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Picosecond-scale Terahertz pulse
characterization with field-effect transistors

Stefan Regensburger, Stephan Winnerl, J. Michael Klopf, Hong Lu, Arthur C. Gossard, and Sascha Preu

Abstract—Precise real-time detection of Terahertz
pulses is a key requirement in Terahertz communication
technology, non-destructive testing, and characterization
of pulsed Terahertz sources. We experimentally evaluate
the speed limits of Terahertz rectification in field-effect
transistors using the example of pulses from a free-
electron laser. We develop an improved model for the
description of these Terahertz pulses and demonstrate its
validity experimentally by comparison to spectroscopic
data as well as to expectation values calculated from
free-electron laser physics. The model in conjunction with
the high speed of the detectors permits the detection of an
exponential rise time of the pulses as short as 5 ps despite
a post detection time constant of 11 and 14 ps for a large
area and an antenna-coupled detector, respectively. This
proves that field-effect transistors are excellent compact,
room-temperature Terahertz detectors for applications
requiring an intermediate frequency bandwidth of several
tens of GHz.

Index Terms—Field Effect Transistor, HEMT, Plasma
waves, Terahertz (THz), Free Electron Laser, Semiconduc-
tor detectors, Pulse measurements, Ultrafast optics, Laser
cavity resonators

I. INTRODUCTION

IELD-effect transistors (FETs) are able to rectify
Fradiation well above their maximum frequency
of oscillation and cut-off frequency [1]. Within the
last decade the sensitivity of FETs for THz detection
has been strongly improved. In the class of fast and
compact THz detectors at room-temperature, FETs have
become competitive to Schottky diodes. Narrow-band
FETs reach noise equivalent powers (NEPs) in the
10 pW/\/m range at THz frequencies [2], [3]. For
many applications, in particular communication and
fast data acquisition, the speed of the detection process
is of major interest [4]. The detection of single THz
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pulses, as well as their intensity finds application in
non-destructive testing, e.g. for thickness measurements
[5]. Experiments requiring ultra-short THz pulses
benefit from or even rely on a precise and real-time
measurement of the pulse shape and pulse width for the
precise quantification of peak quantities. Pulse width
and pulse shape of picosecond THz pulses can be
measured using autocorrelation setups [6], [7] or also
electro-optical sampling [8]-[11]. There are limitations
though for both methods, such as long integration times
for scanning type measurements. For THz systems
with jitter and phase jumps such as free-electron lasers
(FELs), those measurement techniques are inadequate as
the timing and the pulse shape might even change during
the measurement. An alternative approach is to record
the spectrum of the pulse and then perform a Fourier
transformation to obtain the pulse in the time domain.
However, spectroscopic data are insufficient to derive
the temporal pulse shape. A spectrometer only measures
the intensity spectrum and does not give access to the
spectral phase. The Heisenberg-Gabor limit only allows
to specify a lower boundary of the pulse width. The
Fourier transform of spectroscopic data further might
not contain information about the symmetry of the pulse
in time domain or a chirp. For instance, the missing
spectral phase contains information on whether a certain
pulse feature such as an exponential decay is trailing or
leading.

For such systems, including, e.g. FELs, real-time
characterization of the pulse width and pulse shape in
the time domain is essential. Many facilities monitor
the pulse shape at the laser cavity, for instance by
spectroscopic techniques. However, the THz pulses
have to be guided to the experimental site, often several
10 m away. This gives rise to (frequency-dependent)
attenuation losses, dispersion in waveguiding structures
and possibly water vapor absorption. For experiments
where the pulse duration and pulse shape are critical,
monitoring the pulse shape as close as possible to
the actual experiment drastically reduces experimental
errors. Therefore, a compact detector is needed in
contrast to a bulky spectrometer to be able to record the
pulse shape. For pump-probe experiments, the timing
between the two THz pulses or a near-infrared and
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a THz pulse is essential. We have demonstrated that
a large-area FET (LA-FET) [12], [13] can record the
timing between two pulses close to real-time with a
temporal resolution in the range of a few 10 ps, limited
by measurement electronics and wiring.

The LA-FET is based on an antenna-less concept, where
many FETs are all connected in parallel and the THz
power is coupled directly to the channel and the ohmic
contacts. LA-FETs feature a high damage threshold
(> 65kW), a large dynamic range, are ultra-fast, and
do not show antenna resonances over an extreme
bandwidth from 0.1 to 22 THz [12]. Therefore they are
ideally suited for detection of ultra-short and high power
THz pulses. The single FETs act as Hertzian dipoles,
therefore the antenna resistivity and responsivity is
lower as compared with a regular antenna and the
devices show a roll-off towards higher frequencies.

