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We study experimentally how to control and improve phase matching of high-order harmonic generation.
We use a birefringent lens and a birefringent compensator to obtain a fundamental las€t §fse 800 nm,
~4 mJ with two foci separated by 6.2 mm along the propagation axis and with a controllable phase delay
between the polarizations along the optic axes of the birefringent optical components. This enables us to
enhance the high-order harmonic conversion efficiency for the high-order harmonics in nesrl® % a
factor of 4 higher compared to a single-focus setup in similar conditions. The enhancement is achieved by
improving the phase matching and at the same time maintaining a high intensity in a large generating volume.
[S1050-294{@9)04512-9

PACS numbdis): 42.65.Ky, 32.80.Rm

[. INTRODUCTION mental results by an analysis of phase matching both along
the propagation axis and in the whole interaction volume.
In recent years, high-order harmonic generation has be- We first describe the experimental setup in Sec. Il. In

come a promising source of short-pulse coherent radiation igrder to understand the advantages of a two-foci setup and to
the extreme ultravioletXUV) range. A large effort is de- be able to interpret the experimental results we then discuss
voted to increase its photon number. Early studies havéhe phase matching of high-order harmonics, using simple

mostly concentrated on optimization with respect to atomic®n€- and three-dimensional calculations in Sec. lll. The ex-

or molecular gases and to the laser wavelength, thus addreé%‘i‘r'_mem.a' results are presented in Sec. IV. A short summary
ing the single-atom emission. The influence of the focusingS 9Iven in Sec. V.

geometry, as well as of the position of the gas medium rela-

tive to the laser focus, on the phase matching of high-order Il. EXPERIMENTAL METHOD

harmonics has peen pomte_d OLit,2]. _Recently, several A schematic view of the experimental setup is shown in
groups have studied harmonic generation using ultrashort Ig=iq ' The |aser is the titanium sapphire terawatt laser at the

ser pulses focused onto a hollow fibg8-5] reporting high | ;4 High-Power Laser Facilitjg]. The central laser wave-
conversion efficiencies. These results, however, only concerngth is 800 nm, the repetition rate 10 Hz, and the pulse

heavy rare gases, xenon and argon. Tamaki and co-workeggration 150 fs. The main optical components used to gen-
[6] report a very high conversion efficiency in neon, and
attribute it to the formation of a filament in the laser focal Grating
region. They also point out the importance of controlling the From laser
intrinsic phase of the harmonics to optimize the efficiency.
In the present paper, we manipulate the amplitude and the
phase of the fundamental field in order to improve the phase
matching of high-order harmonics. We use neon, for which
dispersion effects are not as important as for heavier noble
gases. The idea is to get a large generating volume, wher
the intensity is high and where both the intensity profile and
the phase variation of the fundamental field are as flat as
possible. To this end, we use birefringent optical compo-
nents, a lens and a compensator, in order to get two fielc
polarizations focused at two different places along the propa:
gation axis. The phase difference between the two compo-
nents can be continuously varied. The optical components F|G. 1. Experimental setup used for generating a laser pulse that
were used in a previous experiment to manipulate the polafocuses on two separated spots along the propagation axis. High-
ization of the fundamental in space and consequently therder harmonics are generated in a gas jet, dispersed by a grating,
spatial profile of the harmonidg]. We interpret our experi- and detected by an electron multipli&MT).
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erate the two foci are a birefringent compensator, a birefrinand through the aluminum filter. The error in the estimation
gent lens with an average focal length of 40 cm, and a poef the given number of emitted photons is about a factor of 3.
larizer. The incoming laser light is linearly polarized in the  The resolution of the spectrometer is approximately 0.05
horizontal plane. The birefringent quartz lens is oriented withhm, i.e., much less than the width of a typical harmonic
its optic axis at an angle of 45° to the laser polarization. TheP€ak. The number of photons in one harmonic can be ob-
electrical field of the laser beam is thus split up into twot@inéd by integrating its spectrum. _ _
orthogonally polarized components with equal amplitude The position of the gas jet can also be varied and its
propagating in the same direction. The two polarizations exposition relative to the foci is given with an uncertainty of
perience two different refractive indices through the lens, théPout 1 mm.

