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The recent demonstration of bright circularly polarized high-order harmonics of a bi-circular pump

field gave rise to new opportunities in ultrafast chiral science. In previous works, the required nontrivial

bi-circular pump field was produced using a relatively complicated and sensitive Mach-Zehnder-

like interferometer. We propose a compact and stable in-line apparatus for converting a quasi-

monochromatic linearly polarized ultrashort driving laser field into a bi-circular field and employ it for

generation of helically polarized high-harmonics. Furthermore, utilizing the apparatus for a spectro-

scopic spin-mixing measurement, we identify the photon spins of the bi-circular weak component field

that are annihilated during the high harmonics process. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4952436]

Ultrashort pulses of extreme-UV and X-rays emerging

from high harmonic generation (HHG) sources have been

applied to many applications.1–4 For many years, the polar-

ization of bright HHG-based sources was limited to the lin-

ear region. Recently, bright circularly5–8 and highly

ellipticaly9,10 polarized high harmonics were demonstrated

and applied to downstream experiments.6–10 In Refs. 5, 6,

and 8, circular HHG was produced by driving the process with

bi-circular field, that is, with bi-chromatic counter-rotating

circularly polarized beams that jointly form a threefold shaped

pulse.11–14 The required complicated pump was produced by

splitting and later combining the two spectral components in a

Mach-Zehnder interferometer-like apparatus (e.g., Fig. 1 in

Ref. 6). Thus, each pump beam propagates in a different arm

of the interferometer, where its polarization and other proper-

ties are controlled independently. However, the Mach-Zehnder

geometry has several significant drawbacks, including instabil-

ity, polarization impurity, and time-consuming alignment.

Here, we present a simple and compact in-line (i.e.,

Mach-Zehnder-less) scheme for producing a bi-circular field

for helically polarized HHG. We propose an apparatus, con-

sisting of nonlinear crystal and achromatic quarter wave-

plate, which converts a quasi-monochromatic linearly

polarized pump into a bi-circular field, composed of the fun-

damental field and its second harmonic (SH). We discuss the

properties of our apparatus, including its superior polariza-

tion purity over a Mach-Zehnder-like geometry. We demon-

strate that by simply inserting our apparatus into the pump

beam path of an ordinary system for generation of linearly

polarized high harmonics, the HHG spectrum changes from

odd harmonics, which is typical to linearly polarized HHG to

a set of harmonic pairs that is typical for circularly polarized

HHG.5–8,11–14 Furthermore, scanning the angle of the achro-

matic quarter waveplate yields a spectroscopic spin-mixing

experiment in HHG, where the ellipticities of the two

components of the bi-chromatic pump conjointly vary from

linear through elliptic to circular. Analyzing such a scanning

experiment with a relatively weak SH component, we identi-

fied all the spins of the annihilated SH photons. We believe

that our apparatus will proliferate sources for circularly

polarized high harmonics, in both the extreme-UV and soft-

X-ray spectral regions, leading to exciting progress of ultra-

fast chiral phenomena.

Figure 1(a) displays schematically the conversion of a

standard beamline for linear HHG into a beamline for circu-

larly polarized HHG by inserting the apparatus in the beam

path. Fig. 1(b) is a compact realization of the apparatus,

which we name MAZEL-TOV for MAch-ZEhnder-Less for

Threefold Optical Virginia spiderwort. Our standard setup

for generating linearly polarized HHG consists of a linearly

polarized pulsed laser beam that emerges from a Ti:Sapphire

laser amplifier system (1 kHz, k¼ 770 nm, �27 fs, 1.5 mJ).

A lens (f¼ 500 mm) focuses the fundamental beam onto a

jet of argon gas that is positioned in a vacuum chamber

(�10�3–10�2 Torr). The HHG beam is separated from the

pump beam by two thin aluminum foils (each 0.2 lm thick),

and the HHG spectrum is analyzed by a spectrometer com-

posed of a blazed grating, a toroidal mirror, and an extreme-

UV CCD. In our MAZEL-TOV based setup, the fundamental

pump laser pulse (illustrated as red, top left) is converted

into a bi-circular field with effectively pure polarization and

a joint focal point for the two fields. First, a portion of the

energy of the linear s-polarized fundamental pulse, typically

10%–30%, is converted into a perpendicular p-polarized SH

field (k¼ 394 nm) in a beta-phase barium borate crystal

(BBO, 0.2 mm, cutting angle 29.2� for type I phase match-

ing). After the BBO, the power of the fundamental and SH

beams was 1.05 W and 0.125 W, respectively. Placing the

BBO after the focusing lens ensures that the wave front cur-

vature of the converging fundamental laser beam is

imprinted onto that of the SH field. Therefore, these two

beams focus jointly to the same focal spot in the gas.

