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RF controls based on carrier suppression detection
with attosecond resolution
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This paper presents a radio frequency (1f) control system with attosecond resolution based on a carrier
suppression interferometer operating a superconducting cavity at the Cryo Module Test Bench (CMTB).
This novel application of the carrier suppression detector extends conventional heterodyne methods and
improves the residual jitter of the regulated rf field in the cavity by more than one order of magnitude. The
cavity operated at 1.3 GHz with a gradient of 8 MV/m and a loaded quality factor of 107. The setup
achieved out-of-loop phase noise detection values of £ = —180dBc/Hz at 10 kHz and £ = —165dBc/Hz
at 100 Hz with a time resolution of 189 as within an offset frequency range from 10 Hz to 1 MHz. The
phase noise budget of subcomponents such as in-loop and out-of-loop detectors, high-power drive,
microphonics, and the reference source is reported. The facility rf reference phase noise in the offset
frequency range from 1 to 100 kHz is identified as the key noise contributor. Furthermore, the narrow-band
cavity reduces the phase jitter experienced by the beam to just 116 as. The presented research combining
conventional receivers with carrier suppression detectors in continuous wave operation is a key milestone
toward attosecond resolution, in particular relevant for pump-probe experiments in free-electron laser

facilities.
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I. INTRODUCTION

Pump-probe experiments at free-electron lasers (FEL)
providing sub-10 fs resolution require ultrashort electron
beams with excellent stability in terms of phase space and
timing jitter. This requires short- and long-term stable rf fields
in the accelerating cavities located in the bunch compressors
and a precise rf or optical reference distribution system. In
FELs, electron beams are longitudinally compressed by
introducing an energy chirp to the beam using off-crest
acceleration. The beam is then transported through a mag-
netic chicane, which introduces an energy-dependent path
length, causing trailing electrons to catch up with electrons in
the bunch head. A first-order approximation of the timing
jitter after the bunch compression stage, assuming an ideal
magnetic chicane, is given below [1]
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where o, ;, and o, o, are the incoming and outgoing arrival
time jitter, 64 and o,, are the rf amplitude and phase stability
of the rf accelerating field prior to the chicane, C is the beam
compression factor, Rsg is the chicane momentum compac-
tion factor, k. is the rf field wave number, and ¢, is the speed
of light in vacuum. The correlated beam jitter o, ;,, €.g., from
common laser timing, can be compressed by the chicane.
Uncorrelated rf amplitude and phase fluctuations broaden the
longitudinal phase space and are key parameters determining
the beam timing jitter.

The electrical system that generates the cavity drive signal
and the resulting rf fields is subject to electrical disturbances,
which resultin electrical noise. This electrical noise can often
appear as spurs in the signal power spectral density and can
be decomposed into phase and amplitude components [2].
Equations in this paper focus on phase noise; however, the
same principles can be applied also to the amplitude
component. There are three main sources of disturbances
in the control system that operates the cavities: the detector
(downconverter, DWC), the actuator (ACT), and the refer-
ence source (main oscillator, MO). The control system and its
noise sources are analyzed within the formalism of a feed-
back loop, where the cavity is the plant [3,4].

Ideally, the control system ensures that the cavity field
phase follows that of the reference, and consequently, the
beam. To evaluate the control system’s performance, the
phase between the cavity field and the reference source,
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referred to as the residual phase, is introduced. This is
important because in FELs, a single reference source is
used to generate both the electron beam and the cavity field,
which results in a common mode and residual rf field
between them [5]. The cavity acts as a filter for rf signals,
further mitigating the influence of the residual signal on
beam jitter. The resulting rf field, referred to as the induced
field, represents noise contributions induced onto the beam.
The next Sec. I A aims to evaluate the impact of the three
noise sources on the beam. Sections I B and I C introduce
the different types of detectors, which primarily determine
the performance of the control system and ultimately affect
beam stability.