ordinary and the extraordinary, and therefore focus on two

different spots along the propagation axis, separated by 6.2 lll. PHASE MATCHING IN THE TWO-FOCI

mm. The lens induces a time separation between the two CONFIGURATION

pulses of-300 fs. This time delay is compensated for by In this section, we investigate theoretically how phase

two birefringent quartz wedges with their optic axes at a 90 matching can be improved by using a beam with two foci

angle to that of the lens, equivalent to a birefringent platemstead of one. We first describe how we calculate the fun-

with controllable thickness. By translating one of the Wedgesdamental field in the focal regiofBec. Il A). To introduce

We can also finely tune the time dela_ly a_nd hence the pha§ e basic concepts of our method and clarify our idea, we
difference () between the two polarizations. A translation first consider phase matchira the propagation axisnly.

of one wedge of 3.1 mm corresponds to a change in phas\ﬁ/e compare the two-foci case with the single-focus case.

dlffz;ter:ci[ﬁ of z-rrnradrllants.r nd the lens. the laser beam h Then we examine the role of the phase difference between
ertne compensator and e 1ens, e laser beam has,g. 4, polarizations propagating along the optic axes of the
transversally varying elllpt_|C|t3_{7]. We use a p_olanzer to birefringent optics(Sec. 1ll B). The next step is to consider
select the hor!zontlal .polarlzat|o(r$ge F'g‘ 1 T.h's ensures phase matching in the whole volume where harmonics can
that the total field is linearly polarized in the interaction re- be emitted and not just on axisec. Il Q. Finally, we dis-

gion. ; .
Since an important task in the experiment consists in- 5% the effect of dispersiasec. Ill D).

comparing the harmonic yield of a fundamental field with
two foci to the yield obtained with one focus, we insert a
half-wave plate in the path of the beam. By rotating the wave The amplitude of the electrical field of the two orthogo-
plate we can set the polarization of the beam parallel to th@ally polarized components right after the compensator, the
optic axes of the lens and thereby get only one focal pointaperture and the lensee Fig. 1, u, anduy, can be ex-
Note that about half the pulse energy is reflected by the popressed as
larizer in both configurations.

The laser pulse is apertured down from a diameter of 0 imrg ra
approximately 40 mm to a diameter of around 12 mm. The Ux(o) =Uyexp — fa exp — — ()
total pulse energy in the interaction region, distributed in one X w
or two foci, is varied between 2 and 5 mJ. The experimental,
intensities estimated by comparing the cutoff energy in our

A. Calculation of the fundamental field

spectra with the approximate cutoff laly+2U, [9], ac- i rr2 r2
counting for propagation effects, are around 4-6 uy(r0)=u3ex;{ — _0) exp( _ _O) exp—ig). (2)
x 10t W/cm? which is sufficient to generate harmonic or- fyh 2

ders as high as 61. The harmonics are produced in a pulsed ] ) )
gas jet filled with neon atom@acking pressure 1.4—4 bars This is valid forry<<a, wherea is the radius of the aperture
The length of the gas medium is estimated to be about 1 mnd Iy is the transverse coordinate right after the lens,
in the interaction region. Uy(ro),Uy(ro)=0, ro>a. The first factor in the two equa-
The harmonics are dispersed by a rotating grazingtions is the field amplitude ato=0, uy=uj. The second
incidence toroidal grating that focuses them onto a 200  factor is the phase due to focusing, for the first component
wide slit. The harmonic signal is detected by an electrorwith focal lengthf, and for the second component with focal
multiplier (EMT) and recorded by a digital oscilloscope con- lengthf, , where\ is the laser wavelength. The third factor
nected to a personal compuisee Fig. 1 is the transverse variation of the field amplitude for a Gauss-
In all the harmonic spectra presented below, the harmoni@n beam with spot size. The phase difference between the
yields are given in units of the absolute number of emittedwo orthogonally polarized components ¢s When ¢=0
photons per bandwidth. The EMT used in the measurementfe two fields are in phase on axis right after the lefss
has been calibrated with a photodio@eXUV-100). As op-  controlled by varying the thickness of the compensator. The
posed to the EMT, the diode is very sensitive to the fundatotal field after the lens is elliptically polarized. The degree
mental laser light and therefore needs to be shielded with aef ellipticity, which depends on the phase difference between
aluminum filter. We measure the absolute number of photonthe two components, varies in spaf#, since the focal
behind the 200..m slit at a given wavelengt{88.1 nm. To  lengthsf, andf, are not equal. In the one-focus case, there is
infer the number of emitted harmonic photons from the num-only one field component and no phase difference.
ber of photons detected on the photodiode we account for the After the polarizer, the beam is linearly polarized and the
losses on the gratingeflectivity and diffraction efficiency  field amplitude isuo(ro)=[ux(r0)+uy(ro)]/\/§. Since the
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propagation axis. The phase changes{®.3 rad where the
intensity has a minimum(The corresponding shift is for
an Airy pattern)

