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The	 Yb-doped	 materials,	 due	 to	 their	 high	 saturation	
fluence	 and	 consequently	 their	 low	 gain,	 represent	 a	
challenging	 choice	 for	 high-energy	 amplifiers.	 In	 this	
paper,	we	 study	 two	 original	 amplifier	 designs	 adapted	
to	 a	 large	 number	 of	 passes	 capable	 to	 operate	 in	 the	
100-mJ-energy	 range	 at	 repetition	 rates	 up	 to	 100	 Hz	
using	 Yb:CaF2	 crystals	 as	 active	 media.	 Amplification	
geometries	 based	 on	 double-head	 active	 mirror	
configurations	 are	 presented.	 We	 confront	 two	
alternative	 strategies	 suitable	 for	 amplification	 of	 large	
beams:	 regenerative	 and	 geometrical	 multi-pass	
amplifiers.	This	work	consists	 in	 finding	 the	pivot	point	
allowing	 to	 discriminate	 the	 specific	 interest	 of	 each	
strategy.	 We	 presents	 compensation	 methods	 of	 the	
thermal	 lens	 adapted	 to	 each	 amplifier	 configuration	 -
with	 and	 without	 cavity-	 and	 we	 demonstrate	 that	
despite	similar	laser	heads	and	pumping	conditions,	the	
thermal	 lens	 impacts	 differently	 the	 optimal	
performance	for	multi-pass	or	regenerative	strategy.	We	
perform	amplification	up	 to	66-mJ	pulses	at	10	Hz	with	
the	regenerative	amplifier	and	52	mJ	at	100	Hz	with	the	
multipass	amplifier.	©	2020	Optical	Society	of	America	
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Yb-doped	 crystals	 have	 been	 demonstrated	 as	 interesting	
materials	for	diode-pumped	energetic	systems	[1-2].	Indeed,	they	
allow	 the	 development	 of	 efficient	 and	 high-power,	 high-energy	
lasers.	 However,	 due	 to	 their	 generally	 low	 gain	 and	 high	
saturation	 fluence,	 several	 issues	 remain	 in	 terms	 of	 energy	
extraction	in	such	amplifiers.	Often	a	very	high	number	of	passes	is	
required	making	the	balance	between	gain	and	losses	very	critical.	
Furthermore,	 high-energy	 amplifiers	 require	 large	 beam	
diameters	 -to	 avoid	 damage-	 which	 introduces	 an	 additional	
sensitivity	to	spatial	distortions	of	the	beam.	Critical	choices	have	

to	 be	 made	 therefore	 to	 obtain	 optimal	 operation	 of	 energetic	
amplifiers	with	Yb-doped	crystals,	among	which	the	choice	of	the	
strategy	between	regenerative	amplifier	and	geometric	multi-pass	
amplifier.	 Actually,	 due	 to	 the	 combination	 of	 high	 number	 of	
passes	and	loss	sensitivity,	none	of	the	strategies	clearly	overrides	
the	 other.	 	 The	 high	 number	 of	 passes	 and	 the	 cavity	 mode	
cleaning	 seem	 to	work	 in	 favor	 of	 the	 regenerative	 amplifier	 in	
terms	 of	 simplicity;	 however,	 the	 sensitivity	 to	 losses	 and	 the	
mode-matching	criticality	favor	the	choice	of	the	geometric	multi-
pass.	 	The	choice	between	the	two	strategies	does	not	appear	as	
obvious	in	the	literature,	especially	for	the	case	of	high-energy	Yb-
doped-material	amplifiers[3-13].	In	order	to	go	a	step	beyond	the	
simple	 general	 tendencies	 and	 assumptions,	 we	 perform	 a	
comparative	evaluation	to	demonstrate	what	are	the	main	issues	
for	each	architecture	and	when	one	prevails	over	the	other.	This	
work	 has	 been	 performed	 with	 the	 Yb:CaF2	 crystal	 	 as	 active	
medium	which	presents	great	interest	for	energetic	amplifiers	due	
in	 particular	 to	 its	 long	 storage	 lifetime[14-16].	 Its	 low	 gain	
however,	 makes	 it	 relatively	 critical	 to	 use	 in	 high-energy	
amplifiers	especially	if	a	total	high	gain	is	required.	Furthermore,	
the	requirement	of	large	beam	diameter	-to	avoid	damage-	leads	to	
extended	amplifier	configurations,	very	sensitive	to	thermo-optical	
distortions.	 In	 this	 paper,	 we	 developed	 original	 architectures	
using	two	laser	heads	in	active-mirror	configuration	pumped	with	
a	unique	laser	diode;	thermal-lens	geometrical	compensations	are	
also	demonstrated	for	both	strategies:	regenerative	and	multi-pass	
amplifiers.	 	The	limitations	for	high	power	systems	due	to	mode	
matching	will	be	also	analyzed.		
The	amplifiers	are	based	on	two	laser	heads	using	2.2-%-doped	

