
Single-shot autocorrelator for
extreme-ultraviolet radiation

G. Kolliopoulos,1,2 P. Tzallas,1 B. Bergues,3 P. A. Carpeggiani,1,2 P. Heissler,3 H. Schröder,3

L. Veisz,3 D. Charalambidis,1,2 and G. D. Tsakiris3,*
1Institute of Electronic Structure and Laser, FORTH, GR-71110 Heraklion (Crete), Greece

2Department of Physics, University of Crete, P.O. Box 2208, GR-71003 Heraklion (Crete), Greece
3Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany

*Corresponding author: george.tsakiris@mpq.mpg.de

Received September 27, 2013; revised January 14, 2014; accepted February 27, 2014;
posted March 3, 2014 (Doc. ID 198478); published April 2, 2014

A novel single-shot second-order autocorrelation scheme for extreme-ultraviolet radiation (XUV) is proposed. It is
based on an ion-imaging technique, which provides spatial information of ionization products in the focal volume
of the XUV beam. Using simple analytical and detailed numerical modeling, an evaluation toward selecting an
optimum configuration has been performed. The implementation of the concept to characterize attosecond pulses
is discussed, and the proposed setups are assessed. © 2014 Optical Society of America

OCIS codes: (320.7100) Ultrafast measurements; (040.1880) Detection; (050.1960) Diffraction theory;
(190.2620) Harmonic generation and mixing; (190.4180) Multiphoton processes; (260.7120) Ultrafast
phenomena.
http://dx.doi.org/10.1364/JOSAB.31.000926

1. INTRODUCTION
Theavailability of attosecondpulses is now rather common ina
number of laboratories. Spurred by rapid progress in modern
laser systems, different methods of generation have been
developed. They are all based on producing a quasi or pure
spectral continuum in the XUV spectral range, which in
the time domain corresponds to a train or even isolated atto-
second pulses [1–3]. However, the readily accessible quantita-
tive characterization of the attosecond pulse is still a challenge
[4]. A complete measurement would provide information on
the number of as-pulses produced, on their duration and
ultimately about the temporal shape and spectral phase of the
individual pulses. The common techniques used up to now can
be divided into two main categories: (1) cross-correlation and
(2) auto-correlation techniques. In the first category is the
so-called RABITT (reconstruction of attosecond beating by
interference of two-photon transitions) method for a train of
attosecond pulses [5–8] and the “streaking” or the XFROG
method for isolated pulses [9–12]. The second category in-
cludes the IVAC (intensity volume auto correlation) [13–16]
and the XUV-FROG techniques [17,18]. All these methods have
been frequently applied, but are in fact relatively cumbersome.
They typically require acquisition overmany (up to severalmil-
lions) laser pulses and thus can only be utilized in conjunction
with a high repetition rate laser or low repetitionwith good sta-
bility so that accumulation of single events is feasible.

For the various applications of the as-pulses envisioned, it is
highly desirable to have a quick and reliable characterization of
the attosecond source before launching an extensive experi-
mental series. Furthermore, in case of poor laser parameter
stability [pulse energy, carrier envelope phase (CEP), dura-
tion], it is important to be able to periodically optimize
the as-pulse duration. This is of particular importance for

nonlinear applications of as-pulses [17,19–21]. Consequently,
an approach in which a single-shot or at the most a few-shot
measurement can reveal the necessary information in a rou-
tinely used fashion would be very helpful [22]. A technique
for single-shot characterization of attosecond pulses based
on spectral phase interferometry is the XUV SPIDER [23,24].
In this scheme, the two interfering beams are produced by
splitting and manipulating the IR beam, which is used to
generate the XUV photons. Although this characterization
method is under certain conditions appropriate for XUV
sources using atomic media, it is not in general applicable to
every XUV source.

In this report, we propose a scheme in which the conven-
tional method commonly used in fs-pulse metrology of the
single-shot second-order intensity autocorrelation technique
is extended by appropriate modifications to operation in
the XUV spectral range. In the visible and IR part of the spec-
trum, the technique consists of crossing two pulses in a non-
linear crystal and measuring the second-harmonic light beam
produced when the temporal delay between the two initial
pulses is varied [25–28]. As no crystals are available for the
wavelength range of the harmonic emission (10–80 nm), a
replacement has to be found that will produce a two-photon
signal. The second-order nonlinearity is a necessary condition
to deduce the as-pulse duration. As it has been demonstrated
in the first autocorrelation experiment of as-pulse trains [14],
the two-photon ionization process in gas is an appropriate al-
ternative for this purpose [29]. In the case of laser pulse, the
region of the spatial overlap between the pulses is straightfor-
ward to image using an optical system from which the sought-
after information on the pulse duration can be extracted. In
the scheme we propose, the corresponding signal that needs
to be recorded with spatial resolution stems from the ions
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produced by two-photon ionization in the overlap region. The
practicability of such a scheme has been demonstrated by
Schultze et al. [30], who used an ion microscope to retrieve
the spatial distribution of ions generated in the laser focus
via ionization of a target gas. In their study, the authors
demonstrated a magnification of 100 for a field-of-view of
200 × 100 μm and a spatial resolution better than 4 μm. It
should be emphasized that the resolution reported in [30] is
the resolution of the particular experiments presented by
the authors and does by no means represent an intrinsic
limitation of the ion-microscope resolution, which can, in prin-
ciple, reach a submicrometer level. The reported 4 μm reso-
lution rather results from the fact that the ion distribution
shown in [30] was integrated over many laser shots and thus
affected by beam-pointing fluctuations. Such beam-pointing
fluctuations, however, would play no role in the single-shot
autocorrelation scheme presented here. Furthermore, by ad-
justing the appropriate voltages in the ion optic section, the
field-of-view of the instrument and the corresponding spatial
resolution can be optimized to meet the requirements of a
specific measurement.

Although the proposed scheme requires high XUV pulse en-
ergies to produce an analyzable signal, it has in principle the
great advantage of deducing the most pertinent information in
a single shot. This makes it more suitable for use with sources
delivering intense XUV fluxes such as the XFEL or harmonic
emission from gas or solid targets in which terawatt (TW)
laser systems and high conversion efficiency schemes are
employed.