We have compared the intensities calculated by using Eq.
(3), assuming that our laser beam is diffraction limited to the
intensities estimated from the cutoff in the experimental
spectra. The intensities obtained from calculations are on av-
erage 3 times higher than the experimental ones which is
probably due to the fact that the laser beam is not diffraction
limited. In order to obtain theoretical plots that represent
realistically our experimental conditions we use an energy of
1.5 mJ which is in general lower than those used in the
experiments. We stress that the conclusions that can be
drawn from our calculations are not very much intensity de-
pendent.

In the following section, we describe the behavior of the
intensity and phase of the fundamental beam in the focal
region, in the one-focus and two-foci cases.

Phase (rad)

B. Phase matching on the propagation axis

Intensity ( 10" W/em® )

The total phase advance of the emitted field at the har-
monic frequency is locked to the phase of the fundamental
field and, in absence of dispersion effects, can be approxi-
z (mm) mated ag2]

FIG. 2. Comparison of the fundamental field on axis between bioi=qds+ al, (4)
the configuration with two foci and with one focus. The phase of

the field is shown i@ and the intensity profile ifb). The results whereq is the harmonic order ang; is the phase of the
for the first focus £=0) are shown as a dash_ed Iin(_a and those forf,ndamental due to focusingAs shown below in Sec. Il D,
the second as a dotted |_|ne:( 6.2 mm)_. The intensity and phase dispersion effects do not play a significant role and we do not
for the two-foci case, with a phase difference $#4.8 rad be-  ngider them in our analysisThe second term describes
tween the two foci, are shown in solid line. the intensity-dependent atomic phd44]. | is the intensity

of the fundamental field and is the phase coefficient of the

degree of ellipticity of the beam before the polarizer varies in___. . o . )
space, with cylindrical symmetry around the axis of propa_mam trajectory contributing to harmonic generatian<24
’ X 10" 1% cm?/W [12]). Both the geometricalq¢;) and the

gation, the intensity of the beam after the polarizer varies ing}omic 2l) phase shifts are important. In order to obtain
space and presents circular fringes in the plane perpendicul bod phase matching, the variation of the total phage

to the propagation axis. The fundamental field in the foca . ) . 1
region can be calculated from the electrical field right afterShOUId be as small as possible. This can be achieved if both

the optical components using a Hankel transfofl, the phaseandlntensnyo_f the fu_ndamer_1ta| flel_d are constant
over the length of the interaction region or if they compen-

2 a - sate each other so thd,, is constan{11].
u(r,z)= —J’ rouo(ro)ex;{ i
(fy+2)NJo (fy+2)A 1. Two foci vs one focus

Figure 2 clarifies how phase matching along the propaga-
tion axis can be improved by using two foci instead of one.
Figure Za) shows the phase of the fundamental beam along
wherer,z denote the transverse and longitudinal coordinateshe propagation axis for two single-focus beaffagal points
in the focal region £=0 at the first focug andJ, is the  |ocated az=0 andz=6.2 mm) and a two-foci beam, gen-
zero-order Bessel function. erated as described in Sec. II, with the same focal points. The