In contrast to LA-FETs, in antenna coupled FETs
(A-FETs), the THz power couples to a lumped element
FET with ym dimensions with the aid of an antenna.
The antenna radiation resistance is much larger than
the effective radiation resistance of a LA-FET [14]
leading to an increase in responsivity and therefore also
lower NEP. While the large area of LA-FETs simplifies
handling in the experiment, A-FETSs are better suited for
low THz intensities, such as in table-top applications
with sub uW power levels. With broadband antennas
large bandwidths have also been demonstrated for single
A-FETs [15].

In this paper we demonstrate pulse width and pulse
shape characterization with a LA-FET as well as an
A-FET. We further demonstrate that the recorded pulse
widths and pulse shape allow for direct extraction of the
cavity detuning parameter for the FEL generating the
THz pulse. We propose a refined approach to describe
the temporal pulse shape of FELs and compare the pulse
width with that obtained from spectroscopic data.

II. EXPERIMENTAL SETUP

In this paper, the shape of THz pulses generated by
the free-electron laser FELBE at the Helmholtz-Zentrum
Dresden-Rossendorf is studied. In a FEL tunable radia-
tion is generated by relativistic electrons in an undulator
that is placed in a resonator cavity. The electron beam
energy, period of the undulator and B-field strength of
the undulator mainly determine the central frequency of
the emitted radiation. The number of optical cycles is
equal to the number of undulator periods, if the overlap
between electron bunches and optical pulse is ideal.
In the present experiments, the undulator and electron
bunch parameters were optimized for a specific FEL
frequency and only the cavity length was tuned by a
certain length AL with respect to the optimum working

point. Cavity detuning only slightly shifts the cente%
frequency fy in the range of a few GHz but strongly
alters the pulse shape. While at the optimum working
point, the FEL pulse features an almost perfect Gaussian
shape, a strongly detuned cavity AL < 0 leads to an
exponential rising edge of the FEL pulse, p(t) [16],
[17]. Unlike causal decay processes the leading edge is
exponential, not the trailing one. In every round trip of
the pulse in a AL shorter cavity, the leading edge of the
pulse is arriving At = 2AL/c too early, not achieving
gain in the undulator. The leading edge is therefore
attenuated exponentially in each round trip, such that
the rising edge of the pulse shows an exponential shape
~ exp(tca/2AL), with ¢ the speed of light. The (unit-
less) constant o corresponds to the loss in the cavity.
The exponential constant of the rising edge can be
evaluated to 7 = 2AL/ac. The highest THz power is
usually extracted for a slightly negative cavity detuning
AL ~ —0.2X [18]. The cavity detuning compensates the
lag of the electron bunch which is slightly slower than
the speed of light, also called slippage effect. In lack of
an absolute value, we denote in the following the relative
cavity detuning with an offset, AL = AL’ + Lo, where
Ly is close to maximum power.

The repetition rate of the THz pulses is 13 MHz. The
THz beam is focused onto the FETs by a parabolic
mirror. The THz beam is coupled through the substrate to
the antenna coupled FET. A hyper-hemispherical silicon
lens is used to increase the numerical aperture. For the
LA-FET with 1 x 1mm? active area the radiation is
coupled from the air side. A horn with an aperture of
1.5mm shields the wiring of the FET from undesired
incoupling [19]. The device parameters of the LA-FET

TABLE 1
PARAMETERS OF THE MEASURED FETS, WHERE L IS THE GATE
LENGTH, Lgp THE CHANNEL LENGTH, N THE NUMBER OF
PARALLEL CONNECTED FETS, W THE WIDTH OF THE FETS, p THE
ELECTRON MOBILITY, n THE CHARGE CARRIER DENSITY, AND d.p
THE CHANNEL DEPTH.