The outline of this report is as follows: The concept on
which the approach is based is explained in Section 2. To elu-
cidate the basic idea, a simple analytical model is presented in
Section 3 where the principle of operation is illustrated and
the main conclusions are derived. Section 4 discusses setup
optimization. The procedure of evaluating the diffraction in-
tegral in the general case of a group of harmonics and for

various intensity distributions is described in Section 4.A.
The assessment of the arrangements investigated and a guide
for the proper parameter selection are given in Sections 5.A
and 5.B. Finally, a brief account of the ionization signal ex-
pected is given in Section 5.C.

2. CONCEPT
The method relies on the same principle employed in single-
shot auto-correlation (SSAC) of pulses produced by lasers in
the picosecond and subpicosecond time domains. The basic
idea is to transform the temporal shape of the pulse into a spa-
tial profile, which can be readily recorded and analyzed. The
main differences here are that the setup has to be appropriate
to handle XUV radiation and also capable of discerning a train
of pulses. Therefore, the nonlinear crystal should be replaced
by an atomic gas where two-photon ionization processes can
take place and the ionization products must be recorded in
two dimensions. Analogous to all-optical setups, we assume
that two noncollinear XUV beams comprising a group of har-
monics of the fundamental laser frequency cross each other in
the plum of a gas jet. For illustration, we assume that the two
beams are replicas of each other and emanate from two small
openings at a distance d on the surface of a spherical mirror
having focal length f (see Fig. 1). Assuming that the harmonics
in the group are in phase, the temporal profile of the XUV
pulse will generally have strong modulations and form a train
of sub-laser-cycle duration pulses. In space, this translates to
narrow regions where the electric field is confined, as illus-
trated in Fig. 1. The regions where the attosecond pulses of
the train cross each other will propagate through the gas
jet volume as long as the two XUV pulses overlap both spa-
tially and temporally. A detector with imaging capabilities
looking at the interaction region along a line of sight
perpendicular to the plane defined by the two openings
and the focus will record a series of lines parallel to the z axis.
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Fig. 1. Concept of the proposed SSAC scheme. In the upper-right inset, a schematic of the proposed setup is shown. The imaging ion-microscope
provides an image of the ionization products around the common focal spots of the intersecting XUV beams. In the lower-left inset, the analogy to
single-shot AC using fs-laser pulses and crystals is indicated. Provided that a two-photon ionization occurs, the fringe pattern shown schematically
is the second-order AC trace to be analyzed.
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Simple geometrical considerations lead to an expression
for the distance a between these lines as

a � λ0
4

1
sin θ

; (1)

where θ � arctan�d∕�2f �� and λ0 the wavelength of the funda-
mental laser frequency. In deriving this expression, it was as-
sumed that the harmonic emission emanates from an atomic
medium. In this case only the odd harmonics are generated
and as a consequence the subcycle pulses appear twice in
every cycle of the fundamental frequency. For the plasma
medium, the distance between the subcycle pulses would
be λ0 [31].

Let N ions be the number of ions produced at the point x, y, z
of the interaction region where the two incident pulses
coincide both spatially and temporarily. If the ionization proc-
ess of the gas atoms is occurring via two-photon transitions,
N ions is proportional to the square of the instantaneous
total intensity I2

tot�x; y; z; t� � jEA�x; y; z; t� � EB�x; y; z; t�j4 �
jEtot�x; y; z; t�j4 prevailing at this point. Here EA and EB are the
amplitudes of the interfering fields from the two sources on
the spherical mirror. To obtain the auto-correlation signal
from the number of ions produced, we follow the same intui-
tive picture presented in [28], in conjunction with the second-
harmonic generation in a nonlinear crystal. This is depicted in
the lower-left inset of Fig. 1. For the present discussion, we
assume that the two incident pulses have planar wavefronts
and the gas density is spatially uniform. At each crossing of
the subcycle pulses, the instantaneous number of ions N ions ∝
I2
tot � jEA�t − τ� � EB�t� τ�j4 at a distance y0 from its bisector

depends on the delay between two different parts of the over-
lapping pulses (see lower-left inset in Fig. 1). The delay τ is
related to the physical distance y0 by τ � y0 sin θ∕c where
c is the velocity of light in the medium. The ion signal inte-
grated over the XUV pulse width is proportional to the inter-
ferometric autocorrelation function SAC of the incident pulse:

SAC�x; y; z� ∝
Z �∞

−∞
jEA�t − τ� � EB�t� τ�j4dt: (2)

A spatially resolved ion signal of the interaction region with
sufficient resolution reveals the most pertinent information
about the XUV pulse in a single event. For example, provided
the field-of-view encompasses the whole interference pattern,
the number of attosecond pulses can be immediately deduced.
Furthermore, all the information from an interferometric AC
trace in the case of visible wavelengths is also available here;
most importantly an estimate of the duration and possibly of
the chirp of the generated attosecond pulses. Namely, if the
spatial width of the fringe-averaged signal in the overlapping
regions shown in Fig. 1 isΔy � c · τAC, then the duration of the
attosecond pulse would be

τas � τAC · sin θ: (3)

There is, nevertheless, a fundamental difference between this
AC scheme and that employed in the visible range using
crystals. Because of momentum conservation, the second-
harmonic emission that is generated using crystals is pro-
duced along the bisector (observation) direction only in the
regions where the beams cross each other in temporal

coincidence inside the crystal, i.e., each beam by itself does
not produce any signal in this direction. This gives the pos-
sibility of measuring the background-free single-shot AC sig-
nal. In the case of two-photon ionization, a signal is produced
wherever sufficient intensity is available and therefore also in
regions where only one beam is present. The background
signal is indicated in Fig. 1, and it will be quantified for specific
cases in Section 3.

3. MODEL CALCULATION
In this section, a simplified model is used to analytically
investigate the main features of the interferometric auto-
correlation function given in Eq. (2). Two XUV beams consist-
ing of N harmonics of the fundamental laser frequency ω0 are
assumed, each emanating from an aperture of diameter D on a
spherical surface with focal length f . Due to focusing of the
spherical mirror, they interfere within an angle θ at the focus
(see Fig. 2). To make the calculation tractable, first two plane
waves are considered interfering at the focus of the spherical
surface. The effect of focusing is taken into consideration in
an ad hoc manner in the second step.