A. Noise contributions of rf control systems

When neglecting Lorentz force detuning and beam load-
ing effects, the noise transfer functions of steady-state cavity
regulation can be found by solving the system algebraically
using small signal analysis in the Laplace domain. The result
can be evaluated analytically or numerically for amplitude
and phase noise [3]. As pointed out before, the major phase
noise sources in the rf control system are the field detection
Sy.pwes actuator chain S, scr, and the reference S, pvo- As
shown in [3], without taking latency into account, the
power spectral density of the residual phase noise between
the cavity field and reference for a proportional controller
with gain gy > 1, Hpwc(s) = 1, and offset frequency f
results in

Sqﬂ.RES(f) = |HPfr12(f)|2 S(p,MO(f)
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Equation (2) shows that the residual phase noise between
the cavity and the reference reflects the fact that the
reference noise contribution S0 is filtered by a first-
order high-pass HP, ~within the closed-loop bandwidth
f1» = 9,f12, where f, is the cavity half-bandwidth. The
field detector S, pwc and actuator noise S, pcr are low-
pass LPf/12 filtered. Note that the requirements on the

actuator chain are relaxed by 1/gj. Within the presented
detection scheme in Sec. I C, Eq. (2) can also be used for
the residual amplitude noise S, rgs(f) description.

The residual phase is defined by the phase difference
between the cavity field and the reference source, but it does
not fully capture the impact of the rf control system on the
beam above the closed-loop bandwidth f/,. The induced
phase of the cavity field onto the beam is a more accurate
metric, and it can be obtained by filtering the reference source
by alow-pass characteristic LP;, (f). This can be derived by

using Eq. (7) from [3] with a proportional controller with
go > 1 and constant DWC transfer function. Combining

both bandwidth regions, the overall jitter induced onto the
beam from the rf control system results in

Sq;.IND(f) = |HPf’12(f)LP,f’lz(f)|ZSm.Mo(f)

1
+[LPs (F)I*|Spowe(f) + ES(,;,ACT(f) .
0
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The residual integrated timing jitter of the rf field o, =
0,/(2xf,s) and amplitude fluctuation o,/A within the
bandwidth AB are given by

SE
I

/ Suxss(f) df.
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where f; is the cavity resonance frequency and A is the
amplitude of the rf field. To achieve electron beam jitter
below 100 as with a superconducting cavity at f; =
1.3 GHz and half-bandwidth f;, = 65 Hz, the single-side-
band (SSB) phase and amplitude noise floor must be below
—180dBc/Hz. With optimized controller gain, the high-
power chain should be below —140dBc/Hz [6]. Thus,
especially the field detection and the facility reference
source are crucial.

B. Carrier-based rf control

Precision rf control systems providing sub-10 fs resolution
are based on non-IQ sampling schemes for field detection by
mixing the rf cavity signal to an intermediate frequency for
digitization [6-8]. These heterodyne (HDR), carrier-based
receivers provide many advantages—e.g., 360° detection,
short-term stability, small PM to AM conversion, and phase
noise varying between —150 and —160 dBc/Hz—and are
implemented in various form factors. However, such systems
suffer from 1/f noise, power limitations of front-end mixers,
and relatively high ADC noise spectral densities [6]. rf
control systems using carrier-based analog detection and
processing can achieve better resolution, but, in general,
suffer from the same limitations.

C. Carrier-suppressed-based rf control

To achieve attosecond resolution, receiver concepts have
to be revised. Depending on the available signal power,
interferometric methods demonstrate excellent short-term
phase noise performance and achieve time resolutions in the
10 as range. Measurements have shown that all limitations of
conventional receivers can be mitigated [9—12]. As shown in
Fig. 1(a), a carrier suppression interferometer (CSI) uses
destructive interference of the carrier signal before detecting
the residual amplitude and phase noise of the device
under test (DUT) by a conventional detection system.
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FIG. 1. (a) Simplified residual phase (PN) and amplitude noise
(AN) measurement of a device under test (DUT) using a carrier
suppression interferometer and (b) replacement of the DUT by a
complete, carrier based, conventional rf control system.