FET Le Lsp N W Iz n dep,
cm? 10t
(pm) — (pm) (pm)  (F¢) (o) nm
LA-FET 3 1248 1000 4323 1.8 15

A-FET 1.2 3.8 1 30 5750 7.1 30
and the A-FET are compared in table 1. The high electron
mobility transistors (HEMTs) were epitactically grown
featuring a 2-dimensional electron gas (2DEG) with very
small barrier width d.,. The channel is remotely doped
with a silicon (Si) delta doping, leading to large electron
mobilities at room-temperature [15]. For both devices,
wires with a length in the range of ~ 1 mm connect
source and drain pads to an SMA connector. The IF path
continues with a coaxial cable with 3.5 mm connectors,
which feeds the signal through a large bandwidth bias-
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tee (picosecond 5542) to a 30 GHz sampling oscillo-
scope (Tektronix 80EO8 on DSAS8200). Each device is
packaged in a metal case for effective shielding from
undesired noise into the large bandwidth IF signal path.
For additional noise reduction, we average 100 time
traces with the oscilloscope in this study. If necessary,
the FET detectors can also be used for THz single-
shot measurements. The responsivity of the A-FET is
5 mV/W, the responsivity of the LA-FET is 0.03 mV/W,
both for the unsaturated regime of the FETs at optimum
biasing conditions at 2.0 THz for the longest pulse.
The responsivity decreases for shorter pulses (wider
spectra) due to the limited IF bandwidth that attenuates
high frequency parts the pulse. The measurements were
carried out with a low THz power to obtain a rectified
voltage in the same range for the FETs in order to avoid
effects from saturation in the FETs. The FEL pulses were
therefore attenuated with discrete elements depending on
the cavity length dependent power from the FEL. The
length and shape of the FEL pulse is tuned by changing
the cavity length, L. A grating spectrometer records the
power spectrum p(f) of the pulse for each FEL cavity
length. The pulse width in the time domain is measured
with both the LA-FET and A-FET for a range of gate
biases.

(a) N,-purged beam line Air

11.8 THz

0 100 200
t(ps)

Fig. 1. (a) Schematic of the THz beam line with parabolic mirror
(PM) for focussing on the FET (not to scale). (b) Picture of the setup
with the packaged FET and the PM. (c) Measured impulse response
of the A-FET with very short THz pulse length at 11.8 THz with a
Gaussian width of 14 ps.

A simplified schematic of the beam line is shown in
Fig. 1 (a). The length of the Ny-purged beamline after
the spectrometer is ~ 22 m. The length between the
Ns-purged beam line and the FET in air is ~ 3.3 m.
Fig. 1 (b) shows a picture of the packaged FET detector
with a parabolic mirror for focusing. Fig. 1 (c) shows
the impulse response of the A-FET at 11.8 THz. The
impulse response of the FET shows a Gaussian shape.
The negative peak and the ringing is due to reflections

in the IF-path.

III. THEORY

The state of the art approach to model the FEL
pulse, p(t), from a detuned cavity is a piecewise defined
function with an exponential rising edge and a Gaus-
sian trailing edge, yielding a discontinuous differentiable
function at the joint ¢ = 0 and strong deviations from
the measured pulses around the peak position, t = 0
[17]. An evaluation of the piecewise defined function is
presented in the appendix. We also use to this model to
evaluate the experimentally obtained data and compare it
to the description derived in the following. We refine the
piecewise defined approach with a more physical one by
modeling the pulse as a convolution of a Gaussian and a
rising exponential edge. This avoids any discontinuity in
the derivative and further allows to describe the measured
pulses directly at the peak position. Further also rising
edges with a combination of Gaussian and exponential
behavior for very weak cavity detunings can be modeled
very well with this approach. The intensity of the THz
pulse, p(t) reads then

p(t) = po (exp(—t2/202) x (H(—t) exp(t/T)))
= po(Go(t) * X-(t)), (1

where ”*” denotes the convolution operator, the Gaus-
sian part of the pulse is represented by G,(t) =
exp(—t2/[20?]) and the exponential rise is given by
X, (t) = H(—t)exp(t/T), with H(t) the Heaviside step
function. For the limit of no exponential broadening
7 — 0, a Gaussian shape is obtained for p(t), as it
is expected for very weak cavity detuning AL = 0.
In order to compare and cross-reference the measured
pulse shape to spectroscopic information on the pulse,
we need to perform a Fourier transform on the field of
the pulse. The envelope of the electrical field can be
obtained as Ey ~ +/p(t). Unfortunately, there is no
simple Fourier transform of 4/p(t) as the square root
and the convolution operator do not commute. However,
it can be shown that for the chosen functions G (¢) and
X, (t), the pulse p(t) can be very well approximated by