Given the difference in the propagation vectors of the two
plane waves indicated in Fig. 2, the combined field due to the
qth harmonic from the two sources Eq�y; z; t� at the y − z
plane is

Eq�y; z; t� � Eq�ej�lqy�kqz−ωqt� � ej�−lqy�kqz−ωqt��
� Eq�ej�kqz−ωqt��e�jlqy � e−jlqy��
� 2Eq cos�lqy�ej�kqz−ωqt�; (4)

where Eq is the amplitude of the qth harmonic, kq �
q�2π∕λ0� cos θ, lq � q�2π∕λ0� sin θ, ωq � qω0 and λ0 is the fun-
damental wavelength. In the expression in Eq. (4), the time
delay τ between the two beams is indirectly included by
the geometry via the dependence on the coordinate y. The
total instantaneous intensity I tot�y; z; t� at the region where
there is complete overlap will be

I tot�y; z; t� �
X
q

Eq�y; z; t� ×
X
p

E�
p�y; z; t�

�
X
q

2Eq cos�lqy�ej�kqz−ωqt�

×
X
p

2Ep cos�lpy�e−j�kpz−ωpt�

� 4
X
q;p

EqEp cos�lqy� cos�lpy�ej��kq−kp�z−�ωq−ωp�t�:

(5)

The first-order AC signal is proportional to the time-average
intensity, i.e., to Î tot�y; z� ∝

R t�T0
t I tot�y; z; t�dt with T0 the

period of the fundamental wave. It is easily seen that terms
containing the integral

R
e�j�q−p�ω0tdt will average to zero un-

less q � p. Retaining only the surviving terms, one obtains

y
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Fig. 2. Geometry considered in the model calculation.
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Î tot�y� � 4
X
q

E2
q cos2�lqy�

� 4
X
q

E2
q cos2

�
q
π

2
y
a

�
: (6)

As expected, the time-average intensity pattern becomes inde-
pendent of z. This justifies the picture presented in Fig. 1, i.e.,
in a 2D ion image of the interaction region by a time integrat-
ing detector, the lines along which the crossing points of the
attosecond pulses propagate would appear as stripes.

The second-order AC signal is proportional to the average
value of the square of the time dependent intensity. Therefore,
the intensity should be squared before the time average
value is calculated, i.e., one should start from the following
expression:

I2
tot�y; z; t�

�
�X

q

2Eq cos�lqy�ej�kqz−ωqt� ×
X
p

2Ep cos�lpy�e−j�kpz−ωpt�
�
2

� 24
�X

q;p

EqEp cos�lqy� cos�lpy�ej��kq−kp�z−�ωq−ωp�t�
�
2

� 24
X

q;p;n;m

EqEpEnEm cos�lqy� cos�lpy� cos�lny� cos�lmy�

× ej��kq−kp�kn−km�z−�ωq−ωp�ωn−ωm�t�: (7)

Using the multiple sum in the last expression of Eq. (7), the
time average of each term can be calculated. Again taking into
consideration that terms now containing the integralR
e�j�q−p�n−m�ω0tdt will average to zero unless q − p� n−

m � 0, one obtains for the second-order AC signal as

Î2
tot�y�
�24

X
q;p;n;m

Rq;p;n;mEqEpEnEm cos�lqy�cos�lpy�cos�lny�cos�lmy�

�24
X

q;p;n;m

Rq;p;n;mEqEpEnEm cos
�
q
π

2
y
a

�
cos

�
p
π

2
y
a

�

×cos
�
n
π

2
y
a

�
cos

�
m
π

2
y
a

�

whereRq;p;n;m�1 for q�p−n−m�0 and

Rq;p;n;m�0 otherwise: (8)

The factorRq;p;n;m is introduced to take into consideration the
effect of time averaging. It is interesting to note that the last
result is not obtained by simply squaring the time average
intensity in Eq. (6).

To illustrate the behavior of the interference pattern and
the form of the first and second AC trace, we consider a spe-
cific example. For a group of odd harmonics in the range qa �
101 to qb � 111 and for f � 5 cm, d � 0.3 cm and λ � 800 nm
the last expressions in Eqs. (6) and (8) are plotted in Fig. 3.
For these parameters, the distance between the crossings of
the attosecond pulses is a≃ 6.7 μm. It is seen that while the
first-order AC is symmetric around an average value, the sec-
ond-order AC exhibits the typical auto-correlation behavior
with a signal-to-background ratio of 8∶1 as in the case of single
frequency interferometric AC. The fine structure inside each
peak is due to the interference of the individual harmonics. It

is to be noted here that the choice of the specific group of
harmonics (H101–H111) is judicial to better demonstrate
the features of multifrequency AC traces. In the following sec-
tions, a more realistic case of lower harmonics in the range
H9–H15 is considered.

Up to now the diffraction due to the apertures on the mask
has not been taken into account. We now assume uniform il-
lumination over the area of the opening having radius
R � D∕2. As each source is located on the surface of a focus-
ing mirror, the focal spot will then be an Airy pattern. For
waves having a wavelength λ0, the pattern at the focal plane
is (see [32])

I�y� �
�
2J1�v�

v

�
2
; (9)

where v � �2π∕λ0��R∕f �r with r �
��������������������
�x2 � y2�

p
. Thus the time-

average intensity for a group of harmonics in Eq. (6) is modi-
fied as follows:

Î tot�y� � 4
X
q

�
Eq

2J1�vq�
vq

cos�uq�
�
2
; (10)

where uq � q�2π∕λ0�y sin θ � q�π∕2��y∕a� and vq � q�2π∕λ0�
�R∕f �r. Similarly, the second-order AC signal in Eq. (8)
becomes

Î2
tot�y� � 28

X
q;p;n;m

Rq;p;n;mEqEpEnEm

×
J1�vq�
vq

cos�uq�
J1�vp�
vp

cos�up�
J1�vn�
vn

× cos�un�
J1�vm�
vm

cos�um�

where Rq;p;n;m � 1 for q� p − n −m � 0 and

Rq;p;n;m � 0 otherwise: (11)

