Experimental and theoretical
investigation of timing jitter inside a
stretcher-compressor setup

Sandro Klingebiel,!>* Izhar Ahmad,'**> Christoph Wandt,'
Christoph Skrobol,' Sergei A. Trushin,' Zsuzsanna Major,!2
Ferenc Krausz,'? and Stefan Karsch!?2

! Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching,
Germany
2Department fiir Physik, Ludwig-Maximilians-Universitit Miinchen, Am Coulombwall 1,
D-85748 Garching, Germany
3Optics Laboratories, PO 1021, Nilore, Islamabad, Pakistan
4 izhar916@yahoo.com
SThese authors contributed equally to this work

*sandro klingebiel@mpq.mpg.de

Abstract: In an optically synchronized short-pulse optical-parametric
chirped-pulse amplification (OPCPA) system, we observe a few-100
fs-scale timing jitter. With an active timing stabilization system slow
fluctuations are removed and the timing jitter can be reduced to 100 fs
standard deviation (Std). As the main source for the timing fluctuations
we could identify air turbulence in the stretcher-compressor setup inside
the chirped pulse amplification (CPA) pump chain. This observation is
supported by theoretical investigation of group delay changes for angular
deviations occurring between the parallel gratings of a compressor or
stretcher, as they can be introduced by air turbulence.
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1. Introduction

State-of-the-art high-energy optical parametric chirped pulse amplification (OPCPA) systems
are usually operated with stretched pulse durations in the range of 100ps - ns (cf. Ref. [1-3]).
In contrast to that the short-pulse OPCPA scheme uses much shorter pulses on the order of 1 ps.
This significantly increases the pump power and permits the use of thinner OPA crystals while
keeping the same level of gain, which implies an increase of amplification bandwidth as com-
pared with OPA driven by longer pulses. Additionally the short pump-pulse duration reduces
the necessary stretching factor for the broadband-seed pulse, thereby increasing stretching and
compression fidelity and allowing the use of simple, high-throughput stretcher-compressor sys-
tems, consisting of bulk glass and chirped multilayer mirrors. Furthermore, the technique of
few-ps OPCPA possesses immense potential for generating high contrast pulses due to the short,
ps-scale time window for the parametric fluorescence. Nevertheless the high-energy pump laser
is not commercially available and therefore needs to be developed.

The Petawatt Field Synthesizer (PFS) is based on the above introduced short-pulse OPCPA
scheme. The PFS project aims at developing a petawatt-scale carrier-envelope phase [4] con-
trolled light source to deliver pulses with energies of > 3] in the few-cycle regime (< 5fs,
700 — 1400nm) at a repetition rate of I0Hz [5—7]. The PFS design with several OPCPA stages
requires a special, synchronized pump delivering 1 — 2 ps pulses with 4 x 5] pulse energy (fre-
quency doubled at 515 nm), i.e. 4 x 12Joule in the fundamental beam (1030 nm) at 10 Hz
repetition rate. The pump source with these specifications is based on the chirped-pulse ampli-
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fication (CPA) principle [8] using Yb: YAG as the amplification medium pumped by high power
laser diodes. At present, this source is capable of delivering 200 mJ pulses at 1030 nm with a
compressed pulse duration of =~ 1 ps [9].

Precise synchronization between pump and seed pulse is a prerequisite for stable amplifi-
cation in the OPCPA stages, since the pulses are only 1ps long. Simulations of the OPCPA
amplification show, that 150fs timing jitter could result in significant spectral changes in the
amplified signal, while the Fourier-limited pulse length changes only by 4%. Therefore we
consider 150fs as a tolerable upper limit for the timing jitter in a 1 ps OPCPA stage.

Different active, e.g Ref. [10], and passive optical synchronization schemes such as di-
rect seeding [11], injection seeding [12] and frequency shifting using a photonic crystal fiber
(PCF) [13] have already been developed, which allow for few-fs jitter between different ampli-
fier chains. We apply the latter technique to derive both pump and seed pulses from the same
oscillator. The initially synchronized pump beam has to be amplified prior to the OPCPA stage.
In these amplifiers the pulse propagates along a significantly longer path than the seed pulses.
This additional optical path amounts to several 100m in our case and makes the setup highly
sensitive to mechanical vibrations and air fluctuations as sources of timing jitter. Therefore it is
important to check the temporal synchronization at the position of the OPCPA stages.