Note that, even in the one-focus case, the beam does nebrresponding intensity variations are shown in Figh)2
behave as a Gaussian beam in the focal region. The harbr all the calculations presented below, the spot size of the
aperture used in the setup induces phase and intensity varigeam before the aperture is 40 mm, the aperture diameter is
tions across the focus which are considerably slower than2 mm, the pulse duration is 150 fs, and the energy 1.5 mJ.
those of a Gaussian beam with a spot size equal to the radigr the two-foci beam, the phase factor between the two
of the aperture. For a Gaussian beam with beam wajsit  polarization components is chosen tode 4.8 rad. Clearly,
z=0, the phase shift i$g,,ss=arctan(2/b) whereb is the it is possible to obtain a much slower phase and intensity
confocal parametefo(szw?,/)\) and the intensity variation change of the fundamental field in the two-foci case than in
is hyperbolic [ gause=1o/(1+42%/b?)]. For a truncated the one-focus case. These conditions should therefore lead to
Gaussian, as is shown belo(ggee Fig. 2 the intensity varia- improved phase matching on axis compared to a setup with
tion resembles that of an Airy pattern, with minima on theonly one focus.

><(r2+rg))Jo[Zwrrol(fy+z))\]dr0, ©)
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FIG. 4. Transverse intensity variation of the total fundamental

10 field in the two-foci configuration az=3.1 mm (in the middle
N 3 between the two fogi The phase difference$ between the two
§ foci are 0 radsolid line), 2.14 rad(short dotted ling 4.8 rad(short
§ 6 dashed ling 2.4 rad(dotted ling, 4.3 rad(dot-dashed ling and 3.4
:O rad (dashed ling
2 ¢ Figure 4 shows the transverse intensity profile in the middle
g 2 of the two foci,z= 3.1, for the same set @p’s as in Fig. 3.
g We see that for the highest peak intensifi¢s-3.4, $=4.3
o e the spot size is quite small. It is also interesting to note the
-6

large difference in spot size for the beams with phases
$»=4.8 and¢=2.14 though they have the same peak inten-
FIG. 3. Phaséa) and intensity profilgb) of the total fundamen- sity and intensity variation alqng the propggatlon ax's_' .
tal field in the focal region on axis in the two-foci configuration.  |N Summary, the best conditions for a high harmonic effi-
The phase differencas between the two foci are 0 rgdolid line), ciency are a high intensity in a large voluni® optimize
2.14 rad(short dotted ling 4.8 rad (short dashed line 2.4 rad  generation, together with a flat intensity profile and a slow
(dotted ling, 4.3 rad(dot-dashed ling and 3.4 raddashed ling phase variation along the propagation gxisoptimize phase
matching. Since these requirements are usually not fulfilled
2. Role of the phase difference between the two at the same time, the harmonic efficiency is optimized by

polarization components finding “good compromises.” _ _
These one-dimensional considerations of phase matching

One advantage of using a two-foci setup is the additionaly the propagation axis illustrate, in a simple way, the idea
degree of freedom presented by the phase differgnchis  penind our work. In order to get a more complete picture of
allows us to control phase matching on axis by tunthgAs  phase matching, however, it is important to consider what
discussed above, it is preferable to have a field with high anflappens in the entire volume of harmonic emission. To this

flat intensity and a flat phase along the propagation axis ing we use the graphical technique presentdd #h
order to obtain a high number of harmonic photons. How-

ever, the phase and intensity variations along the propagation

axis are locked and it is difficult to fulfill these conditions

simultaneously. Let us briefly describe the method used to represent in
In Fig. 3, we show the phad@) and intensity(b) varia-  space the phase-matching conditi¢@g]. The wave vector

tions of the fundamental field along the propagation axis fok,, of the polarization at positionr(z) is (we considerk

six different values of¢. For ¢=3.4 the intensity is the =2a/\ and neglect dispersion; see Sec. I)l D

highest possible, but the fundamental phase has a rather

steep slope. Fopp=4.8 and¢$=2.14, the intensity is very Kpor=V[akz+qe(r,z) +al(r,2)]=gk; +K, ()

flat over a long range, but the phase of the fundamental looks ]
completely different, with a steep slope f¢r=2.14 and a wherek; is the total wave vector of the fundamental beam

very flat slope for¢=4.8. The fundamental fields witp ~ @ndK=V[al(r,2)]is the atomic wave vector. The length of
=2.4 and ¢=4.3 have intermediate intensities; again theth® wave vectok, of theqth harmonic field can be approxi-
phase variation is much slower for one of then=4.3. For ~ Mated as|kq|=2mq/\. In the ideal casekq=kpo . The
$=0 it is even possible to obtain a negative slope of theVave vector mismatch is defined as
fundamental phas@roundz=3.1 mm) which could possi-
bly compensate for dispersion due to free electrdeading ok=kq—ak;—K. (6)
to a positive slope of the fundamental phadd¢owever, in )
the region where the phase has a negative slope, the intensify€ define the coherence lendtl,, as
is low.