p(t) = Po (Ga(t) * X’r(t)) ~ Po (G\/i}(t) * X2'F(t))2 5

2
with ¢/ = 1.0 for an (almost) Gaussian pulse with
T < o while /6 = 1.2 and 7/7 =~ 1.0 for 7 > o. For
the pulses described in this work, the best approxmation
is obtained for parameters in the range of 7/7 ~ 1.03
and 0/ &~ 1.1. The maximum deviation of the pulse in
the time domain is in the range of 0.5%, i.e. smaller than
the experimental noise. The approximation is evaluated
in the appendix in Fig. 6. The envelope of the field E(t)
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can therefore also be well described by a convolution
of a Gaussian function with temporal width of /25 and
an exponential rise with a time constant 27. Eq. 1 only
considers the pulse envelope measured by the FET. The
oscillation frequency is not resolved by the envelope
measurement. For comparison with spectroscopic data,
the oscillation can be added by the factor exp(2mify).
It can either be taken from spectroscopic data or mea-
sured on-site with an autocorrelation measurement [6].
In general, there is usually no need for measuring fy
at the experimental site because there are no severely
dispersive elements in the beam line that could cause a
drastic shift of the FEL frequency and the FEL frequency
obtained by spectroscopy at the FEL is sufficiently
accurate. The resulting electrical field, E(t), becomes
then

E(t) = Ey (G\/%(t) * Xzf(t)) exp(2mifo). (3)
The spectrum of the electrical field is obtained through
Fourier transformation:
- - 27
E(f) = EyG C(F=f)
() = EoGonyag-+ (f=fo) 1= Amit(f — fo)

where we replaced w = 27 f. For simplicity, functions
with a hat denote respective quantities in the frequency
domain. The power spectrum of the pulse required for
comparison with spectroscopic data is then given by

(4

P(f) = P0G (anz)-1 (f — fo) - La=(f — fo), (5)

where Loz = wm(z(% is the Lorentz—functiop.
The data obtained by the spectrometer measurement is
fitted with Eq. 5 in order to determine the Gaussian and
exponential widths, o, and 7, respectively for compari-
son with the time traces recoded by the FETs.

For an ideal time domain envelope detector, also the
reverse direction is possible, namely a comparison of
the spectrum obtained from Eq. 5 by the Fourier trans-
formation of a captured pulse in the time domain to
that of the envelope of the spectrum obtained with a
spectrometer. Since the time domain envelope detector
does not resolve the oscillation at fy, the pulse will
be mapped to DC, i.e. the frequency in Eq. 5 must be
replaced by f — fo — f.

A realistic detector, however, bears some disadvantages.
In general, a THz pulse is rectified applying a quadratic
non-linear process on the input THz pulse p(t) that
is subsequently recorded with read-out electronics. The
recorded pulse, m(t), is therefore a convolution of the
intensity of the input pulse, p(t), with the transfer
function of the rectifier, r(t), and the transfer function
of the measurement electronics, 1F(t),

m(t) = p(t)xr(t)«IF(t) = moGy(t)* X, (t)xr(t)«I F(t).

(6)

The functions r(t) and IF(t) take frequency-dependen‘{
losses and phase shifts into account, e.g. due to finite
response times resulting in a low pass behavior. Both
r(t) and IF(t) will temporally broaden the pulse and
may cloak features of the pulse if the pulse duration is
shorter than the time constants of r(t) or IF(t). The
convolution 7(t) * IF(t) = IF.f¢(t) can be considered
as an effective post detection filter function. In the case
of FELBE, typical THz pulse durations are in the range
of 1-30 ps. The authors in ref. [20] calculated a FET
detector time constant < 2ps for gate biases Ugg and
electron mobilities, p, used in this study.

IF(t) summarizes (frequency-dependent) losses
within the intermediate frequency (IF) detection chain
including the 30 GHz oscilloscope, wiring and cable
losses. The oscilloscope response time is in the range
of ogcope = 7 ps, for the approximation of a Gaussian
behavior from the specified rise time. RF losses by
SMA cables further increase the IF time constant. It
can therefore be considered (much) larger than the FET
time constant and therefore dominates the temporal
broadening. In this case, IF(t) can be estimated from
a measurement of the impulse response of the system
using a pulse p(t) being very short in comparison to
the filter time constant of IF(t).