The last expressions in Eqs. (10) and (11) for D � 100 μm
are plotted in Fig. 4 for the same geometrical parameters as in
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Fig. 3. Plot of the expression in Eqs. (6) and (8) for a group of equal
amplitude odd harmonics between q � 101…111 and for f � 5 cm,
d � 0.3 cm, and λ � 800 nm.
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Fig. 4. Plot of the expression in Eqs. (10) and (11) for q � 9…15 and
equal amplitudes. The geometry parameters are the same as in Fig. 3.
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the previous example, yet with group harmonics of q � 9…15.
This harmonic selection is technically feasible and ensures
two-photon ionization in conjunction with He atoms [14,16].
The fine structure seen in Fig. 4 is due to interference of
the light from the two apertures while the overall shape is de-
termined by diffraction through a single aperture (Airy pat-
tern). Thus the signal area is limited by the Airy spot size
resulting at the focus of the spherical mirror and is given
by RAiry ≈ 1.22f λq0∕D≃ 54.2 μm with q0 the lowest harmonic
in the selection. In order to be able to deduce, e.g., whether a
single attosecond pulse is produced or not, at least three sub-
cycle peaks should fit in the observable area. This imposes the
condition RAiry ≥ a. The smaller the diameter D of the aper-
tures, the larger the Airy radius. This, however, drastically re-
duces the XUV intensity at the focus. Alternatively, one can
increase the distance d of the two apertures to obtain shorter
distance a between the peaks. The drawback then is that a
higher spatial resolution is required to adequately resolve
the peaks. As a consequence for optimum operation, a com-
promise in the selection of the apertures diameter and their
distance should be carefully made (see discussion in
Section 5).

4. SETUP OPTIMIZATION
In this section, we perform a detailed study to determine the
optimum arrangement for the use of the SSAC device in con-
junction with attosecond light sources. The objective is to de-
termine the geometry as to achieve the maximum possible
throughput and the best resolution. To be able to consider
quite general but realistic cases, we apply the formulation pre-
sented in [32] for the diffraction integral at the focus of a
spherical converging wave. We then consider various masks
or geometries for the spherical mirror from where the con-
verging wave emanates.

A. Calculation of the Diffraction Integral
The starting point is the expression given in [32] for the cal-
culation of the 3D monochromatic light distribution near
focus, namely,

U tot�P� ∝
ZZ

W

ej�k0�s−f ��

s
dS; (12)

where k0 � �2π∕λ0� and λ0 the wavelength of the converging
wave. The point Q with coordinates xQ, yQ, zQ is located on
the mirror surface W , and P is the observation point with co-
ordinates xP , yP , zP , both with respect to a system centered at
the focus of the spherical wave. The distance s between the
point Q and P determining the phase factor is derived from
s2 � �xP − xQ�2 � �yP − yQ�2 � �zP − zQ�2. To apply the
method to our case, one has to consider three notable
differences:

1. The illumination from the spherical surface is re-
stricted to two apertures through an appropriate mask.

2. The illumination is not monochromatic, i.e., there are
contributions from a group of harmonics.

3. The time dependence cannot be factored out.

In this case, the diffraction integral has to be modified as
follows:

U tot�P; t� ∝
ZZ

W
M�Q�

X
q

ej�kq�s−f �−ωqt�dS; (13)

where now kq � q�2π∕λ0� and ωq � qω0, M�Q� is the mask on
the spherical surface and the sum runs over the harmonic
numbers in the group.

If q � 1, i.e., monochromatic illumination, then the time-
dependent factor can be taken out of the integral, and the time
average intensity is simply Î tot ∝ U totU�

tot. In the case of a har-
monic synthesis, the situation is more complicated. The differ-
ent frequencies give rise to temporal beating (attosecond
pulse train), and over a period the variation is not simply
∝ cos�ωt�. For this reason, the evaluation of the time average
intensity in case of a group of harmonics needs special atten-
tion. The diffraction integral in this case can be written as

U tot�P; t� ∝
X
q

Uqe−jωqt where Uq �
ZZ

W
M�Q�ej�kq�s−f ��dS:

(14)

In analogy to Eq. (5), the corresponding instantaneous total
intensity I tot�x; y; z; t� is given by

I tot�x; y; z; t� ∝
X
q

Uqe−jωqt ×
X
p

U�
pe�jωpt

∝
X
q;p

UqU�
pe−j��ωq−ωp�t�: (15)

The time average can now be calculated, and, using the same
argument for the cross terms as in Eq. (5), one obtains

Î tot�x; y; z� ∝
X
q

UqU�
q : (16)

The second-order AC signal will be proportional to

I2
tot�x; y; z; t� ∝

�X
q;p

UqU�
pe−j��ωq−ωp�t�

�
2

and thus to

Î2
tot�x; y; z� ∝

X
q;p;n;m

Rq;p;n;m�UqUpU�
nU�

m�;

where Rq;p;n;m � 1 for q� p − n −m � 0 and

Rq;p;n;m � 0 otherwise: (17)

In what follows, we apply these formulas to numerically
calculate the second-order AC signal for various masks of
practical interest.

B. Two-Aperture Mask
As a first example, we consider a mask in which two pinholes
select a small portion of the XUV beam incident on a spherical
mirror. The XUV profile is assumed to be Gaussian with a
FWHM waist of 2rb � 3.0 mm while the mask geometrical di-
mensions are the same as those considered for the analytical
model in Section 3. The XUV profile and the mask are shown
in Fig. 5 along with the patterns in two planes of the second-
order AC trace. Comparing the line-out along the y axis of the
focal plane pattern obtained through the numerical evaluation
of the diffraction integral in Eq. (17), it is seen that is identical
to the one from the analytical model shown in Fig. 4. This is to
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be expected since the intensity variation over the pinhole
openings of the Gaussian beam and the focusing effect of
the converging wave are negligible. The agreement consti-
tutes a reliable confirmation for the validity and correctness
of the numerical method based on the diffraction integral.

According to the basic concept of the SSAC device, the pat-
tern in the y-z plane shown in Fig. 5 contains the information
that needs to be recorded. For the specific geometry consid-
ered, its relevant dimensions are quite accessible to measure-
ments assuming a sub-μm resolution capability of the ion
microscope to be used. However, due to the large axial extent
of the focus, the XUV intensity might not be high enough to

produce two-photon ionization. In addition, the two-aperture
mask is inefficient, as it exploits a very small part of the in-
cident XUV beam.