In this paper we present the results of single-shot measurements of the relative timing be-
tween the pump and the seed pulses at 10 Hz repetition rate in order to quantify the level of syn-
chronization in our experimental setup. Additionally we applied an active stabilization stage to
reduce the jitter to 100 fs. We could identify air turbulence inside the stretcher-compressor setup
of the CPA pump laser as the main source of the timing jitter by performing several measure-
ments at different stages in the CPA pump laser chain. In order to investigate the influence of
air fluctuations inside the stretcher/compressor on the timing of the pulse theoretically, we per-
formed calculations for the optical path length with a small perturbation of the beam pointing
inside a Treacy-type compressor [14].

2. Experimental setup

The schematic layout of our system is shown in Fig. 1. In order to achieve optical synchroniza-
tion, both seed and pump pulses are derived from a common Ti:sapphire oscillator (Rainbow,
Femtolasers GmbH), which serves as the master oscillator. For the generation of the OPCPA
seed, a fraction of the oscillator output is amplified in a commercial Ti:sa amplifier (Fem-
topower Compact-Pro, Femtolasers GmbH) and subsequentially compressed in a hybrid pulse
compressor (HPC). The output of the HPC is used for generating a broadband supercontin-
uum by a two-stage spectral broadening technique. Details about the OPCPA seed generation
are described in [7, 15]. The near-infrared spectral part (700nm to 1400nm) of this supercon-
tinuum is then stretched to approximately 1ps for seeding the first stage of the main OPCPA
chain, which is under construction. For the OPCPA pump generation, a part of the oscillator
output is spectrally shifted to 1030nm in a PCF and amplified in a two-stage fiber amplifier to
1 W. In order to stretch the narrow bandwidth (ca. 4nm) pulses to 3ns we apply an all reflective
stretcher [16] in a double-pass configuration (i.e. 8 reflections off the grating). After stretch-
ing, the amplification takes place in an Yb:glass regenerative amplifier (regen) followed by a
multi-pass amplifier based on Yb:YAG, both of which are diode-pumped. The compression is
realized with a Treacy-type compressor [14] with a large grating separation of 6 m, using the
same gratings as in the stretcher (1740 lines/mm). After compression an energy of 200 mJ is
delivered within 1ps pulse duration. A more detailed description of the setup can be found
in [9].

The path through the CPA pump chain would result in a total optical delay of ~ 1 us between
the OPCPA pump and the seed at the position of the first OPCPA stage. In order to compensate
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Fig. 1. (Color online) Schematic layout for the generation of the broadband seed and the
synchronized pump for the broadband short-pulse OPCPA. PCF: photonic crystal fiber;
SHG: second harmonic generation; SFG: sum frequency generation; Femtopower: Ti:sa
amplifier (Femtolasers GmbH).

for this delay, the pulses for the pump and the seed chains are selected from the master oscillator
at different times. In this scheme, the sources of possible timing fluctuation between the two
pulses can be the finite stability of the repetition rate of the master oscillator, temperature drifts,
air turbulences and mechanical vibrations of optical components over this rather long optical
path of the pump pulse.

It should be noted, that all our optical tables are equipped with flow boxes and are enclosed
by a housing. Inside this housing subunits such as the stretcher, regen, multipass amplifier are
covered in separate boxes, which are not air-tight, but provide isolation from the ambient air
turbulences to some extent. Due to its size (6.5 x 1.5 x 0.7 m?), the compressor is currently not
separately covered.

3. Measurement of the timing jitter

In order to quantify the level of synchronization in the above described setup we performed
single-shot measurements of the relative timing between the pump and the seed pulses. For this
purpose we apply a modified cross-correlation technique (cf.2 a), first proposed by Miura [17].
Using this technique, the relative timing between a compressed pulse and a linearly chirped
pulse can be measured with fs resolution via sum frequency generation (SFG). For this we
use the compressed 1 ps long pump pulse before it is frequency doubled, i.e. at 1030nm. The
reference pulse is split off from the Femtopower amplifier before compression and hence has a
duration of 10ps and a bandwidth of 60nm (cf. Fig 1).