Yb:CaF2	 crystal	 discs	 with	 a	 diameter	 of	 15	 mm	 and	 with	 a	
thickness	 of	 2	 mm	 or	 2.8	 mm	 (optimized	 versus	 the	 amplifier	
strategy).	The	crystals	are	used	in	active	mirror	configuration,	for	
both	signal	and	pump,	with	an	AR	coating	on	the	front,	and	a	HR	
coating	on	 the	back	 faces	respectively	 for	both	pump	and	signal	
wavelengths.	The	crystals	are	contacted	on	copper	mounts	using	a	
soft	 highly	 thermally	 conductive	 glue	 in	 order	 to	 reduce	 the	



mechanical	 stresses.	 For	 the	 design	 of	 the	 amplifier,	 the	 static	
wavefront	 distortions	 of	 the	 mounted	 crystals	 have	 been	
measured	using	a	Fizeau	 interferometer.	The	 interferograms	 for	
both	faces	are	given	in	Fig.	1a,1b.	The	static	wavefront	distortions	
are	principally	due	to	the	mechanical	stress	of	the	coatings	in	both	
faces,	 presenting	 a	 nearly	 pure	 quadratic	 form	 with	 radii	 of	
curvature	on	the	AR	face	of	28	m	and	33	m	for	the	HR	one.	The	un-
pumped	 active	mirrors	 can	 be	 therefore	 considered	 as	 concave	
mirrors	with	a	radius	of	curvature	of	35	m.		

	

Fig.	 1.	 	 Interferograms	of	 static	 distortions	 observed	on	 the	Yb:CaF2	
discs	for	the	AR	(a)	and	HR	(b)	faces	 indicating	radii	of	curvature	of	
28	m	and	33	m	respectively.	Temperature	profile	(c)	and	thermal	lens	
(d)	measurement	 for	 200	W	 of	 pump	 average	 power	 (1-kW,	 2-ms,		
100	Hz).		

The	 pumping	 system	 consists	 in	 a	 600-µm-diameter	 fiber	
coupled	laser	diode	emitting	1	kW	of	peak	power	at	980	nm.	The	
pump	has	an	angle	of	incidence	of	8°.	In	nominal	operation	mode	
the	pump	source	delivers	2	ms	pulses	at	100	Hz	repetition	rate,	
corresponding	to	200	W	of	average	power.	For	the	2.8-mm	thick	
crystal	 and	 with	 a	 pump	 spot	 size	 of	 2.5-mm	 diameter,	 the	
temperature	rises	up	to	36°C	(Fig.	1c)	with	an	equivalent	thermal	
lens	of	fth1=4.1	m	(Fig.	1d)	[17-18].	 	The	corresponding	absorbed	
pump	power	in	the	crystal	is	86	W.	The	remaining	pump	power	is	
not	 negligible	 and	 it	 is	 re-imaged	 in	 a	 second	 similar	 crystal	 as	
shown	 in	 Fig.	 2	 and	 5	 representing	 the	 amplifier	 setups.	 	 The	
second	 crystal	 absorbs	55	W	and	 experiences	 a	 thermal	 lens	 of	
fth2=6.4	m.	The	double-head	amplifier	design	will	take	into	account	
this	 slightly	 unbalanced	 thermal	 lenses.	 The	 amplifiers	 are	
designed	to	support	100-mJ	amplification.	The	injection	consists	in	
a	 5-ns	 square-shape	 pulses	 at	 1030	 nm	 	 –produced	 by	 a	
programmable	pulse	generator	(from	Photline)	with	125-ps	time	
resolution	 –	 subsequently	 amplified	 in	 a	 Yb:KYW	 regenerative	
amplifier	(from	Amplitude	Laser)	to	reach	220	µJ.		

