Transverse correlation vanishing dueto phase aberrations
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Abstract:

The concept of transverse correlatimishing between the fraction of power contained in
the centre and wings of a probe beam, recentlpduired [Opt. Commur282 (2009) 3854-
3858] is important to be considered when measutirg effective focal length of any
refractive index profile. When the latter is notrg@olic it is shown that the transverse
correlation couldranishe and this represents a potential source of erfmwmeasuring any
lensing effect. We propose a low cost set-up (tWwotpdiodes, a pinhole and a stop) able to
reveal if the probe beam has monitored a pure @banrated lensing effect especially when it

is time-dependent.
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1. Introduction

Several kinds of induced optical inhomogeneitieghie active material are detrimental to
efficient laser operation. Among them, one can gubérmal lensing (TL)1], Kerr-lens[2]

and population lensing effectg3]. These lensing effects are generally measured by
monitoring the change in the geometrical charasties of a Gaussian probe beam deduced
from the change in the transmission after a pinloolan opaque disk (beam-stop) set in the
far-field [3-6]. The beam-stop and pinhole techniques have diffesensitivities, but they
should lead to the same measured focal length.cEmde easily understood if one notes that
the fraction of power contained in the centre dredwings of a Gaussian beam are correlated.
Here, (transverse) correlation means that poweteots in the centre and the wings of the
probe beam are complementary: if one is increagugto a beam divergence variation the
other is decreasing. It was recently demonstrdtatithe correlation between the fraction of
power contained in the centre and the wings ofpttode beam in the far-field coulcnishe
when some clipping, even weak, occurs in the ne#&t-f7]. It has then been proved
experimentally that this effect can be responstblemportant errors when monitoring a
population lensing effect since one could be mmtakbout its sign, i.e. converging or
diverging [8]. We speculate that such transverse correlateomshingcan also occur with
phase aberrations, and this paper deals with nsodstration. Indeed, when the refractive
index profile under study is not a parabola, theisgdan probe beam after passing through the
sample is no longer Gaussian in shape. Thus, anenqaire about what is measured through
a pinhole or a stop set in the far-field knowingtthoth of the two causes (amplitude and
phase) responsible of transverse correlatianishingrepresent a potential source of error

when measuring any lensing effect.

2. Divergence diagnostic based on a stop or a pinhole

Thermal effects can be time-dependent or constatitnie, and their monitoring can be done

by considering the variation of angular divergenta probe Gaussian beam resulting from
its propagation through the component under stkalgm such measurements, it is thus
possible to deduce the corresponding variatiorhefldieam-waist size, and hence to deduce
the focal length of the lens responsible of thisateon. It is worth noting that in this purpose

a time resolved beam divergence diagnostic is neédeure 1shows two such diagnostics,



the first (second) one consists in monitoring Ha@smissionT, (Tg) of the pinhole (stop) of
radiusr, (rs) set at a distande from the beam-waist plane of the Gaussian probenb&he

angular divergencé, (6;) deduced from pinhole (stop) diagnostic is givgna:

g =1 it gszl _erz_ (1)
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Before to proceed, it is important to precise thesg of the term “transverse correlation” that

is used in the following. The transverse corretafior a pure Gaussian beam means that an

increase in transmission, (T ) results from a laser beam divergence decreaseséise), and
vice-versa. In this case, the values @ and &; should be equal. It has been recently
demonstrated that fractions of power in the ceatre the wings in the far-field of a Gaussian

beam are no longer correlated when it undergoee swar-field clipping7]. In this case, the

values of §,and &; are different as shown ifg. 2 plotting the variations of ratig,/&; as

a function of the beam-waist si¥é for different near-field aperture rada,. The numerical
calculations irfig. 2have been made for the parameter values giveefiriR. This effect of
transverse correlatiomanishing can greatly affect the monitoring of any varialdesing
effect. Indeed, the divergence diagnostic basethermpinhole points out for instance that we
are dealing with a convergent lensing effect whie same beam monitored by the
divergence diagnostic based on a stop indicateasthibdensing effect is divergefit]. Both

diagnostics give the same value fgfand &; for g, > 24W;. Recently, this concept of
transverse correlatiovanishingdue to a near-field aperturing has allowed clardythe sign
of the population lensing effefd] in a Cr* : Al,O,laser.