The spectrum of the SFG signal is measured using a high-resolution spectrometer (Avantes
AvaSpec-2048). The accuracy of the measurement is determined by the resolution of the spec-
trometer (0.06nm) and by the chirp of the reference pulse. Determination of the centroid wave-
length can be done with sub-pixel resolution resulting in an improved accuracy of approxi-
mately 10fs in our case. In order to calibrate the measurement, we set different known delays
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Fig. 2. a) Schematic picture of the modified cross-correlation technique [17]. The spectrum
of the sum frequency signal between the short pump pulse and a long, chirped reference
pulse is measured. The relative arrival time of the pulses is transformed into a frequency
change of the sum frequency signal. b) Calibration curve for the used setup. The centroid
of the sum frequency signal is measured at different relative delays.

between the pulses and measured the centroid of the spectrum. In Fig. 2(b) the calibration curve
for the lowest jitter pulses (compare Fig. 3(b)) is shown. Each point is the mean value of 100
shots and the standard deviation is too small to resolve the error bars in the plot. For delays
larger than 1ps one can observe a deviation from the linear fit, which could be explained by
higher order dispersion in the chirped pulse. In this delay range, a higher order fit would be
more accurate. Nevertheless in the central part (1 ps), where we work, the linear fit is suffi-
ciently accurate and no correction is needed. The calibration factor of 533 fs/nm of the linear fit
is used for all of the following measurements.

4. Experimental results and discussion

Our findings are summarized in Fig. 3. The measured fluctuation of the relative timing between
pump and seed are shown in Fig. 3(a). Here the pump pulse is stretched, fully amplified in the
regenerative and multipass amplifiers and subsequently compressed. For this measurement no
precautions were taken to reduce air fluctuations, i.e. the flowboxes were running. We find that
the timing jitter has a standard deviation of 400 fs, which would be unacceptable for proceeding
with the short-pulse pumped OPCPA experiments.

In order to determine the source of this measured rather large temporal oscillation, we stud-
ied the effect of the different components of the CPA pump-laser chain. First, we bypassed the
stretcher-compressor setup and amplified the unstretched pulses (ca. 4 ps) in the regen to a low
power level. The relative timing was then measured between the reference and the pulses am-
plified in the regen in case when i) the same pulses, and ii) different pulses with approximately
1 us delay (this delay is expected for the full amplifier chain including stretcher and compres-
sor) were selected from the master oscillator for both chains. The appropriate optical delay is
achieved by adjusting the number of round trips in the regen.

As depicted in Fig. 3(b), when the same pulses were selected for amplification in pump- and
seed-chains (red curve), the jitter is hardly above the resolution of our measurement system.
In the case with 1 us delay (black curve) one could expect different sources of jitter. On the
one hand the repetition rate instability of the master oscillator introduces a jitter between the
two selected pulses. Although the oscillator repetition rate is not stabilized, a low temporal
jitter can be expected on a s timescale since the main causes for the change of the repetition
rate, acoustic noise (1kHz-100Hz) and thermal fluctuations (1 Hz and below) act on a much
slower timescale. On the other hand also the regen introduces optical delay fraught with jitter.
Although both sources can not be distinguished by the described measurement, together they
account for a few-10 femtosecond jitter. This is close to the resolution limit of our measurement
setup, and is clearly well below our tolerable limit for the short-pulse pumped OPCPA. This
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Fig. 3. Results of timing jitter measurements a) Pump pulse passes through the entire
CPA chain: £400fs timing jitter. b) Timing jitter when stretcher/compressor are bypassed:
+14fs when the same pulses are used from the master oscillator; £33 fs with 1 us delay.
¢) Pump pulse passes through entire CPA chain with precautions to reduce air turbulence:
timing jitter consists of £70fs shot-to-shot fluctuation and £200fs slow oscillations. d)
comparison between free running (left) and actively stabilized timing jitter (right).
#157597 - $15.00 USD Received 3 Nov 2011; revised 2 Dec 2011; accepted 3 Dec 2011; published 30 Jan 2012