In order to determine the function JF¢s¢(t) we record
a pulse at 11.8 THz that features a very short pulse
duration of o, = 2.0 ps, determined from the measured
spectroscopic data. It is known that the pulses are
almost chirp-free, therefore allowing to assume that the
pulse duration obtained from a Fourier transformation
of the spectroscopic data indeed is the Heisenberg-
Gabor limited temporal pulse width. The pulse detected
by the A-FET is shown in Fig. 1 (c) for a gate bias
of —0.3V. The obtained time domain trace is in very
good approximation a Gaussian function of width o, =
11.440.3 ps and 14.2+£0.3 ps and vanishing exponential
part for both LA-FET and A-FET, respectively. As
the product of two Gaussian functions (i.e. p(f) and
IF.;¢(f)) as well as the convolution of these functions
(i.e. p(t) and IF.f(t)) yield again Gaussian functions,
we conclude that the IF filter function can be well
described by a Gaussian function of temporal width
OrFeff = /02, —02=11.24+0.3 ps and 14.0 £ 0.3
ps for the LA-FET and A-FET, respectively. For any
parameter combination of ¢ and 7, the recorded pulse
in the time domain with the FETs and post detection
electronics then reduces to

m(t) = mUGUm (t) * X'rm (t)v @)

with the measured Gaussian width of o, =
\Jor+oin, 7y and exponential width 7, = 7. Inter-
estingly, the exponential rise time does not seem to
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be affected by the low-pass behavior of the IF path.
Therefore, time constants below the rise time of the
oscilloscope can indeed be resolved.

IV. RESULTS
AL = —0.3) (b)
AL = —1.0)
1 AL = 2.0
=08 2 08
: :
£ 06 = 0.6
X
g g
< 04 = 04
& 5
& 02 2 02
s}
0f 0
-100 -50 0 50 196 198 2 202 204
t (ps) f(TH2)

Fig. 2. (a) Rectified THz signal from the A-FET vs. time for three
different THz pulses at Ugs = O V. The time t = Ops is defined as
the (positive) peak position of m(t). The amplitudes of the pulses are
normalized. Points: recorded time domain data, solid lines: fitted pulse
shape according to Eq. 7. Dashed lines: calculated time domain traces
according to Eq. 1 from fits to the spectra obtained with the grating
spectrometer with Eq. 5 in the same color, respectively. (b) Spectra
recorded by the grating spectrometer of the corresponding THz pulses
for the three different values of cavity detuning for temporal pulse
broadening. The dashed dotted line represents potential transmission
losses due to a waterline close to the spectra (not to scale). Only
the recorded time domain traces, m(t), are affected as the grating
spectrometer is purged with dry nitrogen (c.f. Fig. 1).

The recorded data with both FETs show some ringing
as depicted in Fig. 1 (c). This ringing is largely due to
reflections by impedance mismatch in the post detection
path and the wiring. The reflections start perturbing the
signal a few 10 ps after the main peak as they experience
a temporal delay upon reflection. The rising edge as
well as the first few 10 ps after the main peak are
considered reflection-free. The recorded pulses, m(t),
were therefore fitted with Eq. 7 in the time domain till
the point where the amplitude decreased to 80% after
the peak in case of the LA-FET. The A-FET shows less
ringing, potentially attributed to improved wiring of a
lumped element device, allowing to extend the fitting to
20% - 80% amplitude of the falling edge after the main
pulse. For better comparison, all data were fitted to 80%
amplitude of the falling edge, however, Fig. 2 (a) shows
that there is even good agreement down to 20% of the
falling edge for the A-FET. The data are recorded at an
FEL frequency of 2.0+0.03 THz.

Eq. 5 and Eq. 7 excellently describe both the measured
time traces m(t) and measured spectra p(f) for the
investigated FEL relative cavity detuning from AL’ =
—0.3 \p with a pure Gaussian shape to AL’ = —2.0 )\
with a pronounced exponential rising edge and therefore
a strongly asymmetric shape. For the measured spectrum
at AL’ = 0 (not shown), there is a shoulder in the spectra

not being described Eq. 5, but the measured time traceg
m(t) are still excellently described by Eq. 7 featuring a
Gaussian shape and a vanishing exponential broadening
Tm — 0. For the fit of the spectra, p(f), we account
for a faint linear (~f) background. Both the measured
time traces m(t) and the spectra p(f) are normalized
and shown in Fig. 2 (a) and (b) respectively. We note,
that the signal to noise ratio of the spectroscopic data is
about an order of magnitude lower, leading to larger fit
errors.

The measured pulses, m(t), in Fig. 2 (a), shown as
points, are fitted with Eq. 1 to obtain the measured pulse
width, 0,,, and the exponential broadening, 7,,. The
parameters o5 and 7 of the (ideal) THz time domain
trace, p(t), are obtained by fitting the spectral data
p(f) with Eq. 5 in the frequency domain. The time
domain parameters o, and 7, are then calculated by
substituting these values into Eq. 2, assuming no further
broadening e.g. by a chirp which cannot be evaluated
due to the lack of spectral phase information. The dashed
lines represent the THz pulses, p(¢), calculated from the
fitted spectra. The broadening of the measured pulses,
m(t), as compared to the THz pulses p(t) represents the
broadening due to the measurement path IF'(¢) and the
rectification r(t).