We are interested here in investigating if a sim@Hect of transverse correlatiatanishing
could occur when monitoring a lensing effect accamgd with a phase aberration. The latter
means that the phase shi{p) introduced by the TL effect under study does rates
radially following a quadratic law but is more colmpted. In the following we will consider
a phase shift due to TL effect in the form:

¢(p)=Ap+Ap* +Ap°, (2)



where p is the radial coordinate. Note that aberratedntlaétenses are for instance usually
encountered in diode-pumped solid-state lasergeldit is reported that the lateral pumping
of a laser crystal can lead to a thermal axicomeig the crystal is characterised by an
axicon-like phase profile transmittan&d 7(p) = exd— iAp], or to a lensing effect including
spherical aberratiofi0].

The electric field of the Gaussian beam incidentrenaberrated thermal lens to be measured

is characterised by its unit-amplitude distributgiven by

_ W _ p° e ko®

whereW and R, represent the Gaussian beam radius and its rafliosrvature at plane,

respectively. These quantities, as well as the Gahase shiftg, arez dependent and given

by
W2(2) =W2[L+ (2/ 25)?], @)
R.(2) = 1+ (2o /2)?], 5)
¢(2) = arctang/ z), (6)

where z, = 787 / A is the Rayleigh range.
The transmissio (Tg) of the pinhole (stop) of radius, (1) set in the far-field at distance

L is obtained from the following power ratio

b
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where r is the radial coordinate in the plazel where the pinhole (stop) is set=0(a=ry)

andb=r,(b=w). The incident Gaussian field diffracts upon theage profileg(o ) and the



resulting diffracted field distributiorie, (r,L I planez=L is given by the Fresnel-Kirchhoff

integral

E, (1, L)——jexp[ ip()]E, ( pO)ex{'k"j (—rpjpd . ®)
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where J,is the zero-order Bessel function, ake 271/ A the wave number.

Now, the effect of each pure aberratigp= Ai,aj (j=1 to 3) on the phenomena of transverse

correlationvanishinghas to be characterised. For doing so, we will fhle variation of ratio

6,165 as a function of coefficients\ . In order to make possible the comparison of the

effects of each aberration on the raflg/ &, the following condition are imposed:

¢1(pmax) = ¢2 (pmax) = ¢3(pmax) = ¢0 . (9)

It is assumed that the phase aberration is séteirbéam-waist plane of radiv§, = 1.5mm.
Arbitrarily, the value ofp,_, is fixed to twice the incident beam widh,,, = 2W,, where the
intensity is only 0.03% of the on-axis value. I tlollowing we will express the aberration
@, in number of equivalent wavelengths given by thorJ, = ¢,/(2/7). The variations of
aberration amplitud®, (o) = ¢,(0)/(2rr 3s a function of the radial coordingtefor 9, =21

is shown inFig. 3
The stop and pinhole of the divergence diagnosiig.(1) are set in the far-field of the
incident at a distance=10 m from the beam waist plane of the incident prbbam which

contains the phase aberratig(o . The pinhole and stop radii are chosen so that ithiéal
transmission (without any phase aberration, p€p) = ) i9 equal to that used in the

experiment (22%).

a) $,(p) = Ap*:

First of all, we must verify that rati@, /&5 for ¢(p) = AP is equal to unity whatever the
value of A . Indeed, this can be expected since this phasiepis quadratic and thus
corresponds to a pure lensing effect. As a rethdt,Gaussian probe beam remains Gaussian

after going across the phase profie(0) = A,p*> and the transverse correlation should be



total, i.e. 8, =6;. For §, =24, Fig. 4 shows that ratidd, /65 is equal to unity, as expected,
when A, varies. Thus we can conclude that the transverselaton remains total when the

probe Gaussian beam diffracts upon a paraboliceptiisributiong, (o) = A,0°.

b) #.(p) = Ap:

In this case the aberration phase profile is axid@n and the diffracted probe beam is no
longer Gaussian since precisely a linear phasalg@isfable to reshape the intensity profile
[11]. As a consequence, one can expect that the ussaitions (1), established for a