(C) 2012 OSA 13 February 2012 / Vol. 20, No. 4/ OPTICS EXPRESS 3448



means that the optical delay inside the regenerative amplifier has much less influence on the
timing fluctuations compared to the same optical delay generated inside a stretcher-compressor
setup. We can therefore conclude that the large timing oscillations, shown in Fig. 3(a) arise
from the stretcher-compressor setup. We believe that the mechanical instabilities of different
optomechanical components and air fluctuations along the long propagation distance contribute
strongly to this timing instability. This argument is supported by Fig. 3(c), which shows again
the pass through the whole pump-laser chain. But this time with precautions taken to reduce
air turbulences: the flowboxes are turned off, the stretcher box is sealed more carefully and
beam tubes are installed inside the compressor. This measurement can be directly compared
to Fig. 3(a) and shows a significantly improved timing jitter. The reduced jitter enables us to
see two separate components to the remaining timing jitter: a shot-to-shot variation of +70fs
superimposed on a slow temporal drift of +-200fs.

An active stabilization system can easily correct for this large amplitude, slow fluctuation.
In our active stabilization scheme we take the centroid wavelength of the SFG spectra on every
shot, calculate the difference to a reference wavelength and move a delay stage (in the pump-
chain cf. Fig. 1) to return to the reference position in cases, when the difference exceeds a
certain value. This threshold is a parameter to optimize the active stabilization. If the threshold
is too close to the shot to shot noise level, the delay stage will move on nearly every shot and
the stabilization will become unstable. In the experiment, it was shown that the stabilization
currently works best with this limit set to 100 fs. In this case we can stabilize the jitter to 105 fs
Std, as shown in Fig. 3(d). This is sufficiently low for carrying out the first OPCPA experiments.

5. Theoretical considerations for optical path length inside a stretcher/compressor

The experiments indicated that the optical delay inside the stretcher-compressor setup is fraught
with a much larger timing jitter compared to the same optical delay inside the regenerative
amplifier. Furthermore it was shown that reducing the air turbulence resulted in a significant
decrease of the timing jitter. In this section we will discuss the effect of turbulent air flow on
the optical path length differences theoretically. The main feature of turbulent air is an inho-
mogeneous density which causes local refractive index gradients. A passing light beam will be
refracted on such a refractive index step and is slightly deflected. For example a simulation for
dry air at constant pressure shows, that a temperature change of 0.1K at room temperature can
cause deflections in the range of urad, if grazing incidence is considered. As many of these
inhomogeneities are distributed randomly over the entire path length, we model the effect of
turbulent air by assuming a mean angular deviation occurring at a mean position throughout the
following analysis

At first let us consider a free-space propagation with the speed of light ¢ over the distance x
and a distance x; with a small angle difference Ao (compare Fig. 4). The timing difference can

be calculated as 5
XI—Xx X 1 x-Ao
AT = = — 1)~ — 1
c c (cos(Aa) > 2¢ M

For relatively large values x = 100 m and Aa = 10 prad one obtains AT =0.017fs and can there-
fore neglect this timing change for probably all experimentally relevant cases in the laboratory.

X

Ao

T X

Fig. 4. Schematic picture for calculating the timing difference of light traveling along the
paths x and x;.
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In the following we will discuss the influence of beam pointing fluctuations on the optical
path length inside a compressor. We derive the analytical expression for the path length differ-
ence as a function of the angle deviation Af and the location of this angle change d for the
general case, with a few prad angle deviation originating inside the compressor. Additionally,
the special case of beam pointing of few pirad at the compressor input is discussed.

In most systems, the compressor is located in vacuum in order to avoid nonlinearities in air
(our compressor is not vacuum sealed, yet). Therefore, the stretcher will be the most likely
source of perturbations by air fluctuations. Nevertheless, we will analyze a compressor because
the optical path is more easy to explain. These considerations are also valid for the stretcher
setup, as the stretcher provides the same amount of dispersion but with opposite sign. However,
the additional imaging system increases the optical path compared to the compressor, making
the stretcher even more sensitive to air turbulence.