- @ 3 (b)

30 : - 30 FE4  LA-FET
e FEL AFET

25 & 25 — — — scope limit

om (ps)

. F
10 % 10
5 % 5
0% 0
0 10 20 30 0 5 10 15
7 (ps) o5 (ps)

Fig. 3. Measured pulse widths for the LA-FET and the A-FET vs THz
pulse width extracted from the spectra p(f) at 2.0 THz for Ugs = 0
V. The THz pulse width is changed through detuning of the FEL cavity
from AL’ = 0.0\g to —2.0\¢ (a) Exponential Broadening T, VS Ts.
(b) Gaussian width oy, vs os. The star symbols display the impulse
response measurement at 11.8 THz with a very short pulse width for
Ugs = —0.3 Vand —0.5 V for the A-FET and LA-FET respectively.

Fig. 3 (a) depicts the exponential rise time obtained
from the time domain traces recorded with both FETs
vs. the rise time calculated from the spectra, 75. The
measured exponential broadening 7,, shows a linear
behavior in comparison with the 75 from p(f) with
apparently only minor or no limitations by IF(t) and
7r(t). The dotted line is a guide to the eye for a perfect 1:1
correspondence. The star symbols display the resulting
pulse width of the short 11.8 THz pulse for reference.
However, 7, increases stronger than expected for very
long 7 resulting in values 7, > 7,. The time traces m(t)
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are measured after a transmission path of the THz pulses
in air while the spectra, p(f) are recorded in a dry ni-
trogen atmosphere. Though care was taken to use a FEL
frequency that does not coincide with any water lines,
the pulses sightly shift with cavity detuning. Spectrally
narrower pulses, i.e. pulses with larger detuning appear
at slightly higher mean frequencies and start touching a
water line at 2.016 THz as shown in Fig. 2 (b) (dashed
dotted line). Losses by water vapor absorption within the
path between the Ny purged beam guide and the actual
experiment of ~ 3.3 m, reduce the spectral width of
the pulse and may therefore be responsible for excessive
temporal broadening at large cavity detunings.

The Gaussian part o, in Fig. 3 (b) does not show
any noticeable dependence on pulse widths o, except
for the shortest pulse recorded at 11.8 THz, displayed as
stars where the LA-FET shows a slightly faster detection
with oy, = 01, ;s ~1lpsas compared with the A-FET
with 0, = orF, iy R 14 ps for a FEL pulse width of
os = 2 ps. The data include the limitations by I F'(¢) and
r(t). The dashed line is the theoretical limit of the used
oscilloscope, othe® = | /a2 + 02, where o7 = 7 ps is
fitted to the rise time of the oscilloscope. This lower limit
assumes only a low-pass behavior of the oscilloscope and
neglects any influence by cables or the FETs, 7(¢). From
the difference to the oscilloscope limit, we can estimate
the the time constant of the low-pass filter due to cabling
and r(t) to 8.5 ps which can be considered as an upper
limit of the response time of the FETs.

In agreement with Eq. 7, broadening due to r(¢) and
IF(t) does not show any effect on 7,,. The obtained
values of 7,,, can therefore be used to calculate the cavity
loss factor and the cavity detuning, AL, of the FEL. The
exponential broadening is linked to the cavity detuning
by [17]

2 2
r= 2AL+ 2 L. @®)
ac ac

Fig. 4 compares the extracted exponential broadening
T, for the measured time traces and 7, from the
spectroscopic data for both the convolution ansatz in
Eq. 5 and the piecewise ansatz of Eq. 10 vs. cavity
detuning. Generally speaking, the spectrometer data
show slightly shorter rise times, potentially attributed
to beam guiding in an N, atmosphere while the
FET measurements were carried out in normal air.
As discussed above, particularly measurements with
larger detunings are affected by water vapor absorption
where the deviations to the spectroscopic data are
largest. At low cavity detunings, |[AL'| < X, however,
the agreement between spectroscopic data and the
convolution approach is excellent. Over the whole
investigated range of detunings, the piecewise ansatz
(Eq. 9) yields larger rise times than the convolution