C. Two-Slit Mask
An alternative setup in which a better use of the available XUV
energy is made is the two-slit mask. In this configuration, in-
stead of two pinholes, there are two slits with width equal to
the diameter of the pinhole in the previous example but of
length extending over the whole XUV beam profile. This mask
is shown in Fig. 6. The effect is that the focal pattern in the y-z
plane and x-y plane has much smaller extent in the x and z
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Fig. 5. Second-order AC pattern due to the interference of the harmonic radiation emanating from two aperture of 100 μm in diameter. Upper
panels: The profile of the converging XUV beam and the mask imposed to it. Lower panels: The second-order AC pattern in the two planes around
the XUV focus as obtained from the numerical evaluation of Eq. (17). The geometry parameters and the harmonic selection are the same as in Fig. 4
(q � 9…15 and equal amplitudes).
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Fig. 6. Second-order AC pattern due to the interference of the harmonic radiation emanating from two slits of 100 μmwide and 5 mm long. Upper
panels: The profile of the converging XUV beam and the mask imposed to it. Lower panels: The second-order AC pattern in the two planes around
the XUV focus as obtained from the numerical evaluation of Eq. (17). The geometry parameters and the harmonic selection are the same as in Fig. 4.
(q � 9…15 and equal amplitudes).
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direction, but in the y direction remains the same. This is de-
picted in Fig. 6 where the second-order AC signal is shown as
calculated for this mask using Eq. (17). As expected, the line-
out of the signal along the y axis in this case is identical to the
one from the previous one. An assessment of the factor gained
in intensity using this mask is given in Section 5.A.

D. Beam Splitter
In the setups discussed in Sections 4.B and 4.C, it is obvious
that in order to obtain an interaction region large enough to
record sufficient information, the majority of the XUV energy
is lost. This is primarily imposed by the requirement of dis-
persing the interference pattern to an extent that an ion micro-
scope can “see” the details, i.e., the beats in the focus of the
crossed beams. Still these setups are applicable if the XUV
source to be characterized is intense enough and the record-
ing ion microscope possesses adequate resolution.

In this section, we investigate an alternative setup that
would be more appropriate for relatively weak XUV sources.
It is based on the wavefront-splitting technique, and it is
shown schematically in Fig. 7. As no conventional beam split-
ters exist for XUV radiation, the wavefront, instead of the
amplitude of the beam, is divided into two. This can be
easily achieved by using a wedge out of proper material as de-
picted in Fig. 7. For example, Si exhibits for the nearly grazing
angle of incidence ψ very high reflectivity and for a wide spec-
tral range [see Fig. 7(c)]. Furthermore, if the angle of incidence
is chosen equal to the Brewster angle θB�Si�≃ 75° for
λ � 800 nm and parallel polarization, the same component
can be used to substantially suppress the fundamental laser
frequency.

After splitting the beam into two, an optical arrangement
can be used to cross and focus the two beams under a given
angle θ thus generating an interference pattern within a gas jet
where the two-photon ionization takes place. We show two
possible arrangements: one involving nearly perpendicular
reflection and therefore limited to low-order harmonics
[Fig. 7(a)] and another employing grazing incidence optics,
which is more appropriate for high-order harmonics
[Fig. 7(b)]. The first option imposes the condition θ ≥ π − 2ψ
while the second has the advantage of independently choos-
ing θ and ψ but is more demanding in bringing the focus of the
two beams to coincidence. These schemes have the advantage
that the total XUV energy after reflection off a wedge is
focused in the gas medium. The main drawbacks are the

reflection losses on the wedge and the small focus due to large
illumination aperture.

For reasons of comparison, we use the same experimental
parameters as in the previous examples, i.e., the same group
of harmonics q � 9…15 of equal amplitudes) and Gaussian
XUV beam with a FWHM waist of 2rb � 3.0 mm. This corre-
sponds to an 1∕e2 waist of wb �

���������������
2∕ ln 2

p
rb � 2.5 mm. The

beam, however, is divided into two equal portions, which sub-
sequently are focused by a single optical component and cross
each other at their focus. Since in this configuration the illu-
minated aperture is much larger compared to the previous
cases, the condition RAiry ≥ a necessary to observe more than
one attosecond beat at the focus is not satisfied for the same
focal length. To compensate for this, the focal length of the
spherical mirror must be increased. We choose f � 100 cm
and an angle θ � 2°. In this case, a � 5.7 μm and d � 70 mm.
The focal extent along the y direction is estimated from
w0;y ≈ f λ9∕�πw0

b�≃ 22.2 μm with w0
b � wb∕2. Here we con-

sider the focal extent of the q � 9 harmonic, i.e., of the longest
wavelength, and we take the waist of the half beam to be ap-
proximately half of the original waist. Accordingly, the focal
extent in the x direction is w0;x ≈ f λ9∕�πwb�≃ 11.1 μm. The
results of the numerical integration of the diffraction integral
in Eq. (17) are shown in Fig. 8. It is seen that the estimates of
the focal extent agree very well with the results of the calcu-
lation. For the chosen experimental parameters, a readily re-
solved pattern comprising at least three attosecond beats is
produced. The spatial extent (FWHM) of the central peak
is Δy ≈ 2 μm, which corresponds to τas � sin θ · Δy∕c≃ 230
as, which is indeed the duration of the individual attosecond
pulses in the train formed by the H9–H15 harmonics if they are
phase locked and of equal amplitude.

A variation of the beam-splitter method is the use of a split
mirror in which the two parts are tilted with respect to the
propagation axis. This way a magnified interference pattern
is obtained just before the focus. The disadvantage of this
setup is that, for realistic conditions, the region to be recorded
is located close to the foci of the two half-beams. This would
make the weak signal of the AC pattern difficult to distinguish
from the signal due to the high intensity prevailing at the foci
of the two half-beams.

5. SETUP ASSESSMENT
The criteria on which the most appropriate setup can be
chosen depend mainly on two experimental parameters:

Si wedge
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gas jet
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gas jet

(a)

(b)
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(grad)
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Fig. 7. Schematic diagrams of two possible setups for a cross-beam arrangement. (a) Setup for low-order harmonics (long wavelength XUV
emission) and (b) for higher-order harmonics (short wavelength XUV emission). (c) Reflectivity of Si as a function of angle of incidence
ψ for parallel (solid line) and perpendicular (dashed line) polarization and for the indicated harmonic orders q.
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(1) the spatial resolution of the ion-microscope Δs and
(2) the maximum XUV power PXUV available by the source.
The given spatial resolution determines the minimum size
of the interaction region required to discern enough details
to extract the pertinent information. On the other hand, a
larger interaction region means lower XUV intensity in which
case the two-photon process rapidly becomes less efficient,
and, as a result, the corresponding signal rapidly deteriorates.
It becomes apparent that for the given values of these two
parameters, one must carefully navigate through the remain-
ing parameters such as type of mask or arrangement, spheri-
cal mirror focal length, and angle of intersection in order to
obtain the most suitable setup. In what follows, we discuss
the advantages and disadvantages of each of the setups we
have considered and point out the interplay of the various
parameters.