Working with co-converging fundamental and SH removes
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redundant spatial degrees of freedom which otherwise exist

in a Mach-Zehnder configuration (e.g., spatial beam pointing

and focal position of the two spectral components) while

maintaining important degrees of freedom (e.g., relative time

delay of the two spectral components and their polariza-

tions). In other words, the foci of the two spectral compo-

nents of the bi-chromatic field overlap spatially by default,

in a robust manner. Second, the beam passes through a pair

of calcite plates (55� cut with respect to the optical axis,

1 mm thick, AR coated) which pre-compensate for group

delays induced by normally dispersive optics down the beam

path. As illustrated in Fig. 1(a), the SH pulse (illustrated

blue) precedes the fundamental (red) by DtBC � 600 fs as

they emerge from the calcite plate pair.15 This bi-chromatic

delay, DtBC, is compensated for when the bi-chromatic field

passes through the quarter waveplate and the vacuum cham-

ber window, so the fundamental and SH pulses overlap tem-

porally in the gas jet. The exact timing can be tuned by

rotating the calcite plates around the axis perpendicular to

the optical table. Rotating each plate within 610� tunes its

temporal compensation in the range of 145–300 fs, so the

calcite plate pair supports delay range of 290–600 fs. We

position the calcite pair with inversely rotated geometry and

inward pointing extraordinary axis (marked ne in Fig. 1(a),

55� tilt from the surface normal-vector) in order to cancel

out any beam shifts caused by Snell’s law and birefringent

walk offs. Thus, the joint bi-chromatic focal spot is unper-

turbed by the plates’ rotation. Third, the polarizations of the

linear s-polarized fundamental and perpendicular p-polarized

SH are converted to counter-rotating circular polarization by

a single achromatic quarter-wave waveplate for the two

spectral components. (k=4 for 310 nm–1100 nm, B. Halle

Nachfl. GmbH, RSU 1.4.20. We measured the waveplate re-

tardation and obtained 0.258 and 0.240 waves for wave-

lengths 770 nm and 394 nm, respectively.) Once the

polarizations are set to counter-rotating circular polariza-

tions, stress-induced birefringence or tilting of optical ele-

ment down the line may reduce the pump ellipticity.

Therefore, the final element, an entrance window to the vac-

uum chamber (2 mm fused silica), is mounted with uniform

stress distribution and perpendicular to the incoming beam.

The absence of any polarization-modifying or tilted elements

after the quarter waveplate allows for the polarization at the

focal point to be controlled directly by the waveplate. This is

an advantage compared to a Mach-Zehnder geometry, where

a dichroic mirror tilted by 45� combines the two spectral

components and may modify the circular polarization due to

phase and amplitude differences between s- and p-

polarization of the transmitted or reflected light. The HHG

spectrum we observed with the MAZEL-TOV apparatus and

argon gas jet (Fig. 1(c)) is typical for circularly polarized

high harmonic.5–8,11 It consists of pairs of counter-rotating

harmonics, (16, 17), (19, 20), and (22, 23), where every third

harmonic order, q ¼ 3m, is suppressed (here 18 and 21).

Harmonic orders q ¼ 3mþ 1 (here 16, 19, 22) rotate as the

fundamental field (red circular arrows), while harmonic

orders q ¼ 3m� 1 (here 17, 20, 23) rotate as the SH field

(blue circular arrows). q is the harmonic order defined by

q ¼ 770 nm=kHHG, and m is an integer. The fact that the sup-

pression of harmonic orders 3m is stronger in this work than

in Refs. 5–8 suggests that the MAZEL-TOV apparatus yields

HHG with higher level of circular polarization than Mach-

Zehnder-based systems. The supplementary movie clip16 dis-

plays that insertion of a MAZEL-TOV apparatus in the beam

path changes the spectrum from evenly spaced odd-

harmonics to a set of harmonic pairs, that is, from the typical

spectrum of linearly polarized HHG to the spectrum of circu-

larly (or very highly elliptically) polarized HHG.5–8

The use of birefringent (e.g., calcite) crystals, that in the

MAZEL-TOV geometry are used primarily for temporal

FIG. 1. (a) Scheme of simple and robust generation of high harmonics with controllable polarization (demonstration in supplemental movie clip16). Top right shows

