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Single-Shot Measurement of Transient Phase Shift Induced by Laser Wake *
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Based on the frequency-to-time mapping relation of the linearly chirped pulse, the temporal phase shift induced
by a laser-excited wake in a helium gas jet is measured using a chirped-pulse spectral interferometry with ∼140 fs
resolution over a temporal region of 1 ps in a single shot. In this measurement, the image of the wake is obtained
with one-dimensional spatial resolution and temporal resolution limited only by the bandwidth and chirp of the
pulse. The ‘bubbles’ feature of the wake structure, along with multiple wakes excited by the main lobe and the
side lobe of a laser focal-spot, is captured simultaneously.
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In laser-plasmas interactions, the change in the
electron density caused by an intense pump-pulse
can lead to a change in the refractive index of plas-
mas. This change can be directly characterized by
the probe-pulse amplitude and phase.[1,2] Hence, the
ultrafast transient laser wake induced by the pump in
the low-density plasma is often measured by spectral
or frequency-domain interferometry (SI), which is a
linear technique with a key advantage of weak laser
pulse for probing.[3,4] An ultrashort probing pulse was
required with a shorter duration than the duration of
the wake oscillation in an early measuring work of SI
for a laser wake. The temporal evolution of the laser
wake is then retrieved via step-by-step scanning of the
delay between the pump and probe pulses.[5−7] Howe-
ver, these multi-shot techniques cannot provide rapid
or accurate feedback for optimizing experimental pa-
rameters which are an average over shot-to-shot vari-
ations of the laser-generated plasmas structure. The
single-shot spectral interferometry (SSI) was develo-
ped and applied for real time measurement.[8−10] The
advantage of SSI is that it makes single-shot measu-
rement of optical phase shift with femtosecond resolu-
tion over time scales of picoseconds possibly.

In this Letter, the SSI technique and an imaging
spectrometer are used for the spatio-temporal mea-
surement of ultrafast phase shift induced by the la-
ser wake created via the SILEX-I: Ti:sapphire laser
at CAEP. Single-shot visualization of the laser-wake
structure is demonstrated. The evolutions of multiple
wake periods are captured.

The SSI scheme utilizes twin linearly chirped
Gaussian pulses, 𝐸(𝑡) = 𝐸0 exp(−𝑎𝑡2+𝑖𝜔0𝑡) exp(𝑖𝑏𝑡2),
with the spectral bandwidth (full width at half
maximum, FWHM) ∆𝜔 and group delay disper-
sion (GDD) 𝛽2 = 1

2 [𝜕2𝜑(𝜔)/𝜕𝜔2]𝜔0
, to act as a

reference pulse 𝐸r(𝑡) and a copropagating probe
pulse 𝐸pr(𝑡) which is delayed by ∆𝜏 . Here 𝑏 =

𝛽−1
2 [1 + (2 ln 2)2𝛽−2

2 (∆𝜔)−4]−1/4 is the chirp parame-
ter, 𝜙(𝜔) is the spectral phase, 𝜔0 is the central fre-
quency, and 𝑎 = 2 ln 2 × 𝜏−2

chirp with 𝜏chirp being the

pulse-duration (FWHM).
After a temporal phase shift ∆Φ(𝑡) caused by wake

perturbation is imposed on the probe pulse, in which
the Taylor series expansion of ∆Φ(𝑡), neglecting hig-
her order series, is ∆Φ(𝑡) = 𝜑0 + 𝜑1𝑡 + 𝜑2𝑡

2, the
reference pulse 𝐸r(𝑡) and the perturbed probe pulse
𝐸′

pr(𝑡) are sent to a spectrometer, and interfere in
the frequency domain according to

𝐼(𝜔) = |𝐴r0(𝜔)|2 + |𝐴pr0(𝜔)|2 + 2𝐴r0(𝜔)𝐴pr0(𝜔)

· cos[𝜔0∆𝜏 + ∆𝜙(𝜔)], (1)

where 𝐸r(𝜔) = 𝐴r0(𝜔)𝑒𝑖𝜙r(𝜔) and 𝐸′
pr(𝜔) =

𝐴pr0(𝜔)𝑒𝑖𝜙pr(𝜔) are the Fourier transforms of 𝐸r(𝑡) and
𝐸′

pr(𝑡), respectively, and ∆𝜙(𝜔) = 𝜙pr(𝜔) − 𝜙r(𝜔) is
the spectral phase difference between the perturbed
probe and reference pulses.