Gaussian beam, leads to an error which shouldaseraith A . This is confirmed by plots of
Fig. 5 showing the variations ot),,6; and 6 versus A. Note that & represents the
divergence of the diffracted field emerging frone thberration phase profil¢, (o) and

determined from

W,
g=—=, 10

i (10)
where W,is the effective width of the diffracted bearhhis effective width which is
convenient for characterising a non-Gaussian beadeifined as the radius of a circle that
receives the same amount of power as the circle aitadius equal to the Gaussian beam
width (i.e. 86.5%)lt is seen irFig. Sthat the value o, 6; and 6 are about the same while
A <18mni*. This limit corresponds to an aberration amplitager the whole probe beam
of about 5(2W,) = 0864. For A >18mni' the divergence is overestimated due to the

reshaping of the probe beam. Indeed, it has beewrs{11] that the key parameter of the

probe beam reshaping is the ratfo= p,/W,, where p_is the radial distance so that
¢.(p,)=Ap,=m.ForA< 08, i.e. A >26mnm", the diffracted beam pattern becomes more
and more hollow ash increases. Now let us consider the variationsatibrg, /6, versus

A shown inFig. 6. which displays aeductionin the transverse correlation f4r>1.8mm™.

As a consequence, the diagnostic showign 1is able through the ratig, /65 to indicate if

we are dealing with an aberrated or a pure lensifegt.

C) d5(p) = Ap’:



It is observed irFig. 7that the aberratiog,(p) = A,0° has a little influence on ratié, / &

and thus on transverse correlation. There is silcheck the influence of thg=3 phase

aberration on divergence,,&; and fas shown irFig. 8 It is seen tha®¥),,6; and 6 are

very close and this means that it should be dilficu reveal, ford, small, the presence of

time-dependent3 aberration with the divergence diagnostic shawifig. 1. This effect can

be understood if one considers the variationgppfas a function of the radial coordinate

p shown inFig. 3 Obviously, one can admit that the phase aberrdtas some influence on
the spatial diffraction pattern even more as thasphshift is high where the intensity of the

incident beam is high, i.e. fop <W,. However, one can note that the amplitude abemati
reduces aroungp =W, =15mmwhenj increases. To observe a significative effect diora

6,185 one has to greatly increase the valuépf

3. Experimental set-up
The experimental set-up shownFig. 9 consists of two parts:

The first one is made up of a He-Ne laser (633 wi@ljvering Gaussian beam
expanded by a 3X telescopg=30mm, $=150mm ) before illuminating a programmable
phase-only spatial light modulator (SLM) (Holoey,UTO-VIS) with 1920x1080 pixels of
pitch 8um and calibrated for 27 phase shift at 633nm. The incident beam radiushen
SLM wasW=1.5 mm and its angle of incidence was kept as Isaslpossible (<15°). A
diaphragm (@ ) was set after the SLM in order to get rid of thmelesired diffraction orders,
separated thanks to a grating displayed on the BLadition to the phase pattern. The role
of the SLM was to reshape the wavefront of thedent beam following one of the phase

profile ¢,(p) = A o' (j=1 and 2) with adjustablé, . The experimental study was restricted to
a pure lensing effect (j=2) and to the axicon-l&&erration (j=1) because, as shown in the
previous section, its influence on ra#)/ &; is high and easily observable.

The second one was the divergence diagnostic (fl@rdmed stop) set in the far-field
region of the beam diffracted upon the SLM. Theyomémaining diffraction order
(undergoing the phase shift; (o ) vas then passed through a 0.16X telescop@%0mm,

f;=40mm) and focuseds£500mm) on a circular opaque disk (stop S) andhhgle (I3). The
initial transmissions of the stop and pinhole wsee to 22%. The transmitted signals were



finally collected by two photodiodes (Thorlabs, .\dhe divergence diagnostic allowed the

simultaneous determination 6f and &;as a function ofA, .

The experimental results are shownFigures 10and 11 which display the variation of the

ratio &,/6; as a function ofA; (i.e. by varying the phase pattern displayed @ $hM),

respectively forj=1 and 2. It should be recognised from these empmmral Fig. 11) and
theoretical Fig. 4) results that a good agreement is obtained for [H@wever, for j=1,

agreement between experimentaig( 10 and theoreticalKig. 6) results seems to be only

qualitative. For instance, it is seen that theor#j/6; has a maximum value of about 1.6 in

the experiment, while it is only 1.15 in the sintida. In order to explain this discrepancy, let
us examine the influence of the clipping that sdoebkult from the diaphragm;Bet after the
SLM (Fig. 9. The resulting diffraction can be characteriseg the truncation ratio
Yy = 0o /W, where p,, is the radius of diaphragm;Dand W=1.5 mm the width of the
Gaussian beam incident on the SLM. The theoretiwadelling introduced irSection 2is
modified by replacing the infinite limit byp,, as if the clipping should be set in the SLM
plane. This assumption is just for simplifying theamerical calculations. The results are

shown inFig. 12which displays the variations of rat# /6 as a function ofA for several

values of truncation ratidj, . It is seen that the clipping, even weak, resglfrom diaphragm
D1 has a great influence on ratfy/ 6; and allows to reach a value of about 1.5¥gr=16.