a threefold optical and a botanical Virginia Spiderwort. (b) A compact (200 long) implementation of a MAZEL-TOV apparatus including a BBO (left), a pair of cal-

cite plates, and a rotatable achromatic quarter waveplate (right). We added a ruler for scale and marked the laser entrance direction by a red arrow. (c) A recorded

spectrum typical for circularly (or very highly elliptically) polarized HHG. The MAZEL-TOV apparatus (dashed green in (a)) is simply inserted into a standard sys-

tem for generating linearly polarized HHG, where a lens (f¼ 500 mm) focuses a linear s-polarized fundamental beam onto a jet of argon gas in vacuum.
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compensation, can also be employed as de facto polarization

purifiers for ultrashort pulses that drive extreme nonlinear

optics experiments. When an ultrashort pulse enters a crystal

and its polarization is dominantly along one crystal axis, yet

it also includes a parasitic component along the orthogonal

axis, the crystal can separate the two polarization compo-

nents by introducing a delay of hundreds of femtoseconds

between them. Extreme nonlinear processes pumped by such

a field will be governed by the dominant pulse, which is now

purely linearly polarized (notably, only time-resolved polar-

ization measurements can sense this polarization purifica-

tion). This temporal polarization purification can be useful

in various schemes for HHG, e.g., to clean driving pulses

from optical parametric amplifiers (OPA) or pulses with

polarization impurities due to optical misalignments, etc. In

the MAZEL-TOV geometry, an achromatic waveplate con-

verts such an effectively purified perpendicularly polarized

bi-linear pulse into a bi-circular pulse. The polarization puri-

fication effect is dramatic for bi-circular driving pulses

because, in this case, the temporally shifted impurities are

circularly or highly elliptically polarized, i.e., they cannot

generate high harmonics even if their intensities are high.17

Indeed, the HHG spectrum we observed (Fig. 1(c)) hardly

changed when we added artificial polarization impurities by

rotating the first calcite plate or the BBO of our MAZEL-

TOV apparatus by up to 10� in the polarization plane of the

pump. Thus, if a MAZEL-TOV apparatus is placed in the

vacuum section of a HHG chamber (or even if only a calcite

plate and an achromatic waveplate are placed in vacuum),

then one can use popular birefringent vacuum windows from

CaF2 and Sapphire.

The MAZEL-TOV apparatus offers a spin-selective spec-

troscopic HHG scan: by rotating the angle of a single achro-

matic waveplate, we are now able to identify experimentally all

the spin-mixtures that photons from a weak SH field contribute

to HHG. For example, Fig. 2(a) shows a rich structure of the

16th harmonic order pumped by a bi-chromatic field composed

of a fundamental field (k1 ¼ 770 nm, 1.05 W) and its relatively

weak SH (k2 � 0:51 k1, 0.125 W). The SH central wavelength

was set to k2 � 0:51 k1 by tilting the BBO crystal, which spec-

trally tunes the phase matching window of the SH generation

process. As in Ref. 5, the use of incommensurate frequencies

allows us to identify the number of annihilated photons from

each driver. Indeed, we identified three channels along the

vertical (photon-energy) axis in Fig. 2(a): ðn1 ¼ 6; n2 ¼ 5Þ,
ðn1 ¼ 10; n2 ¼ 3Þ, and ðn1 ¼ 14; n2 ¼ 1Þ, where n1 and n2

correspond to the number of k1 and k2 annihilated photons.