A. Efficiency Comparison
Since the application envisaged is based on a two-photon
process, it is of outmost importance to examine the efficiency
of the overall setup so that an estimate of the achievable in-
tensity can be made. Previous experiments [14,16,20] have
shown that an XUV intensity of IXUV ≳ 1011 W∕cm2 is needed

for recording a volume AC trace. In the scheme, we propose
here the signal is not spatially integrated as in previous experi-
ments, but a 2D image of the ionization products is required to
deduce the sought-after information. This increases the mini-
mum XUV intensity needed for recording an analyzable
signal by at least a factor of 100. It is therefore essential to
examine the efficiency of each arrangement we have consid-
ered. Here we compare, from the point of view of the mean
intensity in the intersection volume, the three different imple-
mentations of this autocorrelation method we have discussed
so far, i.e.,

1. Using a mask with two apertures of diameter D �
100.0 μm in a distance of d � 3.0 mm from each other on a
Gaussian beam with an 1∕e2 waist of 2wb � 5.0 mm and a
spherical mirror of 5 cm focal length (see Section 4.B).

2. Using a mask with two slits of dimensions 1 cm ×
100 μm in a distance of 3 mm from each other (see
Section 4.C).

3. Using a beam splitter (Si-wedge) for the wavefront
splitting of the incoming beam into two parts. In order to make
them converge and intersect, we use a mirror of f � 100 cm
focal length (see Section 4.D).

Fig. 8. Numerical calculation of the cross-beam arrangement using a wavefront beam splitter. The upper panel shows the illumination geometry
and the interference pattern for the H9 harmonic at the focus. The FWHM extent of the focal spot in the two directions is also indicated. The lower
panel shows the second-order signal due to two-photon ionization by the harmonic group of H9–H15. The pattern in the yz plane is what an ion
microscope with enough resolution would record.
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To meaningfully compare the three alternative configura-
tions, we assume that in all three cases an XUV power
PXUV is available and estimate the mean intensity that this
power can produced in the interaction volume for each case.
Subsequently, we obtain a Figure of MeritF as the ratio of the
mean intensity achieved at the focal region in each of the ar-
rangements to a reference intensity I0. We choose as refer-
ence intensity the one obtained by the spherical mirror
assumed in the two-aperture and two-slit arrangements but
without any mask.

For a Gaussian beam profile, the intensity variation along
the z axis of propagation and in the transverse r plane is
I�r; z� � �2PXUV∕πw2�z�� exp�−�2r2∕w2�z���. Here w�z� ≈
θ0z is the waist radius far from focus and 2w0 � �2λ∕πθ0�
the focal spot size. The angle of convergence is estimated
from θ0 ≈ arctan�wb∕f � where wb � w�z � f � �

���������������
2∕ ln 2

p
rb

with rb the initial beam radius and f the focal length of the
spherical mirror. The focal mean intensity is easily seen to
be I0 � �PXUV∕πw2

0�. We now estimate F for each of the con-
crete cases (a) to (c).

(a) At the position of the apertures the intensity is reduced
and therefore the power transmitted through each pinhole is

Papt � I�d∕2; f � πD
2

4
� 2PXUV

πw2
b

exp
�
−

d2

2w2
b

�
πD2

4
: (18)

Given the small dimensions of the aperture, a flat-top
distribution can be assumed, which gives rise to an Airy
pattern at the focus. The radius of the central disk is then
RAiry ≈ 1.22f λq0∕D≃ 54.2 μmwith q0 � 9 the lowest harmonic
in the selection. The mean intensity achieved in this case
is then

Imean � 2
Papt

πR2
Airy

: (19)

The corresponding figure of merit for the concrete example
we have considered is F a � Imean∕I0 ≃ 8 × 10−8.

(b) The power through each slit with dimensions lx � 1 cm
and ly � 100 μm in this case is

Pslit ≈
2PXUV

πw2
b

exp
�
−

d2

2w2
b

�
ly

Z �lx∕2

−lx∕2
exp

�
−
2x2

w2
b

�
dx

≈
2PXUV

πw2
b

exp
�
−

d2

2w2
b

�
ly

���
π

2

r
wb: (20)

The pattern at the focus will be elliptical with approximate
dimensions Lx ≈ 2 ·1.22f λq0∕lx≃1.1 μm and Ly ≈ 2 · 1.22f λq0∕
ly ≃ 108.0 μm. Thus the mean intensity at focus follows as

Imean � 2
Pslit

LxLy
: (21)

As expected, the figure of merit for the two-slit arrangement
increases greatly and is found to be F b ≃ 2.5 × 10−4.

(c) In the case of the beam splitter, the only difference from
using the whole beam is the splitting of the Gaussian profile
into two halves. A rough estimate of the mean intensity at fo-
cus from each half can be made using the same arguments as
in case (b). The power from each half with dimensions lx ≃wb

and ly ≃wb∕2 in this case is simply PXUV∕2. Accordingly, the
mean intensity at focus is

Imean � PXUV

LxLy
: (22)

As previously discussed in Section 4.D, the pattern at the
focus will be elliptical with approximate dimensions Lx ≈
2f λq0∕�πlx�≃ 22.2 μm and Ly ≈ 2f λq0∕�πly�≃ 44.2 μm for f �
100 cm and q0 � 9. The corresponding FWHM values of the
elliptical spot 2r0;x ≃ 13.1 μm and 2r0;y ≃ 26.2 μm are very
close to the exact numerical results for the focal spot of
H9 shown in Fig. 8. The figure of merit for the beam-splitter
arrangement is, as expected, the highest F c ≃ 1.0 × 10−3.