% p(f) Eq. (5) (convolution) /i
30 Ppu(f) Eq. (10) (piecewise) i -7 T
m(t) A-FET Eq. (7) (convolution) P
25 o  my(t) A-FET Eq. (9) (piecewise) o7 4
=1
. 4z %
—~ 20+t 3 ]
2 s _- *
« 15 ° §
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—~ /i
5 | /4% |
~
0 . . . .
-05 0 0.5 1 15 2
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Fig. 4. Exponential broadening 7 vs normalized cavity detuning AL’
with comparison of convolution and piecewise ansatz (Appendix, Eq.
9). For the rise times 7 derived from the spectroscopic data, p(f), the
two different approaches show a very similar behavior (blue and red
crosses). For the rise times determined from the FET measurements
in the time domain, 7, the convolution approach yields AL’ much
better agreement with the spectroscopic data, in particular at very
low detuning, i.e. very short exponential rise times. The dashed line
shows the fit for the measured time domain traces with the convolution
approach.

approach from Eq. 7 and larger deviations from the
spectroscopic data, in particular at small detunings. This
deviation can be accounted to the missing capability of
this ansatz to seperate the IF-limitations. Only at very
large cavity detuning AL’ — —2\ the piecewise ansatz
approaches the values from the convolution ansatz.
We therefore conclude that the convolution ansatz
presented here is superior for describing the FEL pulse
as compared to the piecewise definition found in the
literature.

With the convolution approach for A-FET and LA-
FET a cavity loss of a = 0.07 is obtained from the
slope of the graphs in Fig. 4, which compares well to the
simulated cavity loss of @ = 0.05. From the spectrometer
data, p(f), the extracted cavity loss of o ~ 0.11 is
higher. This deviation can potentially be attributed to the
spectral narrowing/temporal broadening by water vapor
absorption as discussed previously in conjunction with
the discussion of Fig. 3 a).

The ordinate at AL’ — 0 allows to determine the ab-
solute cavity detuning AL to Ly = —0.3\ from the time
traces with the convolution approach. From the spectrum
measurements we obtain a value of Ly = —0.6\ for
the absolute cavity detuning. These values compare well
with the slippage length of —0.2) experimentally found
for power-optimized detuning in saturation [18] and the
theoretical value of —\ for non-saturated operation.
Finally, we use the temporal broadening of the FEL by
cavity detuning to estimate the response time of the FET's
with respect to gate bias.

Fig. 5 shows the dependence of the measured pulses
m(t) from the gate bias Ugg for the LA-FET and
A-FET for two exemplary THz pulse widths. For the
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Fig. 5. Measured pulse width vs. gate bias Ugg for the LA-FET and
the lumped element FET. (a) Exponential Broadening 7, vs Uggs. (b)
Gaussian width o,, vs Ugg. The gate bias does not show a significant
influence on the exponential broadening 7,,, but a trend to smaller
Gaussian widths o, for more negative gate bias Ugg.

exponential broadening (Fig. 5 (a)) no clear dependence
is found within the measurement error, A7, = +1ps,
in agreement with Eq. 7: the exponential term is not
affected by Gaussian broadening caused by the IF path
and r(t). According to the literature, the response time
of the rectification process, r(t), is expected to increase
for Uggs closer to the threshold bias [20]. Contrary, the
Gaussian width, o,,, shows a slight trend to smaller
values and thus faster detection speed for smaller gate
biases Ugg. The reduction of the Gaussian width from
about 16 psat Ugs =0V tor 14 psat Ugs = —0.6V
at a threshold bias of U;, =~ —0.4V (—0.5V) for the LA-
FET (A-FET) is only slightly above the measurement
error that we estimated to Ao, = 41 ps. While we
cannot tell apart any change in r(t) and IF(t), the
reduction of o, could also be accounted to a dependence
of TF(t) on Ugs. The gate bias, Ugs, changes the
impedance of the FET, therefore also the reflection in
the [F-wiring due to an impedance mismatch between the
FET and the coaxial cable. For the A-FET the amplitude
of the negative after-pulse decreases with more positive
gate bias Ugs. An increased gate bias Ugg leads to a de-
crease in channel resistance of the FET. For the lumped
element A-FET the source drain resistance does not drop
below 400 Ohms. For the LA-FET the amplitude of the
negative after-pulse is minimum for Uggs = —0.35 V,
where the source drain resistance is close to 50 Ohms.
For higher or lower gate biases the amplitude increases in
agreement with impedance-matching. As the change in
om is only < 3 ps despite a large range of investigated
gate biases Ugg, we conclude that the IF-path IF(t)
is dominating the observed broadening of the measured
pulse in this study.