The destructive interference is achieved by appropriate
adjustment of attenuators and phase shifters, which reduce
the carrier power, whereas the noise sidebands introduced by
the DUT remain unchanged and can be amplified [10-12].
For sufficiently low carrier power, the 1/f noise added by the
low-noise amplifier (LNA) [13] and the postdetection system
can be neglected [9]. The phase noise contribution of the
common reference source is subtracted and ideally vanishes.
We demonstrate how to use this method in rf control for
particle accelerator applications. As shown in Fig. 1(b), the
DUT is replaced by a complete rf control system [14,15]. As
in a residual measurement, the input of the DUT is the
reference and its output is the cavity signal. The CSI
detection, as an extended regulation branch, can control
the cavity signal with much higher resolution. To continu-
ously maintain destructive interference with the required
suppression level, the method is better suited to accelerators
with a continuous wave (cw) rather than a pulsed-rf mode of
operation [16,17]. Due to the destructive interference, the
phase of the carrier is not defined and the CSI detector has no
carrier phase information. Because the information of the
carrier’s phase and amplitude is mandatory for rf feedback
closed-loop operation, the rf field detection is a hybrid
system comprised of a conventional and interferometric
based receiver. This approach combines advantages of both
receivers as pointed out in [6].

II. RF CONTROL SYSTEM AT CMTB

To demonstrate the applicability and performance of a
CSlI-based rf control system, tests were carried out at the

FIG. 2. Cryo Module Test Bench (CMTB) at DESY operating
superconducting cavities with a half-bandwidth of 65 Hz.

Cryo Module Test Bench (CMTB) at DESY, shown in
Fig. 2. We operated a single superconducting cavity with a
half-bandwidth of 65 Hz, loaded quality factor Q; = 10 at
a gradient of 8 MV/m driven by an inductive output tube
(I0T) in cw mode. Figure 3 depicts the structure of the rf
controls used for the tests. The low-level rf (LLRF) system
is a commercial MicroTCA.4 system [6,18], which houses
conventional HDR detectors (CH1, CH2), digital process-
ing, and an up-converter vector modulator (VM) to drive
the cavity. The in-loop CSI signal uses a HDR detector
(CH2) for postprocessing. The in-loop CSI detector mea-
sures the phase and amplitude difference between cavity
probe and reference. The cavity probe signal with carrier is
measured by a HDR detector (CH1). The out-of-loop CSI
detector signal is converted to baseband and measures the rf
regulation performance.

As a reference, an ultralow noise high-output power rf
reference source or main oscillator (MO) developed by
DESY, together with Warsaw University of Technology
(WUT) was used. The rf reference source is meanwhile
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FIG. 3. rf controls structure extends a standard LLRF system
with an in-loop CSI and out-of-loop CSI for performance
verification.
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FIG. 5. LLRF firmware structure.

commercially available, see [19]. Figure 4 shows the
structure of a CSI module packaged in a 19-inch unit
providing the destructive interference and the phase and
amplitude sidebands of interest. The CSI output signal is
amplified by 40 dB with a low-noise amplifier (LNA)
before being further processed in the LLRF detection
system (CH2). Destructive interference is initially adjusted
manually by a variable attenuator and a phase shifter
(coarse and fine branch). Because the remainder of the
carrier signal detected by the CSI is interpreted as an error,
the feedback keeps the suppression automatically maxi-
mized. This is a great benefit of CSI applications in
regulation systems. Both error signals from CHI1 and
CH2, using non-IQ sampling with digital downconversion,
are combined in firmware, as shown in Fig. 5. The scaling
factors are adjusted to maximize the influence of the CSIL.
The infinite impulse response (IIR) filters are used to
reduce effects of the other passband modes of the cavity.
The controller has a proportional and integral gain (PI). The
realization of two independent controllers in combination
with a frequency selective complementary digital filter
might be an alternative approach.

III. PHASE NOISE CHARACTERIZATION

In this section, the most relevant noise sources of the
LLRF system are identified and presented. To identify the
limiting noise sources, the noise transfer function of each
source contributing to the residual jitter of the rf control
system is determined by numerical simulations.