In the following we investigate the influence of a perturbation of the angle inside the com-
pressor. Fig. 5 shows a double-grating double-pass Treacy compressor setup with a grating
separation L, aligned for an angle of incidence (AOI) o.. The optical path of a ray with wave-
length Ay and AOI of o is shown in red. The diffraction from the first grating is given by the
grating equation

B = arcsin(mN Ay — sinc). 2)

where N is the line density, Ay is the center wavelength and m is the diffraction order. As the
AOI on the second grating is 3 the beam diffracts at an angle o and impinges perpendicular on
the end mirror from where it takes the same path back through the compressor.

end mirror

Fig. 5. Ray diagram illustrating the change in the optical path inside the grating compressor
for the center wavelength Ay. The red ray shows the undisturbed case with an AOI of c.
The green curve depicts the beam path of the pulse for the case when it is distorted at an
angle B + AP at a distance d from the first grating. The blue, dotted and the gray, dashed
traces show the extreme cases d = 0 and d = L, respectively. The case d = 0 corresponds
to a different AOI of or — Ao at the compressor input. For detailed explanation see main
text.
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A shot-to-shot pointing fluctuation inside the dispersion plane of the compressor can be
described as a deviation AP from the design angle 8 which leads to a non-zero AOI on the
end mirror of Ac. This in turn results in a different path (and angle) for the first pass (8 +
AB;) and the return pass through the compressor (8 — Af32), as shown in Fig. 5 (green). The
location where the angle change takes place is parametrized with the parameter d. The extreme
case d = 0 represents beam pointing at the compressor input O (or pointing with Ao outside
the compressor), and d = L; stands for fluctuations at the position of the second grating. The
angle change represents air fluctuations, which can be considered static on the time scale of
a propagating light pulse. In Fig. 5 the angle deviations are magnified to better distinguish
the different paths. In reality the points P’ and P” are closely adjacent. Therefore the same
deviation as on point P’ is present on the way back through the system at point P”. (In the case
when d = 0, P” is on the first grating and would result in a small angle change of the outgoing
beam. This effect is not relevant for the timing and is therefore neglected.)

The optical path lengths between point O and plane Y'S for the aligned and the slightly per-
turbed case are given by

p(B) = Li+Ly+Ly+Li+Ls+Ls+Ls ,and 3)
p(B+AB) = d+d +dy+ds+ds+ds+de+dy , respectively. 4)

The timing difference can then be calculated by At = (p(B) — p(B + AB1))/c. The paths L;
and L, are given by the compressor design, d is a parameter and the other path lengths can be
obtained from general trigonometric relations in Fig. 5:

B B cosf3

Y ) ®
B sin(ABy) sin o

2 = (Li=d) cos(B +ABy) cos(Acr) ©)

b o= di= cos(Aar) ™

—A

ds = (d2+d3)w—d4 @®)
B cos 8

de = (L _d)icos(ﬁ AR ©)

cosf3
d; = d 10
7 cos(B —ABi — ABy) (10

Ly = dscos(A) (11)
B sin(ABy) .

L4 = lmsln o (12)

Le = a— P I G TP (13)

cos(B—ABy) cos(B —ABy —ABy)

The contribution to the timing difference from 2L, — dz — d4 has the same form as in the free
space case, discussed above (Eq. (1)), and can therefore be neglected. In this approximation,
the timing difference is independent of the distance of the end mirror to the second grating L,.
For the same reason L3 — ds, which accounts for a parallel offset of plane OP and WZ, has a
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negligible effect on the timing difference. The total timing difference can then be written:

AT = £(2L1—d—dl—d6+L4—d2+L5—d7) (14)
L <2_ cos B +sin(ABy)sino  cosf — sin(Aﬁz)sina>
¢ cos(B +ABy) cos(B —Ap>)
d (cosﬁ—i—sin(Aﬁl)sin(x 3 1)
c cos(B +ABy)
d cos 3 ~ cos(B —AP>) —sin(APy)sina
(e e )

With the help of the grating equation (Eq. (2)) we can write sine in terms of sinf3. For small
angles A} we can approximate sin(Af8) ~ A and cos(Af) ~ 1. Under this approximation it
follows that cos(8 == AB) = cos B F+ A sin 8. Equation (15) can then be approximated as

- leNA() AﬁZ - A.Bl
AT R (cos(B—ABz) cos(ﬁ+AB1))

- )

c ﬁ—FAﬁl)
dmN A cosf3 ABi
¢ cos(B—AR) (cos(ﬁ AR —Aﬁz)) ' (10

The following calculations are done for the approximated expression (Eq. (16)) as well
as for the formula without approximations (Eq. (15)) with the following parameters: N =
1740lines/mm, Ay = 1030nm, m = 1,L; = 6m, L, = 3m and oc = 58.5°, as in the experimen-
tal setup. It should be noted, that we are interested in small angle changes (few prad) which
may affect the optical path length, but do not change the pulse length or angular chirp [18] in a
significant way.