V. CONCLUSION

Both the LA-FET and the A-FET are excellent real-
time detectors for Terahertz pulses with an IF-bandwidth
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tens of GHz, currently only limited by the speed of post
detection electronics. While very fast, A-FETs are more
sensitive than LA-FETs. They are therefore also suited
for low THz power experiments, as well as for
broadband THz communication.
LA-FETSs are much more robust than A-FETs and fea-ture a
large linearity range, high damage threshold and a well-
defined frequency dependence over an extreme bandwidth as
we have shown previously [12]. They are therefore well
suited for applications at high power THz facilities. Future
devices of both types can be produced with an improved IF-
path and wiring with less impedance mismatch for a further
decrease of ringing after the main pulse and improved IF
performance with larger bandwidth. Due to bandwidth
limitations by wiring and the IF post detection electronics,
the presented results only allow for defining an upper limit
for the response time of the FETs of ~ 8.5 ps.
In order to demonstrate the high speed of the FETs, we
experimentally studied THz pulses from a FEL. With the
refined ansatz for the measured FEL pulses as a
convolution of a Gaussian and an exponential function, we
can extract the Gaussian width, and the exponential rise
time much more precise than with the commonly used
piecewise composed description. It further allows to
include the low-pass behavior of the IF electronics and
wiring in a simple way. The exponential rise time
obtained by the FET measurements is very close to that of
obtained by a spectrometer, despite the fact that the values
are very close to or even below the resolution limit of
the oscilloscope used for read-out of the FET signals. The
minimum detectable exponential rise time is
about < 5 ps, despite a limitation in the IF-path low pass
behavior with a time constant of ~ 11 ps and ~ 14 ps for the
LA-FET and A-FET, respectively. The exponential rise time
extracted from the measurements with the FET detectors
allows to deduce the cavity detuning parameter of the FEL.
We therefore conclude that the description of the FEL pulse
by a convolution is superior to a piecewise approach,
particularly in the limit of zero exponential broadening.

VI. APPENDIX

For comparison of this study to the literature [17] the
piecewise combination of a exponential rising and
Gaussian falling edge is defined as

Ppw(t) = po - {exp(+t/7—) fort <0 o)

exp(—t?/202) fort>0"

By Fourier transformation of the respective field-quantity
(v/Ppw (t) exp(2mifo)) the intensity spectrum Py, (f) is
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obtained as follows:

ﬁpw(f):
- 2
| T/2=27Tif _an?o? 2 ) _
—————— t oyme T 7 4+ 27iD(270 ,
bo 1/4+ dn2r2 2 VT (2maf)
(10)

where D(x) denotes the Dawson integral and f=Ff—fo.
The extracted parameters from the fit to the spectra are
compared in Fig. 4 for the convolution approach and the
piecewise ansatz.
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Fig. 6. (a) Comparison of the approximation for p(t) from Eq. 2 for
Go* X7 (dashed line) and (G /5,5 *X27)?2 (solid line) for two different
settings AL’ of the FEL. The lines show excellent agreement. (b)
Absolute deviation of the approximation for each of two FEL settings,
AL’, shown in (a).

In Fig. 6 we review the approximation of Eq. 2 for
Go * Xr and (G 5, * Xa7)?, showing a maximum
deviation in the range of 0.5% which is lower than the
measurement noise.

In order to ascertain that the exponential rise time is
indeed not affected by Gaussian broadening, we further
simulated the theoretical fitting accuracy of the detection
process of Eq. 7 by adding simulated noise to achieve
a signal to noise ratio comparable to the measurements.
For the Gaussian broadening a value of o,, = 16ps
in the same range as the measurements was used. We
repeated the fitting 1000 times, adding random noise and
comparing the parameters of the resulting fits. For an
exponential broadening of 7,, > 4ps the fitting error
in 7 and o (distribution of the resulting fit parameters)
is smaller than 0.5 ps, despite the assumed Gaussian
broadening of o,, = 16 ps. We further note, that for an
exponential broadening of 7,,, < 1 ps, the obtained curve
shape is very close to or within the numerical precision
even identical to a Gaussian shape with o, = 16ps.
For an exponential broadening of 7, < 3ps, the fitting
routine also shows numerical instabilities, due to the
small difference in the resulting function from a pure
Gaussian shape. We therefore conclude that the theoret-
ically minimum detectable exponential rise time is even
smaller than found in the experiment and more than a

factor of four smaller than the Gaussian time constant%
The Gaussian shape of the impulse response justifies that
the influence from I F,¢(t) is included in the measured
Gaussian width o, and not in the measured exponential
broadening .
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