A. Subsystems noise identification

Figure 6 shows absolute phase noise measurements of
relevant rf control subsystems. These are the reference
source (MO), in-loop field detector (CSI), actuator chain
(ACT), cavity microphonics (MIC), and carrier-based field
detector (HDR). For the phase noise of the HDR field
detector, a parameterized data curve is used. The cavity
microphonics is reconstructed by filtering the difference
between the measured open-loop noise data and the
reference. The phase noise of the reference oscillator
(MO) is measured using a commercial phase noise analyzer
[20]. Similarly, the actuator (ACT) was measured in open
loop at the coupled IOT output port. The HDR detector was
characterized in the laboratory [6], while the CSI detector
was measured by feeding the reference into the REF input
and cavity input port of the CSI (see Fig. 4).

The calibration was obtained by two methods such as rf
power budget [9] and by determining the suppression factor
[21]. The measured rf power at the DUT is equal to
+9.4 dBm. Taking the 3.2 dB losses of the combiner into
account, which provides the destructive interference, the
estimated phase noise floor of the CSI has been determined
to be —180.2 dBc/Hz, which is in good agreement with the
measurement shown in Fig. 6. The integrated time reso-
lution of the CSI detector is 112 as within a bandwidth of
[10 Hz, 1 MHz|. Within the beam-relevant closed-loop
bandwidth of 40 kHz, the CSI resolution is approximately
64 as. Under laboratory conditions, the HDR field detector
has a resolution of less than 2 fs within the cavity closed-
loop bandwidth of 40 kHz at —147 dBc/Hz. In this
experiment its noise floor is slightly degraded, because
of lower input rf power. All phase noise spectra have been
measured with a commercial phase noise analyzer [20]

Microphonics (MIC)
Actuator (ACT)

Detector (HDR)

Detector (CSI)

Reference Oscillator (MO)

SSB phase noise [dBc/Hz]

10 100 1k 10k 100k ™M
offset frequency [Hz]

FIG. 6. Measured absolute phase noise of the relevant rf control
subsystems. The measurement resolution of the CSI is 112 as
within the bandwidth of [10 Hz, 1 MHz| and 64 as within the
closed-loop bandwidth of 40 kHz, respectively.
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using cross correlation, which has a floor limitation of
approximately —183 dBc/Hz and 1/f noise limitation of
approximately —145 dBc/Hz at 100 Hz.

B. rf control noise simulations

The LLRF system was simulated with the MATLAB [22]
control tool box. The block diagram of the simulation
model is shown in Fig. 7. The system model consists of the
main plant Hcy(s) (superconducting cavity), the detector
Hpwc(s) (field detector), Hacr(s) (actuator), and the
controller G(s). Each subsystem is modeled by a first-
order transfer function. Since the LLRF system is a digital
control loop, the simulation uses discrete models in the z
domain. For the simulation, the model parameters are
defined in the s domain and then transferred into the z
domain. The plant, in this case a nine-cell superconducting
cavity, is modeled as a first-order system including latency.
Other passband modes of such a cavity are not taken into
account. Considering the modeling in the f domain, all
subsystems' latency contributions can be summarized in
one latency term that has been added to the cavity model.
The controller is a standard PI controller of the form

27 f
G(s) = g0 + 2201, )

with a proportional gain g, and an integrator bandwidth f;.
The simulation result is a set of transfer functions shown in
Flg 8, namely, KMIC’ KACT’ KHDR’ KCSI’ KMO’ which
describe the contribution of each disturbance to the residual
output @ggs(s). Apart from the effects caused by the
integrator of the controller and latency of the system, the
transfer functions are in agreement with Eq. (2). According
to [3], all individual phase noise contributions of each
contributing subsystem can be determined by the individual
noise spectral densities and transfer functions. Their sum
yields the residual noise contribution S, rgs. The induced
phase noise S, yp is defined by Eq. (3) and describes the
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FIG. 7. Block diagram of the LLRF regulation system with all
relevant noise sources. The field detector is a hybrid system based
on a standard HDR and an interferometric CSI detector.
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FIG. 8. Transfer functions of relevant noise sources contribut-
ing to the residual phase noise. Dominant contributors are the
reference source (blue curve) and the CSI detector (orange curve).
The cavity first-order cut-off frequency is f;, = 65 Hz, con-
troller gain is gy =55 dB with an integral bandwidth of
fi = 10 kHz, and the system latency time is tp = 3.5 ps.

impact onto the accelerated electron beam by the LLRF
system.