In order to realize that this clipping is very wealke have to consider the corresponding
diaphragm transmissio(l—exp[-2YZ Which is equal in this case to 99.4%. In additite,
influence of the diaphragm clipping on raté) /6; opens the possibility of increasing the

sensitivity of the divergence diagnostic, showrkig. 1, for detecting the presence of phase
aberrationsNote that in our experiment it has been not possibl suppress the clipping
effects due to the diaphragnm, Decause the light spots associated with the difte6LM

diffraction order are too close.

4.Discussion

As previously mentioned, the phenomena of trangveosrelatiorvanishingcan be met with
any lensing effect, which can be time-dependenis lthen important to have an efficient
technique allowing to detect if the probe beamubject to some phase aberration or to a

perfect lensing effect especially in the transiegime. Note that sometimes thermal effects



can be characterised by a fast dynafiz:14] that makes its characterisation more delicate.
When the temperature profile is purely quadratie, ave dealing with a pure lensing effect,
i.e. without aberration, which can be monitorednbgasuring the change in the geometrical
characteristics of a collimated Gaussian probe béaim worth noting that in this case the
probe remains Gaussian after passing through #ventli lens and the transverse correlation
is total. The thermal lens can be monitored by mag the variations of the transmitted
power through a diaphragm or an opaque diSlg.(1), or to resort to lateral shear
interferometry{15]. In contrast, in some cases the temperature priofithe laser rod can be

very different from a parabol&,16], and this leads to a degradation of the laserglmam

wavefront, and hence an increase in its propagdtiotor M?. The Gaussian beam probe
after passing through the laser is no longer Ganssind one can wonder about what is
measured by a divergence diagnostic based on éhefwspinhole or opaque disk. A possible
solution is to characterise the wave front emergiram the laser rod by its Zernike
coefficients which can be determined by using a &ack-Hartmann analys@t7-19], or
from the reconstruction of the distorted phasegpatfrom three irradiance profiles recorded
in different plane$20]. The above two methods are not well adapted tesieat lensing due
to the slow response of CCD cameras. It is impotmmote that when the pump beam is not
continuous, the temperature profile in the laser ewolves in shape with timg2,21,22]
This means that a transient lensing effect is atarsed by time-dependent aberrations and
this complicates the characterisation of transitvetmal effects. In this case, it is really
advisable to use the divergence diagnostics showng. 1 because it is a low cost set-up
(two photodiodes, a pinhole and a stop) for whtdh possible to reveal if the probe beam has
monitored a pure or an aberrated lensing effe¢tjubserving the evolution of divergence

ratio €,/6;. This technique can replace favourably the use &fCD camera or a Shack-

Hartmann analyser in the case where the tempagaksee is too short, not for measuring the
aberration but just to attest of the presence efrakions able to distort the lens measurement.
Another case of interest concerns the thermal &sffezsulting from the longitudinal

pumping of a laser crystal by a Gaussian beam athwWV,. In this case the resulting
temperature profile is approximately paraboliche tentral parti((<W,) and is logarithmic

for the res{19,23-25] As a consequence, depending on whether the Widththe Gaussian
probe beam is greater or smaller than the pumpesad ane can be dealing with a pure thermal

lens or an aberrated thermal lens. This can béyesdved from the variations of ratig, / 65

as a function ofV the size of the probe beam. Indeed, a good chafit® corresponds to a



perfect transverse correlation, & = s which ensures that we are measuring a pure thermal

lens.
In Ref. [7] it was demonstrated how a clipping do@ hard aperture can lead to a transverse
correlation vanishing that represent a source @rgwhen measuring any lensing effect [8].
In practice this effect can be avoided by takingeaz the diameter of all optical components
that are crossed by the probing beam. In this paperhave considered another cause of
transverse correlation vanishing which is due fralition of the probing beam upon a non-
guadratic aberration. This cause of transverseelaiion vanishing is more difficult or even
impossible to avoid since it is inherent to theaefive index profile under study. In addition,
it is worth noting that “amplitude clipping” and Hpse clipping” lead to very different far-
field intensity patterns, and consequently to ddtiransverse correlation vanishing features.
In order to be convinced from this we have to comphe far-field intensity distribution
resulting from:

0] the amplitude clipping of a Gaussian beam inciden& circular diaphragm [7]

(i) the phase clipping of a Gaussian beam incident@rcalarn-plate [26].
The diaphragm and-plate near-fields are made-up of non-Gaussiamdite distributions
which look like similar [27]. In contrast, the dificted beam profiles are different in the far-
field region where is set the diagnostic divergerfpmhole/stop). Indeed, the far-field
intensity distribution is about Gaussian, in theecaf “amplitude clipping” [7], while it can
be strongly distorted (i.e. reshaped into hollowuoiform pattern) in the case of “phase
clipping” [26]. These two particular examples iliege that in essence amplitude and phase
clippings behave differently, and deserve to besm®red through the effect of transverse
correlation vanishing which can be responsible ydtesnatic errors when monitoring any
lensing effect. The coupling between the amplitade phase perturbations that affect the
transverse correlation of the probing beam is alpoint worth considering in the future.

5.Conclusion

After having introduced [Opt. Commui282 (2009 3854-3858] the concept of transverse
correlation vanishing when a Gaussian beam suffers a clipping even weak,have
demonstrated theoretically and experimentally is #ork that a same effect can occur due to
phase aberrations. The knowledge of loss of trassveorrelation is essential when
characterising any lensing effect otherwise thesueament could be wrong. The situation is
more complicated in the case where we are dealitigastransient lensing effect, since it is

10



not so easy to characterise time-dependent almrsatiWe propose a simple and low cost set-
up (two photodiodes, a pinhole and an opaque dibkg to reveal if the probe beam has
monitored a pure or an aberrated lensing effeat éveis time-dependent.

In this paper we have stressed on cylindrical gegnfer sake of simplicity. However, many
high power laser systems are based on the use efigerpumped slabs or disks which are
rather than characterised by a rectangular geométdeed, the strength of the thermal
lensing is different in x- and y- directions. Inddibn, the distortion due to aberrations and
consequently the transverse correlation vanishargbe different in the x- and y- directions.
The method of study the transverse correlation ggeg in this paper can be extended to the
rectangular geometry by replacing the circular plehand stop set in the far-field by a

transparent and opaque slits, respectively.
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FIGURES CAPTION

Figure 1: Setup for the monitoring of variations of laseam divergence.

Figure 2: Variations of far-field divergence rati@,/ &5 as a function of the Gaussian beam
radiusW, clipped by a near-field circular aperture of rady . The angular divergenc8,

(6;) is deduced from pinhole (stop) diagnosty( 1) by assuming the beam under study as

perfectly Gaussian.

Figure 3: Variations of the amplitude aberration as a fiomcof the radial coordinate.

Figure 4: Variations of divergence rati@,/6; characterising the crossing of a probe

Gaussian beam through a phase distribugigp) = A,p°. This case corresponds to a pure

lensing effect for which the transverse correlaiototal.

Figure 5: Variations of divergence8, 8, and g;that characterise the crossing of a probe

Gaussian beam through a phase distribug¢n) = Ap .

Figure 6: Variations of divergence ratig, / 6; for axicon-like aberratio@(p) = Ap.

Figure7: Variations of divergence ratig, / 65 characterising the crossing of a probe

Gaussian beam through a phase distribuggpn) = A,0°.

Figure 8: Variations of divergence§, 8, and g;that characterise the crossing of a probe

Gaussian beam through a phase distribugion) = A,0°.

Figure 9: Experimental set-up involving a phase-only spatiadulator and a divergeencee

diagnostic based on a pinhole and a stop set ifatHgeld. The focal length of the lenses are:
f, =50mm, f, =150mm, f, =250mm, f, =40mm, f, =500mm, f, = f, =40mm.
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Figure 10: Experimental variations of divergence ra#ip/ &5 for axicon-like aberration

P(p)=Ap.
Figure 11: Experimental variations of divergence ra#ip/ 65 for ¢(p) = Ap°.

Figure 12: Variations of divergence ratig, / ; for axicon-like aberratio(p) = Ap

including a near-field clipping characterised bg truncation factoty, .
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