Notably, the intensity of channels increases with decreasing n2,

reflecting the fact that the SH component of the bi-circular field

is significantly weaker than the fundamental one. Next, we dis-

cuss the structure along the horizontal (polarization) axis in

Fig. 2(a) which we associate with spin-mixing conservation.5,18

When the waveplate angle is at 45�, the two fields are circularly

polarized with opposite helicity: the spin of the fundamental

and SH photons is þ1 and �1, respectively (in units of �h). At

other angles, the two fields are elliptical (or linear) with the

same ellipticity and perpendicular major axis (see color illustra-

tion at the top of Fig. 2(a)). In this case, HHG can be analyzed

through mixing of four circularly polarized waves.18 We

describe each sub-channel by: ðn1þ; n1�; n2þ; n2�Þ, where n1þ

and n1� correspond to the number of k1 annihilated photons

with þ1 and �1 spin angular momentum, respectively,

and similarly for n2þ and n2� at k2. According to conservation

of angular momentum, n1þ � n1� þ n2þ � n2� ¼ 61, while

conservation of energy gives rise to: n1 ¼ n1þ þ n1�, n2

¼ n2þ þ n2� and 16 ¼ n1 þ 2n2. Consider sub-channels

where none of n1þ; n1�; n2þ and n2� is zero, e.g., sub-channel

(3,3,3,2). According to the conservation laws, all these sub-

channels are allowed at all waveplate angles except for 645�.
So, how can we understand the observed structure in Fig. 2(a)?

Is there any order in this structure? What are the observed

peaks? The order is revealed by observing that the number of

sub-channels in each channel in Fig. 2(a) is n2 þ 1, which is

also the number of options for n2þ ¼ 0; 1; 2;…; n2 (and

also for n2�). For example, for the channel ðn1 ¼ 6; n2 ¼ 5Þ,
we identify the following sub-channels: ðn2þ; n2�Þ ¼ ð5; 0Þ;
ð4; 1Þ; ð3; 2Þ; ð2; 3Þ; ð1; 4Þ; ð0; 5Þ. This pattern is consistent

with all the harmonic spectra that we observed. For example,

Fig. 2(b) shows the spectrogram from harmonic order 17.

Thus, we conclude that we can identify the spins of the annihi-

lated SH photons associated with each peak in the spectrogram,

directly from the experimental measurement. In a sharp con-

trast, we do not identify the spins of the annihilated fundamen-

tal component. This feature indicates that the SH photons

are acting as the bottleneck in the HHG process, where

FIG. 2. Experimental spectrogram of the (a) 16th and (b) 17th harmonic

orders showing rich energy and spin features. The incommensurate wave-

length ratio k2 ¼ 0:51k1 allows to identify the number of photons n1 and n2

annihilated from the fields k1 and k2, respectively. Since the SH field is

weaker, channels with more fundamental photons (higher photon energy)

are more intense. In the extreme case, the channel with n1 ¼ 17 and n2 ¼ 0

is exceeding the joint color scale of (a) and (b). Furthermore, the SH photons

are the bottleneck for the HHG process, so the experimental spectrogram is

sensitive to their spin mixture more than to that of the fundamental. When

the field is circularly polarized (waveplate at 645�), SH photons are avail-

able only with pure spin þ1 or �1, that is, ðn2þ; n2�Þ ¼ ðn2; 0Þ or ð0; n2Þ,
respectively. When the pump polarization is elliptical or linear, multiple

channels with any combination of ðn2þ; n2�Þ are allowed. We are now able

to identify separate channels corresponding to the spin-mixture of the SH

photons, where both n2þ and n2� vary from zero to their maximal value, n2.
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fundamental photons with appropriate spin are more abundant.

Finally, we note that the observed spectra in Figs. 2(a) and 2(b)

are highly symmetric, reflecting the reliable polarization con-

trol in a MAZEL-TOV (the control is less reliable in the Mach-

Zehnder geometry as reflected by the asymmetric polarization

scans in Fig. 3 of Ref. 5).

To conclude, we demonstrated conversion of a linearly

polarized HHG source into a source of helically polarized

HHG with an in-line MAZEL-TOV apparatus. The apparatus

can be easily inserted and removed from the beam path of

the fundamental pump laser, as shown in the supplementary

movie clip,16 and it offers robust operation, effective purified

polarizations, and direct control over the polarization state of

the bi-chromatic pumping field. We utilized this in-line ap-

paratus for a chiral HHG spectroscopy and identified the

contribution of the weak SH component to spin-mixing in

HHG. The MAZEL-TOV method can be generalized to any

source of two co-propagating perpendicularly polarized

spectral components, whether longer or shorter wavelength

than the fundamental and second harmonic demonstrated in

this work. We believe this method offers a basic tool to sup-

port the growing interest for investigation of chiral dynam-

ics19,20 and other qualitative and quantitative aspects of

chiral physics in the extreme-UV and X-ray spectral region.
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