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We  quantify  the  effects  of  the energy  resolution  of  a magnetic  bottle  electron  spectrometer  in an  attosec-
ond  streak  camera  on the  accuracy  of measuring  the  relative  amplitudes  of  satellite  pulses  around  the
main  attosecond  pulse.  Our  numerical  simulations  show  that  the  spectral  resolution  can  be significantly
improved  by  restricting  the  acceptance  angle  using  a pinhole  located  near  the  source  of  the  photoelec-
trons.  The  intensity  of  the  pre-  and  post-pulses  which  are  1% and 10%  of a main  25 as pulse  can  potentially
be  measured  with  less  than  10%  error by two  practical  time-of-flight  spectrometer  designs.
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. Introduction

When an isolated attosecond light pulse is generated from a gas
edium driven by an intense femtosecond laser, the main pulse is

lways accompanied by pre- and post-pulses, usually referred to as
atellite pulses, regardless of the gating technique used [1–3]. Since
ttosecond pump-attosecond probe experiments for studying elec-
ron dynamics require minimum disturbance of the system before
nd after the main pulse, the intensity of the satellite pulses should
e 10% or less of the primary pulse. The contrast of the attosecond
xtreme ultraviolet (XUV) pulses can be retrieved from attosecond
treaking traces [4]. Previously, experimental defects that affect the
atellite pulse retrieval have been discussed for pulses longer than
0 as in [5–9]. However, the effect of the spectrometer resolution,
hich is of critical importance for characterizing a broadband XUV
ulse, has not been discussed in detail. In this report, we studied the
ffects of the energy resolution of the electron spectrometer on the
ccurate characterization of the pre- and post-pulses surrounding

 25 as main pulse, which corresponds to one atomic unit of time.
riefly, the current experimental setup is discussed in Section 2.
he resolution of the spectrometer is numerically evaluated in Sec-
ion 3. Two methods to improve the energy resolution are discussed

n Section 4 and the performance on satellite pulse retrieval of the
ew designs is shown in Section 5.
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2. Current setup

We  consider an attosecond streak camera based on a magnetic
bottle electron spectrometer (MBES) as shown in Fig. 1, with which
67 as pulses were recently demonstrated [10]. This type of time-of-
flight (TOF) spectrometer is chosen because of its high collection
efficiency and high energy resolution [11–13]. The details of the
spectrometer have been described elsewhere [14]. Briefly, a rare
earth magnet (NdFeB) and a conical pole piece made of soft iron cre-
ate a 0.8 Tesla magnetic field at the surface of the pole piece. A gas
jet with 50 �m inner diameter is located 1 mm away from the tip of
the pole piece, where the XUV pulse is focused to produce photo-
electrons from the target atoms. A solenoid coil is wrapped around
the 3 m long flight tube to generate 10 Gauss magnetic field, and
a microchannel plate (MCP) detector is mounted at the end of the
flight tube to record the photoelectron signal. The photoelectrons
enter the fight tube through an aperture with a diameter D, which
was designed for differential pumping. The diameter of the aper-
ture is 1 mm,  much large than the electron beam diameter there.
Fig. 1(b) shows the enlarged diagram of the magnet and aperture
with the photoelectron angular distribution.

3. MBES resolution and satellite pulse retrieval
To evaluate the energy resolution of the MBES, the electron tra-
jectories and their flight times are traced by numerical simulations
[15]. As shown in Fig. 2(a) for a monoenergetic source of 180 eV
electrons, the energy calculated from the flight time depends on

dx.doi.org/10.1016/j.elspec.2014.05.008
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Fig. 1. (a) Diagram of magnetic bottle electron spectrometer (MBES) with a 3 m long flight tube. The XUV beam is focused at 1 mm away from the magnet which produces
a  highly diverging magnetic field and a 50 �m diameter stainless steel gas jet is placed on top of the XUV beam. Photoelectrons enter an aperture with a diameter D and fly
through  the 3 m long tube before reaching the MCP  detector. A solenoid coil with 0.8 A current is wrapped around the flight tube to supply a 10 Gauss magnetic field. A �-metal
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ube  is placed outside the flight tube to shield the earth magnetic field. (b) An enlar
he  photoelectron angular distribution with an asymmetry of 1.4. The collection an
an  be collected by the MBES is shown in gray color.

he emission angle of the photoelectron relative to the axis of the
ight tube. This energy should be regarded as the “TOF energy”,
hich is different from the true initial kinetic energy of the photo-

lectrons. The larger the emission angle, the more the TOF energy
eviates from the true value. For electrons emitted at 107◦, which is
he largest accepting angle of the current setup as shown in Fig. 1(b),
he difference between the two values reaches 1.8% for a 3 m long
OF.