C. Residual noise contributions

Based on the numerically simulated noise transfer func-
tions K; with i = {MIC, ACT, HDR, CSI, MO} depicted in
Fig. 7, the expected residual noise contributions are given by

Syres.i(f) = |Ki(f)1*S,.:(f). (6)

where S, ;(f) are the measured noise contributors presented
in Fig. 6. The result is shown in Fig. 9. The total residual
phase noise (gray curve)

Syres(f) = ZS(p,RES.i(f) @)

is in good agreement with the measured residual phase noise
(black curve). The actuator noise (yellow curve) and cavity
microphonics (red curve) are well suppressed below the
closed-loop bandwidth. In order to minimize the influence of
the carrier-based HDR field detector (green curve), compared
to the CSI detector (orange curve), a proper rf power
adjustment is applied. Major contributions to the residual
noise of the rf control (black curve) are caused by the
reference source and the CSI detector around the closed-loop
frequency f/,. Above the closed-loop bandwidth, according
to the low-pass filter of Eq. (2), the actuator and detector
noise decrease with higher frequencies, whereas the residual
noise follows the reference (blue curve). Considering the
induced error on the beam in Eq. (3), the reference noise
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FIG. 9. Residual noise contributions of relevant noise sources.
The reference source around the closed-loop frequency is
identified as the crucial noise source. Controller parameters:
proportional closed-loop gain 55 dB, integral bandwidth 10 kHz.

contribution rolls off due to the cavity filtering with the
closed-loop bandwidth. The CSI detection floor can be
further lowered by increasing the output power from the
cavity. However, this power is constrained by the cavity
design, as well as the power handling capabilities of the
electronic components.

IV. CAVITY FIELD JITTER

In the previous section, various noise sources and their
impact on the rf cavity field stability were discussed. To
benchmark an rf control system using different in-loop
detector types (HDR vs CSI), out-of-loop (OOL) measure-
ments have been deployed. For OOL measurements a
commercial phase noise analyzer (FSWP) [20] and an
out-of-loop CSI detector were used in parallel. Phase noise
spectra and integrated timing jitters are shown in Figs. 10(a)
and 10(b). In open loop (blue curve), due to perturbations
from the facility infrastructure, cavity microphonics domi-
nate, and 0.6 ps time jitter is accumulated [10 Hz, 1 MHz]
[23-25].

When the feedback is closed using the HDR detector
(purple curve), the phase noise is dominated by the noise of
the HDR detector. Even though laboratory measurements
of the HDR detector show an integrated jitter of 2 fs (see
Sec. III A), measurements at the facility show an integrated
time jitter of more than 20 fs within the closed-loop
bandwidth of 40 kHz. The main contributor is a low
frequency distortion line at approximately 68 Hz, which
is caused by the imperfect facility structure (vibration,
grounding). At frequency 831 kHz, the 87z/9 passband
mode of the cavity is clearly visible and it can be further
reduced by filtering.
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-70 Detector (CSI) / OOL FSWP
Detector (CSI) / OOL CSlI (suppression cal.)
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200 . . . . N )
10 100 1k 10k 100k ™
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(b) 100t

1002 jf_—_/_f

rms integrated timing jitter [s]

10a b Detector (HDR) / OOL FSWP

Detector (CSI) / OOL FSWP

Detector (CSI) / OOL CSI (suppression cal.)
Detector (CSI) /OOL CSI (baseband cal.)
= = Induced cavity field jitter

1a . : . '
10 100 1k 10k 100k 1M
offset frequency [Hz]
FIG. 10. (a) For the out-of-loop (OOL) measurements a

commercial phase noise analyzer (FSWP) [20] or an OOL CSI
is used and (b) integrated timing jitter performance of a hybrid rf
control for different in-loop detectors. The integrated jitter of the
cavity regulation within a bandwidth of [10 Hz, 1 MHz] is
measured to be 189 as using a CSI detector. The dominant noise
contribution is caused by the regulation's waterbed effect near
maximum gain from the remaining reference noise. The induced
cavity field jitter is expected to be about 116 as.