	

Fig.	2.		Setup	of	a	3D-double	active-mirror	multipass	amplifier.	Top	and	
side	views	of	the	multipass	cell	are	represented.		

The	first	strategy	consists	in	amplifying	in	a	multi-pass	amplifier.	
The	setup	is	described	in	Fig.	2.	The	amplifier	is	based	on	a	quasi-4-
f	 image-relay	 line	 composed	of	 two	3-m	ROC	mirrors	 (4-inch	 in	
diameter),	 where	 each	 one	 of	 the	 active	 mirrors	 is	 precisely	

positioned	 on	 the	 image	 planes.	 In	 order	 to	 compensate	 the	
thermal	lens,	the	distance	D	between	the	two	3-m	ROC	mirrors	has	
to	 be	 reduced	 to	 2.55	 m	 according	 the	 equation:	
D=R-R2(1/fth1+1/fth2)/8.	As	shown	in	fig.	3b,	the	round-trip	beam	
size	 is	 then	preserved	all	along	the	propagation.	 Indeed,	without	
compensation	(uncompensated	perfect	4-f-line,	Fig.	3a)	the	beam	
sizes	on	the	crystals	are	constant	for	all	the	passes	but	they	vary	
drastically	 on	 the	 other	 mirrors.	 In	 this	 quasi-relay-imaging	
system,	it	is	important	to	note	that	none	of	the	mirrors	experiences	
less	than	2-mm	diameter	beams	and	the	beam	is	larger	than	2.5-
mm	on	the	CaF2	crystals	to	assure	fluences	well	below	the	damage	
threshold	of	the	amplifiers	optics	(<10	J/cm2).		

	

Fig.	 3.	 	 Thermal	 lens	 compensation	 for	 the	 3D-double	 active-mirror	
multi-pass	 amplifier.	 The	 crystals	 are	 in	 C1	 and	 C2	 plans.	 Beam	
evolution	for	a)	uncompensated	4-f	line,	b)	compensated	quasi-4-f	line.	
c)	 Experimental	 beam	 evolution	 after	 8	 round-trips	 for	 different	
repetition	rates,	the	nominal	rate	being	100	Hz.	d)	Influence	of	the	off-
plan	angle	(α)	on	the	overlap	of	the	multiple	passes	on	the	crystals	for		
α=5°	and	α=2°	(beam	print:	blue	discs,	beam	barycenter:	red	crosses).	

In	counterpart,	the	quasi-imaging	implies,	first,	a	nominal	pump	
power	 and	 the	 impossibility	 of	 changing	 the	 repetition	 rate	
without	complex	modifications	of	the	multi-pass	cavity	distances	
(Fig.	3c).	Indeed,	the	change	of	repetition	rate	does	reveal	a	no	real	
improvement	 in	 extracted	 energy	 and	 the	 optimization	 process	
could	 lead	to	damage	of	 the	crystals.	Second,	a	particular	care	 is	
required	to	assure	the	best	overlap	of	the	different	passes	in	the	
pumped	 volume	 of	 the	 active	 media.	 Indeed,	 the	 amplifier	 is	
designed	in	3D	by	slightly	tilting	off-plane	the	concave	mirrors.	In	
this	not	perfect	quasi-relay	imaging	configuration,	the	influence	of	
this	angle	α (defined	in	Fig.	2)	is	not	anodyne	as	represented	in	Fig.	
3d.	The	angle	has	to	be	chosen	to	avoid	a	large	spread	of	the	beam	
on	the	crystal	in	order	to	preserve	a	good	overlap	between	signal	
and	pump	beams.	Assuming	this	overlap	for	the	different	passes,	
we	were	able	 to	perform	numerical	 simulations	 (based	on	a	2D	
Frantz-Nodvik	model)	to	evaluate	the	laser	gain,	considering	a	2.5-
mm	diameter	pumping	spot	and	with	the	signal	beam	estimated	
by	the	beam	propagation	(Fig.	3).	The	calculated	small	signal	gain	
per	roundtrip	(one	double	pass	for	each	crystal)	is	then	1.357	and		
the	total	stored	energy	655	mJ	(for	both	crystals).	
In	 order	 to	 experimentally	 validate	 this	 small	 signal	 gain,	we	