Also, the transverse intensity variation and, hence, the ™

. Leoh=m=7- 7
volume where harmonics can be generated depend.on coh™ 1 5k| 0

C. Phase-matching maps
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(a) ¢=48 (o) $=2.14 Loy, (MM)

0.15 FIG. 5. Phase-matching maps
for different values of the phase
difference between the two foci,
¢. In (& ¢$=4.8, in (b ¢
=2.14, in(c) ¢=2.4, and in(d)

0.1

0.05 ¢=3.4. The coherence length
L.on IS plotted on a gray-level
0 scale according to the color bars

to the right of the figures. Note

that in the white-colored areas, the
Lo, (Mm) coherence lengths can be longer
0.2 than the maximum color bar value
(0.2 mm. Inside the black contour

line, the coherence length is
longer than 1 mm. The phase-
matching maps reflect the situa-
0.1 tion for the 33rd harmonic, a pulse

energy of 1.5 mJ, a pulse duration
of 150 fs, and an aperture diam-
eter of 12 mm.

0.15

0.05

In the phase-matching maps we plog,, on a gray-level D. Dispersion effects

scale where white means long coherence lergtied phase We here briefly investigate the influence of dispersion due

mhatCh":T? tar;? W;!ﬁ?k melanis istf:j?rt tc%hgretrr;ce Ieln?b;)orr ‘ to neutral atoms and to free electrons by estimating the co-
phase matc € scae s cated by the color bars 10 porence length for these two effects and compare with the

the right of the plots. Note that in the white areas the coher- - .
ence length can be longer than the maximum value given iﬁoherencg length Ilm!ted by th.e atomic phase and the focus-
the color bar ing found in the previous section.

In Fig. 5 we show phase-matching maps in the focal re- Let us first consider the coherence length caused by dis-

gion for ¢=4.8(a), =2.14(b), p=2.4(c), and¢=3.4(d) persion due to the neutral atoms, as defined in &g,

for the 33rd harmonic. There are large differences in thé-cony,= /| Knal, Where dkya= Kna,~ dKna, = (270/)\)

coherence lengths between these four cases. X(ng—ng). Hereny andng are the refractive indices at the
Inside the black contour lines in Fig. 5 the coherenceharmonic and laser wavelengths, respectiy&B,14]. For an

length is above 1 mm which is the length of the interactingestimated pressure of 15 mbar, for the 33rd harmonic, and

medium. The length of the region with.,,=1 mm on axis neglecting ionization we get a coherence length due to neu-

varies from 0.3 mm(¢=3.4) to 1.2 mm(¢$=4.8). The vol-  tral atoms of L¢on,,=13 mm. This coherence length is

ume where phase matching is good is much largerdor clearly much longer than the ones obtained in Sec. Il C and
=4.8 than for the other values of. the influence of neutral atoms is thus negligible.

In Fig. 6, we represent in a similar way the intensity dis-  The effect of free electrons can be calculated in a similar
tribution of the fundamental field for the same valuesfof way. At the intensities estimated in the medium, 4-6
The interesting region, above the cutoff intensity for the 33rdx 104 Wj/cn?, less than 15% of the neon atoms are ionized
harmonic, iS indicated W|th ab|aCk contour Iine. The Volumewhich |eads to a |Ower ||m|t of the Coherence |ength Of
in which harmonics can be generated is largest#er4.8 1 mm. The presence of free electrons might in some cases

[Fig. 6(@)] though the peak intensity is not so high. Fér  reduce the area of good phase matchi@gc. |1l © but not
=3.4[Fig. 6(d)], with the highest peak intensity, the gener- jn 3 significantly manner.

ating volume is smaller.