The angular distribution of the photoelectrons from a given tar-
et atom is given by:

d�

d˝
∝ 1 + ˇ

2
[3 cos2 (�) − 1],  (1)

here d�/d  ̋ is the differential photoionization cross section, �
s the emission angle, and  ̌ is the asymmetry [16]. Neon is used
n the simulations due to its large photoionization cross section
nd nearly constant  ̌ value for energies above 40 eV [16]. Using
he above equation and the results shown in Fig. 2(a), we  plot in

ig. 2(b) the TOF energy distribution of monoenergetic 180 eV elec-
rons with all possible emission angles, which is referred to as the
response function” of the MBES. The long tail in the low energy
art of the response function results from electrons with large
hematic diagram of the magnet and aperture. The plot in polar coordinates shows
the MBES is calculated to be 107◦ . The solid angle within which the photoelectrons

emission angles. We  note that with this unique distribution, it is not
appropriate to define the energy resolution by the full-width-at-
half-maximum (FWHM) because it does not reflect the contribution
of the long tail.

To study the effect of the MBES resolution on the satellite pulse
retrieval, we  use a 25 as transform-limited (TL) Gaussian pulse, with
central photon energy at 151 eV. It has pre- and post-pulses with
1% intensity contrast to the main pulse. The satellite pulses have
50 as pulse duration with the same central photon energy and are
±2500 as away from the main pulse, as depicted in Fig. 3(a). The
spacing equals to one optical period of the driving laser centered
at 750 nm,  which is typical for the Double Optical Gating [3]. The
corresponding photoelectron spectrum is shown with black solid
line in Fig. 3(b), which spans from 30 to 220 eV.

The red dashed line in Fig. 3(b) represents the energy spec-
trum after convoluting the real spectrum with the MBES response
function calculated with the 3 m flight tube. The response func-
tion was normalized to its area before the convolution to ensure

the equal weight for all energies. A streaking spectrogram is then
generated numerically with the XUV pulse and a 5 fs, 750 nm
near infrared (NIR) streaking pulse which has a peak intensity
of 5 × 1011 W/cm2. The spectrum in each delay in the streaking
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Fig. 2. (a) Ratio of the energy calculated from the flight time (ETOF) to the real value
(Ei) as a function of the emission angle. Electrons with emission angles larger than
107◦ cannot be detected by the MCP. (b) Energy distribution of 180 eV monoener-
getic electrons calculated assuming the angular distribution of Ne photoionization
with an asymmetry of 1.4, which is referred to as the response function. The solid
line is for a spectrometer with 3 m flight distance; and the dashed line is for an 8 m
TOF calculated for Section 4.

Fig. 3. Effects of the response function on characterizing satellite pulses (1% satellite pu
dashed  line with dot is the retrieved temporal pulse from the streaking trace in (c). (b) T
is  the convoluted spectrum in a 3 m TOF. Inset shows the enlarged spectra from 120 to 

TOF.  The streaking NIR pulse has 5 fs pulse duration, with a central wavelength at 750 n
the  FROG-CRAB technique after 2000 iterations of the PCGPA algorithm [4,6]. (For interp
version of the article.)
and Related Phenomena 195 (2014) 48–54

spectrogram is also convoluted with the response function, as
shown in Fig. 3(c). The FROG-CRAB technique [4] is used to
reconstruct the spectrogram, as shown in Fig. 3(d). The retrieved
temporal intensity profile is plotted in Fig. 3(a), as a comparison
with the input pulse. The result retrieved from such a streaking
trace indicates that the satellite pulses would have a relative inten-
sity of 0.16% of the main pulse, which is much smaller than the real
value 1%. The reason is the fringes in the spectrum caused by the
interference between the satellite pulses and the main pulse are
greatly smeared out by the response function (best seen from the
inset of Fig. 3(b)).

Normally the satellite pulse has lower photon energy due to
their weaker driving electric field. In this case, the interference
pattern will move to lower photoelectron energy range where the
spectrometer resolution is better. In addition, for isolated attosec-
ond pulse generated with polarization gating or amplitude gating
methods, the satellite pulses are half-cycle away from the main
pulse [1,2]. Therefore, the energy difference between two adjacent
interference maxima should be twice the maxima separation for
double optical gating. In both of these two cases, the contrast mea-
surement with the same MBES resolution would be more accurate
than the situation we discuss here. However, in order to keep our
discussion more general, we  consider the situation which demands
the highest resolution, e.g. the satellite pulses have the same cen-

tral photon energy as the main pulse and are separated from the
main pulse by a full laser cycle.