measured	the	output	energy	versus	the	number	of	passes	with	56	
µJ	of	injected	energy.	The	fitting	curve	(Fig.	4a)	indicates	a	gain	per	
round	 trip	 of	 1.306.	 	 The	 global	 losses	 per	 round	 trip	 are	 then	
evaluated	at	5	%	which	is	fully	coherent	with	the	losses	estimated	



per	 mirror	 (0.4%)	 and	 per	 AR	 coating	 (0.3%).	 The	 maximum	
energy	(for	an	injected	energy	of	0.22	mJ)	then	reaches	5	mJ.	This	
regime	 is	 far	 from	 the	 saturation	 regime	 and	 shows	 a	 linear	
evolution	(Fig.	4b)	corresponding	to	a	typical	unsaturated	regime.	
The	total	gain	is	then	24.6	for	12	round-trips.			
To	 increase	 further	 the	 energy,	 the	 signal	 beam	 is	 recycled	

backward	in	the	amplifier	and	extracted	using	an	optical	isolator.	
24	round-trips	are	then	obtained	slightly	re-optimizing	the	lengths	
to	maximize	the	efficiency.	The	backward	cycle	does	not	follow	the	
same	amplification	 curve	 than	 the	one	described	by	 the	12	 first	
passes	 –as	 shown	 in	 Fig.	 4c–.	 Indeed,	 during	 backward	
amplification,	the	beam	profile	is	different.	Even	if	the	divergence	is	
theoretically	 compensable	 by	 the	 recycling	 imaging	 system,	 in	
practice	we	have	seen	that	there	was	no	way	to	obtain	a	perfect	re-
injected	beam,	due,	according	 to	us,	 to	 the	higher	order	 thermal	
aberrations	 that	 lead	 to	 a	 slightly	 different	 optimal	 beam	
dimension.	The	optimal	divergence	at	the	output	leads	to	a	beam	
1.5x	 larger	 than	 the	one	measured	after	 the	12	 first	 round-trips	
(insets	Fig.	4b	and	4c).	This	indicates	that	the	beam	on	the	crystals	
is	 slightly	 reduced	 down	 to	 1.8	mm	 for	 all	 the	 12	 passes	 in	 the	
backward	direction.	This	tends	to	exacerbate	the	saturation	effect	
as	 shown	with	 the	 numerical	 simulations	 in	 fig.	 4d	 indicating	 a	
drop	of	the	theoretically	expected	energy	from	80	mJ	down	to	67	
mJ.	The	aggravated	divergence	of	the	output	beam	also	impacts	on	
the	losses,	in	particular	in	the	optical	isolator	and	in	the	amplifier	
propagation.	In	the	last	simulation,	we	estimate	these	extra	losses	
at	1%	per	round-trip.	With	these	new	parameters,	the	maximum	
energy	 then	 reaches	 54	 mJ	 (for	 an	 injected	 power	 of	 0.22	 mJ)	
instead	of	80	mJ	(estimated	based	on	the	gain	measurement	of	the	
12	first	passes).	The	average	gain	per	round-trip	is	reduced	to	1.26.	
The	 difficulty	 of	 the	 4-f	 multipass	 system,	 is	 clearly	 highlighted	
here.	Indeed,	due	to	a	cumulating	process	of	phase	distortions,	the	
compensation	 of	 the	 quasi	 4-f	 line	 cannot	 be	 with	 the	 same	
optimum	when	incrementing	the	number	of	passes.	Moreover,	at	
high	extraction	level	the	risk	of	damages	became	an	experimental	
obstacle	in	the	seeking	of	ideal	compensation.		

	

Fig.	 4.	 a)	 Output	 energy	 vs	 different	 numbers	 of	 passes	 for	 56	 µJ	
injected	 energy,	 b)	 Multi-pass	 output	 energy	 and	 gain	 for	 12	
roundtrips	versus	input	energy,	c)	Multi-pass	output	energy	and	gain	
for	2x12	roundtrips	versus	injected	energy.	The	inset	shows	the	output	
beam	profiles	at	maximum	energy.	d)	comparison	with	the	numerical	
simulations	 for	 different	 beam	 sizes	 in	 the	 crystals;	 the	 red	 dashed	
lines	present	 the	numerical	 simulations	 considering	no	modification	
between	 the	 forward	 and	 backward	 cycles.	 The	 green	 dashed	 line	

presents	the	numerical	simulations	taking	into	account	the	beam	size	
evolution	and	associated	extra	losses	(+1%).			