In case (c), we have not included the reflection losses on
the intervening beam splitter. For relative low-order harmon-
ics, the diagram in Fig. 7(c) indicates that they can be quite
low. However, in a realistic case, one should consider a loss
factor of up to 10, especially if the group of harmonics is com-
prised of high orders. These losses nevertheless are also
present in the other setups as for most of the applications
a stage for the suppression of the IR light is required. In this
arrangement, the necessity of having long focal length to en-
compass at least three attobeats in the focus results in lower
XUV intensity, in the specific example by a factor of 400, but
this is compensated by the large apertures (half the XUV beam
profile) used. This makes the beam splitter most efficient, and
in addition the sampling area of the XUV beam profile is more
representative of the whole beam in this case.

B. Parameter Selection
From the previous discussion in Section 5.A, it becomes ap-
parent that one of the most efficient setups is the beam-splitter
arrangement. Given the maximum resolution Δs associated
with the ion microscope, there are two important parameters
that will have to be appropriately chosen. They are the angle θ
at which the beams intersect each other and the focal length f
of the focusing mirror. The angle θ determines the distance a
between the attosecond beats [see Eq. (1)], whereas the focal
length defines the focal spot size and therefore the number of
attosecond beats it encompasses. To illustrate this interplay,
we have used Eqs. (10) and (11) to calculate the first- and
second-order AC for a number of combinations of f and θ val-
ues. Instead of assuming flat-top intensity profiles at the
source, we have assumed Gaussian intensity distribution. This
results in replacing the Bessel function in Eqs. (10) and (11)
with a Gaussian function having the same argument. The rest
of the parameters are the same as in the example shown in
Fig. 8 except that for simplicity two complete Gaussian beams
are assumed instead of two halves. The results are shown in
Fig. 9 along with the modification of the signal assuming a
spatial resolution of Δs � 2 μm.

There are two distinct substructures in the first- and sec-
ond-order signals. The finer modulation represents the oscil-
lations resulting from the superposition of the harmonic
waves while the coarser is due to the beating of these waves
giving rise to spatial localization i.e., to the formation of atto-
second pulses. It is seen that under finite resolution condi-
tions, the substructure in the first-order signal disappears
to a large extent where, for the second-order signal the sub-
structure after the convolution with the instrument function
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prevails in most of the cases. For f � 100 cm and θ � 2° three
attosecond beats are contained in the focal spot as was also
obtained by the numerical calculation shown in Fig. 8. The
signal blurring due to finite resolution of the instrument is de-
picted by the gray shaded curve. In this case, the three atto-
second peaks are still discernible, but the oscillations within
the attosecond wave beating disappear, and the peak to back-
ground ratio is greatly reduced. Despite that, the duration of
the peak in the middle of the second-order AC trace can be
retrieved by careful deconvolution of the signal with the in-
strument function. For f � 50 cm and θ � 2° the focal spot
is half as large, and one cannot be sure whether the middle
peak is affected by the focal spot size [see Fig. 9(b)]. For f �
100 cm and θ � 1°, the middle peak is spread out to the point
of seeing the oscillations within the attosecond beating, but
the focal spot size cannot accommodate satellite peaks [see
Fig. 9(c)]. This is required to verify the existence of a single
attosecond pulse. In contrast, the case illustrated in Fig. 9(d),
corresponding to f � 100 cm and θ � 5°, exhibits a number of
satellite peaks, but due to finite resolution they are smeared
out and thus hardly discernible.

It is to be noted here that if the signal level allows it, a com-
plete record of the second-order signal in the y-z plane, such as
the one shown in the lower panel of Fig. 8, can provide some of
themost pertinent information even for finite resolution. A line-
out of the signal along the axis of propagation of one of the
beams contains the spatial characteristics of the beating
structure and provides a substantial magnification. It is easily
deduced that the modulation period of the attosecond beating
in this case is a0 � �λ0∕4��1∕sin2 θ�, which for small angles θ is
considerably larger than the one given by Eq. (1). As the instru-
ment resolution is the same over thewhole field of view, such a
projection might provide a clearer picture of the information
sought after, e.g., whether a single or multiple as-pulses are
present. This is depicted in Fig. 10 where the case studied in
Section 4.D using the beam splitter is shown smoothed to a de-
gree corresponding to Δs � 2 μm. It is seen that a line-out
along the axis of propagation of one of the beams exhibits
the multiple as-pulse structure. Clearly, it furnishes no addi-
tional information compared to a line-out perpendicular to
the z axis but provides considerable magnification.

C. Ionization Estimates
In order to establish to what extent the ion microscope de-
scribed at length in [30] can record details of the focal region,
we calculate the ion signal expected for a given peak intensity
in the interaction region. We consider the case of the Si-wedge
beam splitter discussed in Section 4.D and assume an XUV
source delivering an intensity distribution at the overlap re-
gion of the form IXUV�r⃗; t� � exp�−t2∕τ2as�IpeakF�r⃗�. Here
τas is the duration of a single attosecond beat in the train de-
livered by the source and IpeakF�r⃗� is the spatial intensity dis-
tribution in the overlap region where Ipeak denotes the peak
intensity available. We consider the specific example again,
i.e., a harmonic composition consisting of the 9th to 15th har-
monic a Ti:saphire laser frequency (λL � 800 nm) and Helium
gas as a two-photon ionization medium [33]. In general, the
method is limited to photon energies in the range between
IP/2 and IP of the ionization medium. The reason is that for
lower photon energies, two-photon ionization is not occurring
and, for higher photon energies, single-photon ionization will
distort the measurement. Low photon energies do not present
a problem because choosing Xenon as ionization medium, the
fifth harmonic would already two-photon ionize it. For higher
photon energies, direct double-ionization processes or direct
ionization to higher charge states of the atom can be employed
instead of single ionization. This is possible for short pulse
durations [19].