lse is assumed). (a) The black solid line shows the input temporal pulse. The red
he black solid line shows the spectrum of the input pulse, and the red dashed line
140 eV. (c) Streaking spectrogram convoluted with the response function of a 3 m
m and peak intensity 5 × 1011 W/cm2. (d) Streaking spectrogram reconstructed by
retation of the references to color in this legend, the reader is referred to the web
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Fig. 4. (a) Collection angle, and (b) collection efficiency as 

. Design for improving resolution

For a given initial energy, the uncertainty in the TOF energy
ETOF, is related to the uncertainty in the flight time measurement

�ETOF

ETOF
= 2

�t

t
, (2)

here t is the flight time for an electron emitted along the axis of
he flight tube (� = 0). In most TOF setups, the energy resolution is
imited by the detector and data acquisition electronics (DAQ). We
ave measured our DAQ resolution to be 250 ps [17]. In our case,
ue to the long flight tube, the intrinsic MBES temporal resolution

s usually on the order of 1 ns, which indicate we  could neglect the
ffect of DAQ for most cases in our discussion. However, under cer-
ain extreme conditions, such as very large electron energy and very
mall collection angle, the temporal spread can be small enough so
hat the DAQ resolution could not be neglected any more. We  will
iscuss the detail when this condition is met  later in the paper. In
ost cases, the temporal spread �t  is mainly caused by off-axis
otion of the electrons in the first 100 mm of their trajectories.

herefore, lengthening the flight tube from 3 m to 8 m will increase
he flight time t while keeping �t  roughly unchanged, resulting a
arrower response function, as shown in Fig. 2(a) and (b). However,
ven for an 8 m long TOF, the retrieved intensity of the 1% satellite
ulses is only 0.37%, which is still much lower than the real value.

Further increasing TOF length will not greatly improve the reso-
ution since the main temporal error will come from the increased
ight tube. However, the response function of the MBES can be fur-
her narrowed by eliminating electrons with large emission angles.
ince large angle electrons deviate transversely away from the axis
f the flight tube as they fly in the magnetic field, a pinhole can
ffectively block them. In principle the pinhole can be placed any-
here between the source and the detector of the photoelectrons;

owever in experiments it may  be easiest to place it near the begin-
ing of the electron trajectory. This effect has been experimentally
bserved [18]. In our simulations, a pinhole with a diameter D from
.1 to 0.5 mm is placed 1 mm away from the photoelectron source
ons of the electron energy for different pinhole diameters.

and 2 mm away from the magnet tip, which replaces the differential
pumping aperture shown in Fig. 1.

In Fig. 4(a), the collection angles of electrons for different pin-
hole sizes are plotted as functions of the electron energy. For each
collection angle �,  there is a corresponding collection efficiency,
calculated by:

�(�) =

∫ �

0

[
1 + ˇ

2 (3 cos2 (�) − 1)
]

sin � d�

∫ �

0

[
1 + ˇ

2 (3 cos2 (�) − 1)
]

sin � d�
. (3)

The dependence of the collection efficiency on the real electron
energy is shown in Fig. 4(b). Particularly, the response functions
of 180 eV electrons for two  cases, 0.15 mm pinhole in 3 m TOF and
0.25 mm pinhole in 8 m TOF, are shown in Fig. 5(a). The long tail
is eliminated and the FWHM is only 0.23 eV for the 3 m TOF and
0.19 eV for the 8 m TOF, corresponding to �E/E ≈ 0.13% and 0.11%
respectively. We  note that, under this extreme condition, the cor-
responding temporal resolution will become 282 ps for 3 m TOF
and 603 ps for 8 m TOF, comparable to the measured DAQ resolu-
tion. Thus the total response function will be the convolution of the
MBES and DAQ resolution. This convolution will be included in the
following simulation.

An important issue for reducing collection angle by this method
is that the dependence of the collection efficiency on the electron
energy will modify the measured spectrum, hence impact the pulse
retrieval. For the 3 m TOF with a 0.15 mm pinhole, Fig. 5(b) shows
the comparison between convoluted spectrum with and without
this spectral modification caused by the pinhole. Clearly the spec-
trum is shifted to lower energy due to higher collection efficiency
there, and the pulse duration could be changed. To study this effect,
the pulse duration before and after the spectral modification are
retrieved with different chirps, as shown in Fig. 5(c). For a transform
limited pulse, there is no difference in pulse duration. However,

as the chirp increases to 5000 as2, the relative difference of pulse
duration caused by this effect reaches 5%.