One	 can	 then	 legitimately	 rise	 counter-arguments	 against	 the	
multi-pass	 amplifier	 concerning,	 first,	 the	 difficulty	 of	 increasing	
the	number	of	passes	and,	second,	in	preserving	the	beam	quality	
all	 along	 the	 amplification	 process.	 The	 alternative	 strategy	 of	
regenerative	amplification,	where	the	beam	profile	is	intrinsically	
defined	by	a	cavity	becomes	then	legitimate.	This	second	strategy	
has	then	been	tested.	The	regenerative	amplifier	cavity	is	designed	
to	 handle	 high	 energies	 (100	 mJ	 range)	 with	 beam	 diameters	
around	2	mm	in	the	Yb:CaF2	crystals	and	3	mm	in	the	Pockels	cell	
(PC).	 The	 design	 proposed	 is	 detailed	 in	 Fig.	 5.	 The	 cavity	 is	
symmetric	with	 respect	of	 the	PC	 that	 is	 located	 in	a	 collimated	
arm.	One	of	the	challenges	concerns	the	maintaining	of	a	very	large	
mode	for	all	 the	optics.	This	 imposes	a	 low	mode-discriminating	
cavity	 with	 very	 long	 focal	 length	 mirrors:	 10-m	 radius-of-
curvature	(ROC)	in	our	case.		The	consequences	are	the	following:	
an	 important	 cavity	 length	 and	 a	 strong	 sensitivity	 to	 thermal	
lenses	whose	dioptric	powers	quickly	become	preponderant	over	
the	mirror	ROC	of	the	cavity.		To	overcome	this	last	issue	and	not	to	
disfavor	 the	regenerative	geometry,	we,	 first,	have	 to	reduce	 the	
Yb:CaF2	 thickness	 crystals	down	 to	2	mm	 (to	decrease	 the	 total	
absorption	 to	 60	 %)	 which	 is	 a	 good	 compromise	 between	
thermal	 effects	 and	 stored	 energy	 and,	 second,	 we	 integrate	 a	
specific	thermal	lens	compensation	scheme	for	each	crystal.							

	

Fig.	5.		Regenerative	amplifier	setup	and	beam	propagation	integrating	
thermal	lens	compensation	(8	m	for	the	crystal	C1	and	12	m	for	the	
crystal	C2).	

The	thermal	lens	at	the	nominal	average	pump	power	(200	W)	
is	initially	estimated	at	fth1=8	m	for	the	first	crystal	and	fth2=12	m	
for	the	second	one.	These	lenses	can	be	compensated	positioning	
the	end	mirrors	around	1-m	away	from	the	crystals,	as	shown	in	
fig.	5,	representing	the	beam	propagation	in	the	cavity	at	full	pump	
power.	In	these	conditions,	the	cavity	length	is	about	11	m	(with	a	
round	trip	time	of	67	ns).	The	losses	of	the	cavity	are	measured	by	
injecting	a	pulse	in	the	amplifier	at	null	pump	power	(Fig.	6a).	The	
time	 decay	 of	 the	 pulse	 in	 the	 cavity	 indicates	 21%	 losses	 per	
roundtrip,	with	 the	major	 part	 (13	%)	 originated	 from	 the	 “un-
pumped”	crystal	laser	absorption.	The	passive	losses	of	the	cavity	
are	then	estimated	~8%	per	round	trip.	This	can	be	considered	as	
low	losses	taking	into	account	the	large	number	of	interfaces:	BBO-



Pockels-cell	 (4%	 losses),	 thin	 film	 polarizer,	 quarter-wave-plate	
and	6	mirrors	(10	reflections).	 	The	first	 test	of	 the	regenerative	
amplifier	is	done	at	low	repetition	rate.	At	10	Hz,	it	is	possible	to	
extract	66	mJ	after	30	round-trips	in	the	cavity	allowing	to	access	
to	 the	maximal	 extraction.	 The	 beam	 profile	 is	 imposed	 by	 the	
cavity	and	corresponds	to	a	TEM00	mode.	In	this	point	of	view	the	
regenerative	 amplifier	 strategy	 outperforms	 the	 multipass	
strategy.	However,	when	increasing	the	repetition	rate	-	keeping	
the	optimal	compensation	of	the	thermal	lens	by	re-adjusting	the	
end-mirror	lengths	at	each	operation	point-,	the	energy	drops,	as	
shown	in	Fig.	6b,	and	reaches	21	mJ	at	100	Hz.		