When Fhe peak intensity i; h_igh and the beam waist small, IV. EXPERIMENTAL STUDY AND RESULTS
the atomic phase varies significantly in space, and phase
matching becomes harder to achieve. It is also interesting to First, we compare the maximum number of harmonic
compare these plots with those for the one-focus ¢Bge  photons obtained in the two-foci setup with that obtained in
7) obtained in the same conditiofise., same aperture diam- a single focus configuration. Then we investigate how differ-
eter, energy, and harmonic orgleHere, the length of the ent values of the phase differencg)(between the two po-
region withL.,,=1 mm on axis is only 0.15 mm. Itis clear larizations and hence the intensity and phase variation of the
that it is possible to get much better phase matching in théundamental field in space influence the harmonic signal. Fi-
two-foci configuration both over a long range on axis andnally, we attempt to optimize one specific harmonic and
also in a larger volume. change the aspect of the harmonic spectra.
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(@ ¢=48 Int. (10 W/cm?) b) 6=214 Int. (10" W/em?)
20 6 6
5
15
£ £ 4
210 e i i
= » = 3 FIG. 6. Intensity maps for dif-
, 2 ferent values of the phase differ-
5 ‘ ' ence between the two foci. In
1 (a) $=4.8, in(b) p=2.14, in(c)
o2 o p 4 o 8 o2 o p 4 o 8 ¢$=2.4, and in(d) $=3.4. The
- z (mm) - 2 (mm) maps _correspond to the phase-
1 0 i 5 matching maps shown in Fig. 5.
©) 0=24 Int. (10" W/cm?) d) 6=34 Int. (10'* W/cm?) The intensities can be read off the
55 19 color bars to the right of the fig-
ures. The contour line shows the
8 cutoff intensity for the 33rd har-
15 monic. The conditions are the
3 £ 6 same as in Fig. 5.
3 3.
— 10 . =
4
5
2
0 0
-2 0 2 4 6 8 -2 0 2 4 6 8
z (mm) z (mm)
A. Comparison between the conversion efficiency in the tion relative to the foci. We show the harmonic spectra ob-
one-focus and two-foci cases tained in neon in Fig. 8. In the two-foci caésolid line) the

In order to compare the best case scenarios in the ongperture s 12 mm, the energy in the interaction _region Is 5
and two-foci configurations, all variable parameters are ad™?: the phase difference between the two beams is 5 rad, and

justed to get the highest possible signal. In each case wi&€ 9as jet is positioned 4 mm after the first focus.
optimize the total beam energy, the aperture diameter, the A typical plateau harmonic in the two-foci case has an
phase difference between the two foci, and the gas-jet posgnergy of 0.15-0.2 nJ, corresponding to a conversion effi-

(@ I'coh (mm)
0.2

0.15

0.1

0.05 FIG. 7. Phase-matching map
for the 33rd harmonica) and in-
0 tensity map(b) for the one-focus
-8 -6 -4 -2 0 2 4 6 configuration. In the phase-
z (mm) matching map the coherence
() Int. (10" Wiem?) length is given in mm on the

color-bar scale and in the intensity
map the intensity is given in
W/cn?. Same conditions as in
Figs 5 and 6.




5016 LENA ROOSet al. PRA 60

TE 10F 2 14._ W33
= 8t g 12:
z £ 10f
H43 5 10
g 6L H31 S
[} L
% = 6l
g o
A g af
Z H55 [
e UULUUU R |
= L AW AWRTAYE L AU . 0 . N , ,
A 2% 24 22 20 18 16 14 0 1 2 3 4 5 6

Relative ph d
Wavelength (nm) elative phase (rad)

] ] ) ~ FIG. 9. Harmonic yield versus phase differenebetween the
FIG. 8. Comparison between harmonic spectra in the two-fockyq orthogonally polarized fields in the two-foci case. The aperture
case(solid line) and the one-focus cagdotted ling. In the two-foci diameter is 12 mm and the gas-jet position is 4 mm after the first

case the pulse energy is 5 mJ, the aperture diameter 12 mm, and ;s The energy in the interacting region is 4 ¢adlid line) and
phase differenceé=5 rad. In the one-focus case the energy is 35 mJ (dashed ling

mJ and the aperture diameter 13 mm.
We optimize the focusing conditions by inserting an aperture

ciency(in energy of 3x 10" 8. In the one-focus cagelotted ~ Of 13 mm in the beam. The harmonic signal we obtain in

line), the aperture is 13 mm, the energy after the polarizer i$hese conditions is similar to that obtained with two foci