When using the CSI detector with less noise for the in-
loop regulation, a higher suppression of the actuator noise
and the cavity microphonics is achieved. Phase noise
spectral densities (green and orange curves) around
—160 dBc/Hz down to —180 dBc/Hz can be reached,
resulting in ultralow noise timing jitter of the cavity. In
Fig. 10(b), for low offset frequencies, the out-of-loop CSI
detector (green and orange curve) shows an excellent
integrated time jitter below 100 as. We used two indepen-
dent measurements of the CSI out-of-loop detection. For
the orange curve the baseband method (see Fig. 3) is
applied, while for the green curve the method of
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=

Reference
Oscillator

FIG. 11. Reference oscillator (left) was located outside the
facility to reduce the influence of acoustic disturbances. The in-
loop and out-of-loop CSI (right) are placed next to the rack,
which houses the conventional LLRF system. On top of the
modules, the baseband detection and a spectrum analyzer to track
the quality of the carrier suppression are shown.

determining the suppression factor [21] is used. Even using
cross-correlation techniques for out-of-loop measurements,
a commercial phase noise analyzer (red curve) cannot
resolve the performance of the CSI detector. For higher
frequencies the waterbed peak near the maximum closed-
loop frequency of about 40 kHz is a major contribution to
the integrated jitter. The waterbed peak is caused by the
latency t, of the regulation system and occurs at the
frequency f1» gmax = 1/41p. The measured cavity regula-
tion performance is 189 as over the full bandwidth of
[10 Hz, 1 MHz]. These unprecedented results constitute a
factor 10 improvement compared to state-of-the-art field
detection in superconducting radio frequency (SRF) accel-
erator technology [26,27]. The experimental implementa-
tion of the setup is shown in Fig. 11.

The residual jitter is expected to be lower with smaller
controller gains, when using better actuators and in the
presence of less cavity microphonics. For frequencies above
the closed-loop bandwidth, the cavity efficiently filters out
noise of the reference and field detectors and this noise is not
imprinted onto the beam. The green dashed line in Fig. 10(a)
indicates the expected phase noise spectral density trans-
ferred to the beam, resulting in a total timing jitter of 116 as
[see Fig. 10(b)]. Based on the analysis shown in Fig. 9, the
phase noise of the reference source in the middle frequency
range [l kHz, 100 kHz] was identified to be the most
important contribution to the induced cavity time jitter.
This imposes even tighter requirements for future oscillators
with 1/f corners of about —180 dBc/ Hz below 1 kHz.

V. CONCLUSION

Hybrid rf control systems using carrier suppression
detectors have the potential to control the cavity in
accelerators with attosecond resolution. For an rf control
system with a single superconducting cavity operating at
1.3 GHz in cw at CMTB, an integrated time jitter of 189 as
within the frequency range [10 Hz, | MHz| was demon-
strated. This outperforms state-of-the-art short-term field

stability of superconducting cavity rf fields by more than
one order of magnitude. Noise contributions from the
reference source are identified to be crucial on a floor of
—180 dBc/Hz in the frequency range [1 kHz, 100 kHz].
The contribution was identified to originate from the
regulation related waterbed effect. By filtering the noise
through the cavity above the system’s closed-loop band-
width, the beam jitter is expected to be about 116 as.
Demands for higher performance reference oscillators with
reduced 1/f noise and improved high-power chains will
grow. Further integration steps of the method into existing
form factors are needed. The presented research combining
conventional receiver techniques with carrier suppression
detectors is well suited for cw operation and is an important
milestone toward pump-probe experiments in the atto-
second range.
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