses	
Ø Reduce	the	ini:al	transverse	radius	
Ø  Reduce	the	injec:on	distance	
Ø  Improve	the	phase	velocity	of	the	

wake 



Bunching	in	ioniza:on	injec:on	using	
two	pulses:	external	field	model 

•  Control	the	beam	length.	
•  Control	the	beam	longitudinal	profile. 



Bunching	in	ioniza:on	injec:on	using	
two	pulses 

•  Beam	Driver	+	800	nm	injec:on	laser	(a0=0.12) 

Pre-plasma	+	He1+ 



Bunching	in	ioniza:on	injec:on	using	
two	pulses 

•  Beam	driver	+	200	nm	injec:on	laser	(a0=0.023)	

	
 
Ø Transi:on	radia:on:	0.02	nJ	when	the	energy	is	~0.5	GeV.	
Ø Seeded	FEL:		εnx=εny=11nm,	σγ=4,		γ=1068.9	

	 	 	 	λu=3	cm,	K=2	-->	λr=65.6	nm	
	 	 	140	MW	in	a	3.5	m	undulator	

 S. Reiche, Nucl. Instrum. Methods Phys. Res., Sect. A 429, 243 (1999). 



Spiral	beam	genera:on 

•  Using	a	Circularly	Polarized	injec:on	laser	
Ø Beam	driver	+	200	nm	CP	injec:on	laser	(a0=0.023/√2)	



Spiral	beam	genera:on 

•  Using	a	Circularly	Polarized	injec:on	laser	
Ø Beam	driver	+	200	nm	CP	injec:on	laser	(a0=0.023/√2)	
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Spiral	beam	-->	OAM	light	genera:on 

•  bunching	factor:	 



Spiral	beam	-->	OAM	light	genera:on 

•  Coherent	transi:on	radai:on1	
•  Undulator:	λu=3	cm,	K=2	-->	λr=137.0	nm 

Projected	Intensity	at	screen 
Intensity 

Phase 

E. Hemsing and J. B. Rosenzweig, J. Appl. Phys. 105, 093101 
(2009); E. Hemsing, et al., Appl. Phys. Lett. 100, 091110 (2012).  



Conclusions 

•  We	found	bunched	electron	beams	and	spiral	beams	
can	be	generated	in	laser-triggered	ioniza:on	
injec:on.	

•  Theore:cal	analysis	and	3D	PIC	simula:ons	are	
presented	to	understand	these	unique	beam	
genera:on	processes.		

•  These	unique	beams	can	be	diagnosed	through	
coherent	transi:on	radia:on	and	may	find	use	in	
genera:ng	high-power	EUV	radia:on	upon	passage	
through	a	resonant	undulator.	

X.	L.	Xu,	et	al.,	Phys.	Rev.	Le9.	117,	034801	(2016) 