3 mJ, and the gas jet is 4.5 mm after the focus. At this(using half the beam energyin this respect, the conversion

position, the intensity in the jet is estimated to be considerefficiency in the two-foci case only increases with a factor of

ably lower than in the two-foci case. In the one-focus case, @ compared to the one-focus case using all the energy in the

typical harmonic has an energy of 0.02 nJ, corresponding tgeam.

a conversion efficiency of X10°°. The peak intensity

(highest intensity obtained anywhere in spasehe same in B. Influence of phase difference on the harmonic efficiency

both cases.

. . . ~In Fig. 9 we show the 33rd harmonic in neon as a function
In order to understand the difference in conversion effi-

. faf ‘4 he oh hi of the phase differencé between the two orthogonally po-
clency of a factor of 4, we compare the phase-matching Mapg i, fields for two different energies. The gas jet is located

f50r theszeéforushca{§igf. /@] and thehtwo—foci cr;’:_\sEFig. .in between the two foci, 4 mm after the first focus. The total
; @, d)d_ : I]. nt ec(;rle- OCL;]S casr?, P aselmatch |.ng|on aX'%nergy transmitted through the polarizérand 5 mJ, respec-

IS good only aroun ._O' The co erence engt s longer tively) is kept constant. The aperture is large enough2.3
than 1 mm only in an interval of 0.15 mm in the direction of m) to make the transmitted energy independensof The
propagation. Transverse to the axis, phase matching rapid 3rd harmonic signal is measured directly after the slit at a

becomes very poor and the emitting volume is small. Cong;, oy \yavelength of 24.2 nm. Figure 9 shows that the har-
sequently, the highest possible signal is not obtained Wheﬂmnic signal is strongly dependent ah ¢ is determined

Ti 5med|um ;]s cIoEe t?] focus, b#t farthedr_ out around experimentally by measuring the energy transmitted through
=4.5 mm, where the phase-matching conditions are somey, aperture as one of the birefringent wedges is translated.

what better. At th_is position the intensity s, hoyvever,_r.athgr-l-his is repeated for various diameters of apertures and fitted
low. The harmonic signal as a function of gas jet position is; 5jculations. We have checked that signadb) (

therefore low everywhere in space, limited by either intensity_ signal@+27). There is a clear maximum aip

or coherence length or both. ; ;
) . =4.6 rad, and for the highest energy, there is also a small
In the two-foci case, on the other hand, there is a large . i\ aroundp=2.2 rad.

region between the two foci, both along the propagation axis These values agree remarkably well with the predictions
and transverse to it, that presents rather good phase—matchiggSecs 1B 2 and 11l C. Atp=4.8 (this compares well to

conditions. The volume in which good phase matching can experimental value=4.6), we have the largest gener-

be obtained is much larger than in the one-focus case. Thg. . . .

. o : = . . ting volume together with good phase-matching conditions.
intensity is also quite .h'gh in this are{E|g..6(a)]. The ad- At q?=2 14(expgrimentally;§=2 ZF; the intensitygon axis is
vantage of the two-foci case is thus that it is possible to work ‘ Y

with a high intensity and still get good phase matching in arelatlvely high, but the phase-matching conditions are much

large volume worse and the generating volume is also somewhat smaller.
One of the drawbacks with our present setup is that hal}l’hese maxima are a clear effect of the good phase-matching

or more of the beam energy is reflected by the polarizer angondltlons in a large volume.