The chirped probe pulse is temporally overlapped
onto transient wake evolution, thus the varying phase
shift ∆Φ(𝑡) is encoded onto the chirped pulse’s fre-
quency components. On the basis of the spectral in-
terference, ∆𝜙(𝜔) extracted from a spectral interfero-
gram can be expressed as

∆𝜙(𝜔) =
(𝑏2 + 𝑏𝜑2 − 𝑎2)

4(𝑎2 + 𝑏2)[𝑎2 + (𝑏 + 𝜑2)2]
𝜑2(𝜔 − 𝜔0)2

+
𝑏 + 𝜑2

4[𝑎2 + (𝑏 + 𝜑2)2]
2𝜑1(𝜔 − 𝜔0)

− 𝑏 + 𝜑2

4[𝑎2 + (𝑏 + 𝜑2)2]
𝜑2
1 + 𝜑0. (2)

Substituting the frequency sweep (𝜔 − 𝜔0) = 2𝑏𝑡 into
Eq. (2), ∆𝜙(𝜔) becomes

∆𝜙(𝜔) =
(𝑏2 + 𝑏𝜑2 − 𝑎2)𝑏2

(𝑎2 + 𝑏2)[𝑎2 + (𝑏 + 𝜑2)2]
[𝜑2𝑡

2]

+
(𝑏 + 𝜑2)𝑏

𝑎2 + (𝑏 + 𝜑2)2
[𝜑1𝑡] + 𝜑0

− 𝑏 + 𝜑2

4[𝑎2 + (𝑏 + 𝜑2)2]
𝜑2
1. (3)
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When the conditions

|𝜑2|/|𝑏| ≪ 1,

𝑏2 ≫ 𝑎2 ∼ 𝛽2
2∆𝜔4 ≫ 1 (4)

could be satisfied, then a wake-induced phase shift
∆Φ(𝑡) can be obtained by the following formula

∆Φ[𝑡(𝜔)] ≈ ∆𝜙[(𝜔 − 𝜔0)/2𝑏]. (5)

Equations (4) and (5) indicate that utilizing the time-
frequency relation of the linearly chirped pulse, the
transient phase shift induced by the laser wake can
be obtained through the one-to-one ‘directly mapping’
approach from frequency-domain to time domain.

With this method, the temporal resolution of ex-
tracted transient phase shift is determined by

∆𝑡 > (8 ln 2𝛽2)1/2
[︁
1 +

2

𝛽2
2∆𝜔4

]︁1/2
. (6)

Combining Eq. (4) with Eq. (6), the resolution is limi-
ted to

∆𝑡 ∼ 2(𝛽2)1/2. (7)

Equations (4) and (7) indicate that a chirped probe
pulse with large ∆𝜔 and small group delay dispersion
𝛽2 can improve temporal resolution for transient me-
asurement.

The experimental setup is shown in Fig. 1. The
SILEX-I laser system produced 800 nm ultrashort ul-
traintense laser pulses by chirped-pulse amplification,
using titanium-doped sapphire gain media. The un-
compressed beam was split into pump and probe be-
ams which were then independently compressed to
30 fs. In the experiment, the wake was excited by the
focusing pump beam, and second-harmonic reference
and probe pulses were generated in a common time-
delayed line by type I phase matching of two 0.2mm
BBO crystals and a 13.39mm delay-glass plate for ef-
fective separation between the pump pulse with the
reference and probe pulses. Firstly, the 800 nm probe
beam converted to 400 nm in a BBO crystal, and the
remaining, nearly undepleted 800 and 400 nm pul-
ses then passed through a delay-glass plate, in which
they separated temporally by group-velocity disper-
sion. The temporally advanced 800 nm pulse conver-
ted in an identical BBO crystal, generating a second
400 nm pulse collinear with the first, and advanced
in time by ∆𝜏 = 3 ps. After these pulses recombi-
ned collinearly with the pump through a 59-mm-thick
high reflector BS for 800 nm with high transmission
at 400 nm, which chirped and stretched 400 nm pul-
ses to ∼1 ps duration by linear dispersion, all pulses
were focused into a jet of helium gas through an off-
axis parabola. The leading pulse (central wavelength
𝜆ref = 400 nm) arrived at the jet before the pump,
and acted as a reference. The trailing pulse (central
wavelength 𝜆pr = 400 nm) rode with the pump, over-
lapping its co-propagating wake and ionization front,
which introduced temporal/spectral phase perturba-
tion to it. By imaging the interaction plane onto the

slit of an imaging spectrometer, two-dimensional sin-
gle shot spectral interferogram of period 2𝜋/∆𝜏 with
one-dimensional spatial resolution could be read. Lon-
gitudinal phase perturbations along the wavelength
axis and transverse spatial phase variations along the
orthogonal (slit) axis were recorded simultaneously.
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Fig. 1. Experimental setup, showing SHG: 0.2mm BBO
crystal, DG: delay glass plate with 13.39-mm thick, BS:
beam-splitter and stretcher, OAP: off-axis parabola, He-
jet: a jet of helium gas, F: filter with high reflection for
800 nm and high transmission at 400 nm, and L: imaging
lens.