	

Fig.	6.	 	a)	Losses	measurement	of	 the	regenerative	cavity.	b)	Output	
energy	versus	repetition	rate	for	the	regenerative	cavity	(beam	profile	
of	the	amplified	pulses).		

	In	order,	to	understand	this	strong	decrease,			we	measured	the	
beam	size	evolution	(Fig.	7)	in	the	cavity	for	the	case	of		low	and	
high	repetition	rate,	(both	being	each	time	optimized	regarding	the	
thermal	lens	compensation).	It	appears	clearly	that	by	increasing	
the	 number	 of	 round-trips,	 the	 cavity	 plays	 correctly	 its	 role	 of	
spatial	 filtering,	 imposing	 quickly	 its	 eigenmode.	 Even	 if	 the	
thermal	 lens	 compensation	 is	 correct	 in	 both	 cases	 with	 same	
beam	 sizes,	 the	 shape	 appears	more	 filtered	 in	 the	 high	 power	
case,	 mainly	 due	 to	 higher	 order	 phase	 distortions.	 And	 this	
enhanced	mode	filtering	is	necessarily	synonymous	of	extra	losses.	
The	 greater	 is	 the	 mismatching,	 the	 higher	 are	 the	 losses.	 This	
mainly	explains	the	drop	of	energy	observed	between	10	Hz	and	
100	Hz	from	66	mJ	to	21	mJ	respectively.	Other	combined	effects	
such	thermal	dependency	of	the	gain	can	also	play	a	role.	

	

Fig.	7.		Evolution	of	the	beam	profile	of	the	cavity	versus	the	number	of	
round-trips	in	the	large-mode	regenerative	amplifier	and	for	low	and	
high	repetition	rates.		

	In	 conclusion,	 we	 demonstrated	 two	 high-energy	 amplifier	
architectures	 based	 on	 3D-relay	 imaging	 multi-pass	 or	
regenerative	 configurations.	 These	 demonstrations	 represent,	 to	
our	best	knowledge,	the	first	comparison	between	these	two	often-
confronted	 strategies	 for	 low	 gain	 amplifiers.	 They	 allowed	 to	
obtained	performances	at	the	state	of	the	art	with	Yb:CaF2	crystals.		
Moreover,	we	proposed	a	method	 in	order	 to	optimize	 low-gain	
energetic	amplifiers	with	high	numbers	of	passes	and	with	thermal	
issues	considering	both	architectures.		The	result	of	this	method	on	
multi-head	3D	amplifiers	with	quasi-relay	imaging	or	large	mode	

thermal-lens-compensated	 regenerative	 amplifiers	 can	 be	
profitable	to	other	lasers	technologies	such	as	Yb:YAG.	Considering	
the	best	architecture	to	adopt,	we	clearly	adopt	a	neutral	point	of	
view	in	order	to	extract	a	pivot	point	allowing	to	discriminate	the	
specific	interest	of	each	strategy	for	different	operating	points.	At	
low	 repetition	 rate,	 it	 appears	 that	 the	 regenerative	 amplifier	
prevails:			we	obtained	66-mJ	pulses	at	the	10	Hz.	But,	for	higher	
repetition	 rates,	 the	 use	 of	 a	more	 complex	 system	using	 a	 3D-
multi-pass	 geometry	 is	 required.	 This	 system,	 with	much	more	
issues	to	be	integrated	in	terms	of	mode-overlapping,	allowed	the	
generation	of	pulses	with	an	energy	of	52	mJ	at	100	Hz.	With	this	
relatively	wide-ranging	work,	we	hope	we	will	help	laser	designers	
in	 the	 choice	between	 the	 two	 competing	 architectures	 that	 are	
relay	imaging	multi-pass	and	regenerative	amplifiers.	
Funding.	ILE		APOLLON		(07-CPER		017-01);			
Disclosures.	The	authors	declare	no	conflicts	of	interest.		
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