The number of ions N ions per shot for an attosecond pulse
train comprising Nas attosecond pulses via two-photon ioniza-
tion is estimated as

711 m

s=2 m

m
2.4 5

Fig. 10. Analysis of the 2D image of the beam-splitter case described
in Section 4.D for an instrument resolution of Δs � 2 μm. The image
has been smoothed to a degree corresponding to the finite instrument
resolution and scaled to actual proportions. The line-outs along the
axis of propagation of one of the beams and transverse to the z axis
are shown by the red yellow-filled line.
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Fig. 9. Numerical calculation of the cross-beam arrangement using a wavefront beam splitter for the indicated combinations of focal lengths f and
angles of intersection θ. The upper panel shows the first-order AC trace while the lower the second-order. The apparent signal assuming a spatial
resolution of Δs � 2 μm is shown as a gray shaded area.
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N ions � Nas × σ�2�He ×
Z �∞

−∞

Z
V
ρHe

�
IXUV�r⃗; t�
ℏωXUV

�
2
dtdV

� Nas × σ�2�He × ρHe ×
�
Ipeak

ℏωXUV

�
2
Z �∞

−∞
e
−2t2

τ2asdt
Z
V
F�r⃗�2dV

� Nas × σ�2�He × ρHe ×
�
Ipeak

ℏωXUV

�
2

���
π

2

r
× τas × FV : (23)

The spatial integralFV � R
V F�r⃗�2dV ≈ 3.7 × 10−9 cm3 is ob-

tained numerically from the time-averaged intensity squared
distribution given in the bottom rowof Fig. 8. The cross-section
for two-photon ionization of He for a mean photon energy of
ℏωXUV ∼ 20 eV is in the literature given as σ�2�He ∼ 10−52 cm4 s
[34]. Furthermore, we consider an He atom density in the
range of ρHe ≈ �−16� × 1018 cm−3 corresponding to a pressure
of 50–250 mbar. As it has already been mentioned for a train
formed by the H9–H15 phase-locked harmonics of equal ampli-
tude, the duration of the individual attosecond pulses is τas ≃
230 as, and we assume a train of Nas � 10 such attosecond
pulses. Using Eq. (23), we have calculated the number of ions
N ions for an XUV source providing a peak intensity in the
autocorrelation volume indicated in the first column of Table 1
and for two values of He ion concentrations.

It is seen that, while for Ipeak ≈ 1011 W∕cm2 the expected
number of ions is in the range of N ions ⪅ 10, the number
increases quadratically with intensity to the level of 10,000

for Ipeak ≈ 1013 W∕cm2. The signal due to this number of ions
should be readily detectable by the ion microscope described
in [30] at least for Ipeak ≳ 1012 W∕cm2.

In view of the “graininess” of the signal due to a limited
number of ions, and assuming a finite spatial resolution of
the instrument, the question that arises is what is the mini-
mum XUV intensity that would allow the retrieval of a sta-
tistically relevant signal from a single acquisition. To assess
this, we have distributed the total number of ions N ions in
our estimation along the y axis according to the amplitude
of the smoothed second-order signal in Fig. 8. This presumes
that the XUV intensity along the z axis within the recorded
area is approximately constant thus allowing binning along
the same direction. The number of bins along the y axis is de-
termined by the spatial resolution of the instrument. Assuming
that the field of view of the ion microscope is approximately
the same as the one indicated in the lower row of Fig. 8, there
will be Nbin ∼ 27 bins for Δs � 2 μm and Nbin ∼ 54 bins for
Δs � 1 μm. Let the average number of ions in the jth bin
be hΔN ion�j�i normalized as to give

P
jhΔN ion�j�i � N ions.

We now assume that in a single recording the number of ions
in each of the bins are Poisson distributed with expected value
(mean) equal to m � hΔN ion�j�i. Random deviates drawn
from a Poisson distribution with that mean would then re-
present the fluctuations of the number of ions in each bin
for a given total number of ions produced. Figure 11 depicts
a simulated signal due to the expected fluctuations for a range
of ion number and two instrument resolutions. It becomes ap-
parent that for N ions � 50, the signal recorded is not “clean”
enough to reveal the information needed, as the fluctuations
are too high and mask the details. The situation becomes con-
siderably better for N ions � 500 while for N ions � 1000 a true
reproduction of the second-order signal is expected even for
Δs � 1 μm. Under these circumstances, one can assess the
presence of a single attosecond pulse and estimate its
duration. The mean value of the number of ions per bin is
∼N ions∕Nbin. Therefore, according to the Poisson distribution

Table 1. Estimated Number of Ions for a Range

of XUV Intensity Values and He Densities

Ipeak �W∕cm2� ρHe�×1018 cm−3� N ions

1011 1.2 1
6.2 7

1012 1.2 130
6.2 650

1013 1.2 1.3 × 104

6.2 6.5 × 104
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Fig. 11. Simulated ion signal for the indicated total number of ions and two different values of spatial resolution. The top row shows a line-out of
the time-averaged second-order signal of the setup shown in Fig. 8 for infinite resolution (blue line) and convolved with the instrument function for
finite resolution (red line) of Δs � 2 μm (left column) and Δs � 1 μm (right column). Assuming Poisson distribution for the number of ions in each
bin, the statistical signal expected for the total number of ions indicated and the two resolution values are shown in the lower six panels by the
green-filled points. The green dashed curve is a spline interpolation to guide the eye.
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properties, the corresponding standard deviation is σ � �����
m

p
;

thus the fluctuations in each bin scale with the total number of
ions and bins as δN ions ∼

�����������������������
Nbin∕N ions

p
(see Fig. 11).

6. SUMMARY
In this report, we propose a novel approach to the metrology
of attosecond pulses that requires only a single event record.
The principle of a single-shot autocorrelator is based on the
same idea as in the case of visible or infrared light, but it is
designed to be used with XUV radiation. The objective is to be
able to characterize the output of attosecond pulse sources in
a convenient and reproducible way. We have analyzed and in-
vestigated the advantages and disadvantages of three different
configurations and provided a comparative study. The main
parameters associated with each of these setups are summa-
rized in Table 2. In our estimates, we have come to the con-
clusion that a peak XUV intensity of Ipeak ≈ 1012 W∕cm2 in the
interaction region will be sufficient to provide an analyzable
signal even in a single recording. This implies that the XUV
source should deliver enough power, which when focused
by a spherical mirror with f � 5 cm would produce a peak
intensity of Ipeak ≈ 1015 W∕cm2. This intensity level appears
quite within reach [17,19]. The XUV energy needed to produce
this intensity with a train of 10 as-pulses and for ideal focusing
conditions is estimated to be 30 nJ. Although the concept ap-
pears feasible and within reach, there are a number of prac-
tical problems that will have to be addressed before it can be
routinely used. To identify these problems, an experiment has
to be performed with a source of XUV light providing enough
intensity to ionize an atomic medium in a two-photon process.
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