thereby wasted. Although using half of the beam energy can

have experimental advantages, the natural question to ask is C. Control results

what harmonic signal would be obtained if we could use all An additional advantage offered by the two-foci tech-
the energy in the beam. We have therefore performed a tesique is the possibility of control. In Fig. 10 we show two
in which we remove the polarizer and the birefringent com-curves, one obtained with two fogdhase difference 4.3 rad
pensator and use only onénearly polarized focus and between the two polarizationand the gas jet placed 4 mm
thereby get access to the entire beam with an energy of 9 mdfter the first focus, the other with one focus and gas-jet 2
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values of the phase difference between the two polarizations.
These spectra are obtained with an energy of 2 mJ, an aper-
ture of 12 mm, and with the gas jet positioned 3.5 mm after
the first focus. The phase difference is 5 raday 2.4 rad in
(b), and 3.4 rad in(c). There are quite a few differences in
these spectra. First, the spectral widths of the harmonic peaks
change significantly. For the 31st harmonic, for example, the
width at half maximum is 0.12 nm ita), 0.25 nm in(b), and
0.28 nm in(c). Second, the shapes of the plateaus are quite
different. In(a) the number of photons in the harmonic peaks
increases towards higher frequencies whereds)iand(c) it
25 decreases. The number of photons in the 41st harmonic is
Wavelength (nm) 1x 1 in (a), 0.6x10° in (b), and 0.2 10° in (c). For the

FIG. 10. Harmonic spectra optimized for the 33rd harmonic.25th harmonic W? have 0:810° photons in(a), 1.2x 10°in
The solid line shows the two-foci case and the dotted line shows théb)' an_d 1.5¢10° n (©). . .
one-focus case. The energy is 4 mJ and the aperture is 12 mm in 1 Interpret this spectra, we consider the phase-matching
both cases. The phase differengén the two-foci case is 4.3 rad. Maps and the intensity maps fg=4.8 (a), ¢=2.4(c), and

¢=3.4(d) in Figs. 5 and 6. The narrow peaks(& are thus

mm before focus. The aperture is 12 mm and the input enobtained with a long coherence length and low intensity (4
ergy is 4 mJ in both cases. The intensities at the gas-jex 10 W/cn?) in a large generating volume. The broader
positions are the same in the two cases. The result is ofeaks in(b) and (c) are obtained with shorter coherence
tained by optimizing specifically all the parametéisclud-  lengths, higher intensity (810" and 6x 10 W/cn) re-
ing the phase difference) for the 33rd harmonic. The av- Spectively, and a smaller generating volume. The significant
erage number of photons in one of the harmonic peakdlifference in width between the harmonics(@ and those in
except the 33rd, in the two-foci case is 1250 (energy  (0) or (c) could be related to the difference in intensity. It
0.1 nJ compared to X 10° photons(energy 0.02 nJin the  could also indicate that different quantum pafis] are in-
one-focus case. The 33rd harmonic containsl4d’ photons ~ Volved in the generation of these harmonics: the short quan-
in the two-foci case with an energy of 0.3 nJ. The conversiofum path (), leading to a narrow spectral width (a), and
efficiency for the 33rd harmonic is¥71078, i.e., almost 3 the longer quantum pathr{, often dominant leading to a
times the conversion efficiency for the adjacent harmonic®roader spectrum ifb) and (c).
(2.5x10°8). The energy in the 33rd harmonic seems really
to increase on behalf of the others since the energy in these
peaks is lower than in the results presented above.

In Fig. 11, we study the harmonic spectra for different

H33

Photons / Bandwidth (10" nm™ )

35 30 20 15

V. SUMMARY

In this proof of feasibility experiment, we have shown
that it is possible to increase the conversion efficiency for
harmonic generation in neon with a factor of 4 by using a

= fundamental beam with two foci along the propagation axis
E 2 @ 0=5 31 Hil insted of one. This comparison is done with similar focusing
° 2: Hz5 conditions, i.e., an apertured beam focused by the same lens.
= I The harmonic signal is strongly dependent on the phase dif-
2 6F(b) 9=24 ference between the two components focused into the two
= foci. It is possible to explain this variation by considering the
g 2 complicated interplay between phase matching, intensity,
~ and volume effects. A spin-off result of this experiment is
§ j [(©) 0=34 the ability to increase the conversion efficiency of one single
é [ harmonic on behalf of the others and to control the shape of
& 2f the plateau and the widths of the harmonic peaks by chang-
35 30 a5 20 15 ing the phase difference between the foci.
Wavelength (nm)
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