This modification can be corrected by simply dividing the mea-
sured photoelectron spectrum by the corresponding collection



52 Q. Zhang et al. / Journal of Electron Spectroscopy and Related Phenomena 195 (2014) 48–54

Fig. 5. (a) Response functions calculated with a 0.15 mm diameter pinhole in the 3 m TOF and a 0.25 mm pinhole in the 8 m TOF, for 180 eV electrons. (b) Comparison between
convoluted spectra with (red dotted line) and without (black solid line) considering the collection efficiency dependence on photoelectron energy. (c) Comparison of retrieved
pulse  durations with different chirps with and without considering spectral modification. It shows as the GDD increases to 5000 as2, the relative difference of the retrieved
pulse  duration becomes 5%. (For interpretation of the references to color in this legend, the reader is referred to the web version of the article.)
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fficiency at each energy. To demonstrate this, we constructed the
treaking traces using the spectra in Fig. 5(b) with 5000 as2 GDD.
he streaking traces without and with the spectral correction are
lotted in Fig. 6(a) and (b), and the corresponding retrievals are
ompared with the real pulse in Fig. 6(c) and (d). It can be seen in
ig. 6(c) that the retrieved main pulse is slightly different from the
eal one due to the spectral shift caused by the pinhole, and can be
orrected as shown in Fig. 6(d). The retrieved satellite pulses are
ot affected by the pinhole (not shown).

. Performance of the new TOF designs
To reveal the effects of the pinhole size on the accuracy of satel-
ite pulse contrast measurements, we simulated the electron spec-
ra with the response functions calculated for different acceptance
angles limited by the pinhole. The retrieved temporal satellite pulse
contrasts with different pinhole diameters are plotted in Fig. 7(a)
and (b). To compare, the real value is also plotted for satellite pulses
with intensities of 1% and 10% of the main pulses. This figure shows
that as pinhole size decreases, the satellite pulse characterization
becomes more accurate, as expected. Particularly, a 0.25 mm  pin-
hole in an 8 m TOF or a 0.15 mm pinhole in a 3 m TOF can be used to
reduce the retrieval error to less than 10%. From Fig. 4(b), the collec-
tion efficiency of the 8 m TOF with a 0.25 mm pinhole is higher than
15% in the energy range of 30–220 eV, whereas the efficiency is 50%
without the pinhole. The efficiency of the 3 m TOF is about half that
for 8 m.  This means that the integration time in streaking experi-

ments with the 3 m TOF needs to double that of the 8 m long TOF.

In attosecond streaking experiments, the streaking amplitude
decreases as the emission angle increases. Furthermore, electrons
emitted with angles larger than 90◦ will be streaked to the
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Fig. 6. Effect of collection efficiency dependence on the photoelectron energy to the pulse retrieval. The streaking trace is constructed using the spectra without spectral
modification in Fig. 5(b) with a 5000 as2 GDD. (a) Streaking trace distorted by the ener
spectrum by the corresponding collection efficiency. (c) and (d) are retrieved main pulse
comparison in (c) and (d) in black solid line. (For interpretation of the references to color

Fig. 7. Comparison of the retrieved satellite pulse contrast limited by MBES reso-
lution with real values. The black line with rectangles shows the retrieved satellite
pulse  contrast with a 3 m TOF and the red line with circles shows the retrieved con-
t
a
i

o
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z
r

6

e
i

rast  with an 8 m TOF. The blue line with diamonds shows the real value of (a) 1%
nd (b) 10% contrast as a comparison. (For interpretation of the references to color
n  this legend, the reader is referred to the web version of the article.)

pposite direction. On the other hand, retrieval techniques such
s FROG-CRAB and PROOF [4,19] assume the emission angle is
ero. Therefore, both the main pulse and the satellite pulses can be
etrieved with a better accuracy with the reduced acceptance angle.

. Conclusions
We  have shown that placing a 0.25 mm pinhole near the photo-
lectron source in an MBES with an 8 m long flight tube, the
ntensity contrast of satellite pulses to a 25 as main pulse can be

[

[
[
[

gy dependent collection efficiency. (b) Streaking trace corrected by dividing each
s from (a) and (b) respectively, plotted in red dashed line. Real pulse is plotted as a

 in this legend, the reader is referred to the web version of the article.)

potentially measured with less than 10% error. The collection effi-
ciency is 15%, as compared to 50% without the pinhole. Similar
accuracy can be reached with a 3 m long TOF when a 0.15 mm  pin-
hole is added, but the collection efficiency is reduced to 7%. One
should take into account the laser repetition rate when choosing
the MBES design so that a streaking trace with acceptable statis-
tics can be obtained within a reasonable period of time. The highly
accurate contrast measurements made possible by the proposed
spectrometer designs are important for establishing the definition
of single isolated attosecond pulses.
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