The time-dependent wake was generated by a
100mJ, 800 nm, 30 fs pump pulse focused by an 𝑓/8
off-axis parabola into a supersonic He gas jet with
a focal-spot region of ∼ 180µm. The reference and
probe chirped pulses were collinearly focused with the
pump to an FWHM spot size of ∼ 450µm overfilling
the pump spot region. Thus a time/frequency- and
space-dependent phase variation of the probe pulse
was generated due to the pump-induced wake. The
pump was removed from the beam path by a filter
with a ∼50-nm-bandwidth high reflectivity coating
at 800 nm. The leaving reference and probe pulses
were imaged with 9×magnification onto an imaging
spectrometer slit, which produced a spectral interfe-
rogram on the spectrometer’s focal plane CCD with
one-dimensional (1D) space resolution along the slit.

Figure 2(a) shows that a complete two-dimensional
frequency-domain interferogram was recorded by a
CCD at the detection plane of an imaging spectrome-
ter, which encoded temporal phase variations imposed
on the probe by wake perturbations along the wave-
length axis and transverse spatial variations along the
orthogonal axis (slit). Figure 2(b) shows another ‘null’
spectral interferogram which was generated by an un-
perturbed probe pulse and a reference pulse.

Firstly, the Fourier-transform method of fringe-
pattern analysis[11] was used to extract directly the
spectral phase shifts ∆𝜙1(𝜔) and ∆𝜙2(𝜔) as indica-
ted by Eq. (2) from interferograms in Figs. 2(a)and
2(b), respectively. Then the spectral phase shift
∆𝜙(𝜔) = ∆𝜙1(𝜔) − ∆𝜙2(𝜔) induced by the wake was
obtained. Compared with the inherent phase of the
1 ps chirped probe, the phase change of the probe in-
troduced by the wake is a microscale, thus inequality
|𝜑2|/|𝑏| ≪ 1 of Eq. (4) can be satisfied. The chir-
ped phase 𝜙pr(𝜔) and spectral bandwidth ∆𝜔 of the
400 nm probe were measured independently and re-
spectively. In Fig. 2(b), 𝛽2 = 1/2[𝜕2𝜙pr(𝜔)/𝜕𝜔2] =
5.02 × 103 fs2, and ∆𝜔 = 6.9 × 1013 rad/s, thus ine-
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quality 𝛽2
2∆𝜔4 = 571 ≫ 1 of Eq. (4) can be satisfied

as well. Hence, the ‘directly mapping’ approach of
Eq. (5) can be used here. In Figs. 2(a) and 2(b), the
wavelength coordinate can link to the time coordinate
through (𝜔−𝜔0) = 2𝑏𝑡 (𝜔 = 2𝜋𝑐/𝜆), and the spectral
phase shift ∆𝜙(𝜔) induced by the laser wake directly
mapped to transient phase shift ∆Φ[𝑡] by Eq. (5) with
140 fs temporal resolution. The results are illustrated
in Figs. 2(c) and 2(d).
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Fig. 2. (a) Recorded signal spectral interferogram by an
imaging spectrometer with a pump. (b) Recorded null
spectral interferogram by an imaging spectrometer wit-
hout a pump. (c) The 3D probe phase shift produced by a
∼3TW, 30 fs pump, electron density 𝑛̄e = 4×1017 cm−3 in
the main-lobe region of the focal-spot. (d) The 2D probe
phase-shift image.

Figure 2(c) shows that the reconstructed three-
dimensional image of the laser wake produced in a
jet with a backing pressure of 130 kPa by the pump
pulse of peak power ∼3TW and vacuum-focused in-
tensity ∼ 1017Wcm−2. In a wake 3D image, sharp
ionization fronts were observed in the leading edge
of the pump. Two transverse ionization steps He+

respectively excited by the main lobe and side lobe

of the focal-spot of the pump were identified by a
sharp discontinuity in 𝑛e at their boundary, where
the pump intensity dropped to the field ionization
threshold[12] (∼ 1016Wcm−2) for He+. As the wake
oscillates at plasma frequency 𝜔p = (4𝜋𝑛e𝑞

2/𝜌𝑚e)
1/2

behind the pump, 𝑇wake = 2𝜋/𝜔p is expected,[13]

where 𝜌 = (1 − 𝜈2/𝑐2)1/2 is the relativistic Lorentz
factor, and 𝑛e, 𝑞, 𝑚e and 𝜈 are the electron density,
electron charge, rest mass, and oscillation velocity, re-
spectively. In the ionization-region core of the main
lobe, three periods of sinusoidal oscillations of wave-
length 𝜆p = 54µm were clearly observed. These wake
‘bubbles’ had characteristics of a nearly flat wavefront.
The plasma channel in the ionization-region of the
side-lobe and the wake oscillations in the ionization-
region of the main lobe are observed as well in the
wake 2D image as illustrated in Fig. 2(d).

In conclusion, based on the frequency-to-time
mapping relation of the linearly chirped pulse, single
shot measurement of transient phase shift has been in-
vestigated theoretically. According to this method, we
construct a single-shot transiently diagnostic techni-
que at the SILEX-I: Ti:sapphire laser to capture ‘bub-
ble’ structures of laser-induced wake with the time re-
solution in real time, which is an essential step towards
controlling them.
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