In these formulae it can be seen, that smaller angles 3 are favorable in terms of timing differ-
ence. Nevertheless, in order to compare the jitter for different angles one has to take into account
that the dispersion is also decreasing with decreasing f3. Therefore the compressor length should
be adapted to compare compressors with the same dispersion. For example our compressor is
designed in a reverse configuration where oz < 8 (or = 58.5°, B = 69.98°) because in this case
the necessary dispersion can be achieved with only L; = 6 m grating separation. Another option
would be the normal configuration with o = 69.98°, B = 58.5° where a grating separation of
L; = 14m is needed. This configuration is also considered in the following paragraphs.

5.1. Angle fluctuations at the compressor input

The special case d = 0 corresponds to the situation, when there is a certain beam pointing fluc-
tuation A at the compressor input. This change translates to a fluctuation AP to the diffracted
beam at point O on the first grating. No source of angle fluctuation inside the compressor is
considered. For d = 0, the last two terms in Eq. (15) and Eq. (16) vanish and Eq. (16) takes the
form

1
At = —(2L;—di—ds+Ls—dy) (17)
C

N leNAo< A AR )
¢ cos(B—ABy)  cos(B+AB)

The effect of angular deviation outside the compressor on the timing is very small because d,
is a bit longer than L; but dg is a bit shorter and together they nearly cancel out each other,

(18)
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i.e.d; +de =~ 2L,. Additionally d» and L4 compensate each other, i.e. d» ~ L4 (compare Fig. 5,
Egs. (5)—(13)). From Eq. (18) it can be seen that the remaining difference occurs because Af; #
ABs. This is due to the fact, that the angle 8 + AB is transfered to B — A after reflection off
the end mirror. Thus the effect of angular deviation taking place outside the compressor on the
timing is very small.

- 0,25 -
= a=>58.5 deg, d=0, correct, Equation 15
2 0.20 - 0=58.5 deg, d=0, approx, Equation 18
o — — a=69.9 deg, d=0, correct, Equation 15
S 015f
)
g
= 0,10
o
éo 0,05
.g 0,00
0

Fig. 6. Timing difference for a small change Aa of the AOI ¢ at the compressor input
(d=0). Larger angle o (smaller angle ) is advantageous in terms of jitter.

In Fig. 6 the calculated timing jitter due to pointing fluctuations at the compressor input is
shown. For pointing fluctuations up to 10 urad the timing jitter is less than 0.25fs, which was
also checked via ray tracing. We measured the beam pointing at the compressor input to be less
than 1 prad which corresponds to 0.0025fs jitter. This jitter is negligible in our case. Neverthe-
less, it should be noted that this timing jitter from angular deviations outside the compressor is
two orders of magnitude larger than the effect of the same angle deviation in a freely propagat-
ing beam over the same distance (compare Eq. (1)) and that the compressor configuration with
o > 3 would have advantages in terms of jitter, even though the grating separation is more than
doubled to achieve the same dispersion.

5.2. Angle fluctuations inside the grating compressor

In the previous paragraph we have shown, that angle fluctuations at the compressor input are
negligible because all path lengths compensate each other to a large extent. So we will have a
look at the influence of angle fluctuations originating inside the compressor. From Fig. 5 one
can understand what happens when d is increased, the distances on the way to the end mirror
(d1, d») are decreasing and can not compensate for the distances during the back propagation
(d7, L4, Ls) and the timing difference is drastically increased.

In Egs. (15) and (16) we can neglect the first term as shown in the previous paragraph. It
turns out, that the second and the third term in Eq. (16) both have the same weight. When
approximating cos(f8 +Af) ~ cos B we can further simplify Eq. (16) to:

AT~ MA[}I -d 19)
ccosf

Figure 7(a) shows that the approximations for Eq. (19) are well justified, because deviations
from the non-approximated curve are negligible. As predicted by Eq. (19), the linear character
in d and AP shows clearly in the graphs. Compared to the case with d = 0 the jitter is up to 4 or-
ders of magnitude higher (for d = L) and again the normal configuration with smaller 3 (larger
o) has advantages in terms of sensitivity to timing jitter. Figure 7(b) shows the timing jitter for
different positions d. As mentioned earlier the effect of turbulent air is modeled by assuming
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timing difference for d=L,

2500 2500
a) a=58.5 deg, sz 6m, correct, Equation 15 b) — — o=58.5 deg, d=0.2 Ll
i) 0 a=58.5 deg, L = 6m, approx, Equation 19 @ =58.5 deg, d=0.5 L
Eoggoo| o TP T B appiox B o0 ¢ & :
e = = a=69.9 deg, L, =14m, b=69.98 53 a=58.5 deg, d=L,
< <
[0 [}
g 1500 - < 1500 |
3] _- 5]
5} e 5}
S 1000} JPtide S 100f
o - =]
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Fig. 7. a) Timing difference for d = L;: the approximations in Eq. (19) are well justified
in the considered range. The configuration with increased AOI o (or decreased 3) shows
reduced timing differences. b) Timing difference for different values of d.

a mean angular deviation at a mean position. Since the mean position is most likely located at
d =0.5L;, the corresponding curve in most suitable to reflect the effect of air turbulence.

As a result of this analysis we can state that a Treacy-type compressor introduces a timing
jitter, when a beam pointing is considered. Beam pointing fluctuations at the compressor input
are orders of magnitude less critical than those occurring inside the compressor, especially
close to the second grating. With this calculation we can explain the effect of beam pointing
fluctuations, as could be introduced by air turbulence or mechanical instabilities of optical
elements like gratings, mirror or imaging optics (in case of a stretcher). Generally a smaller
angle f is preferable in terms of jitter even if a longer path is needed to get the necessary
dispersion.

6. Summary

In conclusion, we have quantitatively investigated the level of timing synchronization between
the pump and seed pulses of the PFS system, which is currently under development. Addition-
ally an active stabilization system is applied which eliminates the slow drift and reduces the
jitter to 100 fs Std. This will enable the first short-pulse pumped OPCPA experiments with our
system.

Using the spectral gating technique we succeeded in demonstrating experimentally that the
air fluctuations inside the stretcher-compressor setup are the main source of the pump-seed
timing jitter. In addition we have provided a theory on timing difference due to angular devi-
ations inside a stretcher/compressor. As the main result the beam pointing fluctuation at the
stretcher/compressor input accounts only for less than 0.2fs jitter whereas angle fluctuations of
the same magnitude originating inside the stretcher/compressor can result in up to four orders
of magnitude larger jitter, depending on where this perturbation is located inside the compres-
sor. This theory provides a simple formula (Eq. (19)) and can perfectly explain the experimental
observations. Although the grating stretcher and compressor were extensively investigated in
the past (e.g. [14,16,18,19]), to the best of our knowledge a sensitivity of these components for
absolute timing jitter has not been reported up to now. Most probably because timing sensitive
applications such as our CPA pumped ps OPCPA have been emerging in the past few years
(cf.: [12,20,21]). All these systems are quite different, but have one thing in common: An
increased timing jitter after compression at the final stage is measured, compared to an early
stage of the setup. With the presented theory it is now possible to explain a major part of the
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observed increase in the timing jitter.

Air fluctuations inside a compressor are not relevant in most CPA systems, since usually
compressors are situated in vacuum in order to avoid nonlinearities in air. Nevertheless the cal-
culations are also valid for the stretcher. Therefore any air fluctuations or vibrations inside the
stretcher should be avoided, if low temporal jitter is required. This means, ideally the stretcher
would also be in a vacuum environment for such cases.

As a consequence of our findings we plan to enclose the stretcher in an air-tight container.
If this proves to be insufficient in the future, we might even go to vacuum. For the compres-
sor a large vacuum tank will be constructed (ca. 4.5 x 1.5 x 1 m?), in contrast to the original
plan, where only the last grating should be placed in a considerably smaller chamber. These im-
provements will help in eliminating the air fluctuations and hence the large timing instabilities
altogether.
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