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We report experimental studies of the spectral linewidth and chirp characteristics of the mm-wave rf
radiation of the Israeli Electrostatic-Accelerator free electron laser (EA-FEL), along with theory and
numerical simulations. The simulations, matching the experimental data, were carried out using a space-
frequency-domain model. EA-FELs have the capacity to generate long pulses of tens microseconds and
more, that in principle can be elongated indefinitely (cw operation). Since a cold beam FEL is by nature a
“homogeneously broadened laser,” EA-FEL can operate, unlike other kinds of FELs, at a single
longitudinal mode (single frequency). This allows the generation of very coherent radiation. The current
status of the Israeli Tandem Electrostatic-Accelerator FEL, which is based on an electrostatic Van de
Graaff accelerator, allows the generation of pulses of tens microseconds duration. It has been operated
recently past saturation, and produced single-mode coherent radiation of record narrow inherent relative
linewidth ~Af/f = 107 at frequencies near 100 GHz. A frequency chirp was observed during the
pulses of tens of microseconds (0.3-0.5 MHz/ms). This is essentially a drifting ‘‘frequency-pulling
effect,” associated with the accelerator voltage drop during the pulse. Additionally, damped relaxation of
the FEL oscillator was experimentally measured at the beginning and the end of the lasing pulse, in good
correspondence to our theory and numerical simulations. We propose using the chirped signal of the
pulsed EA-FEL for single pulse sweep spectroscopy of very fine resolution. The characteristics of this

application are analyzed based on the experimental data.
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L. INTRODUCTION

There is recently renewed interest in THz technologies,
including imaging and spectroscopy for scientific and
practical applications [1-3]. Electrostatic-accelerator free
electron lasers (EA-FELs) can operate in this regime, with
very high optical quality of parameters (coherence and
power) of the radiation beam, and are most fitting for
studying THz technologies and applications, especially in
spectroscopy. These FELs have the capacity to generate
long pulses of tens of microseconds and more, that in
principle can be elongated indefinitely (cw operation).
Since a cold beam FEL is by nature a ‘“homogeneously
broadened laser,” EA-FEL can operate, unlike other kinds
of FELs, at a single longitudinal mode (single frequency).
This allows the generation of very coherent radiation and
achieving very high average power.

The Israeli Tandem Electrostatic-Accelerator FEL,
which is based on an electrostatic Van de Graaff accelera-
tor, was relocated to Ariel several years ago and returned to
operation [4]. The current status allows the generation of
pulses of tens of microseconds duration. The mm-wave
radiation is now transmitted to the user-center rooms,
where it can be utilized. A peak power of 150 W usable
radiation was previously reported [4].

Here we report results of new more accurate measure-
ments of the frequency spectrum, and increased power
emission. We present calculations, matching the experi-
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mental data. Calculations were performed partly numeri-
cally using a space-frequency-domain model. Application
feasibility of the controlled chirp to spectroscopy is also
discussed.

II. THE EXPERIMENTAL SETUP

The EA-FEL device is shown schematically in Fig. 1,
and described in detail elsewhere [4,5]. In all the described
experiments, the accelerating voltage varied from 1.32 to
1.36 MV. The electron beam current though the wiggler
was measured by Rogowsky coils [5] to be 1.83 A. The fast
(ums-long) changes of the terminal voltage were measured
by calibrated capacitive pickup probe connected to
100 MHz oscilloscope. Based on the terminal voltage
drop and electron beam current measurements, the termi-
nal capacitance was estimated as 360 = 20 pF.

The mm-wave radiation is transported to the user’s
rooms by means of a corrugated overmoded waveguide.
The measurements were performed by two means: (a)
power measurements using a W-band detector Millitech
—DXP-10; (b) spectral measurements using an heterodyne
mixer of Hughes-47496H-100 with local oscillator (LO)
from a HP-8797D network analyzer. In both cases, a
Tektronix —TDS-784A oscilloscope was used to monitor
the output. The input signal was attenuated in order to cope
with the dynamic range of the detectors. A W-band down-
converter, based on a waveguide mixer and stable local
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FIG. 1. (Color) Schematic drawing of the Israeli Electrostatic-Accelerator FEL configuration.

oscillator (LO), produces on the scope the difference (beat)
intermediate frequency (IF):

Je=f—Jfro (D

where f]q is local oscillator (LO) frequency. There is no
distinction in the measurement between negative and posi-
tive frequencies, and what is seen on the oscilloscope is a
signal of frequency |fig|.

In order to obtain quantitative frequency data, we per-
formed the so-called I/Q analysis. The obtained oscillo-
scope signal was multiplied by sin(wg?) and cos(wgt), with
wq corresponding to an arbitrary chosen frequency. These
multiplied signals / and Q were subjected to low-pass
filters of 15 MHz bandwidth. Then, amplitude 1> + Q?
and phase deviation arctg(Q/I) were extracted, and the
frequency deviation Af(r) = f—f, was obtained as the
time derivative of the phase deviation:

Q(t)}

0 2

1 d
Af(r) = oy Earctg[

I11. RESULTS AND DISCUSSION

A. Single-mode operation and mode hopping

Figures 2 and 3 present typical experimental data. In
most measurements single-mode lasing was observed after
a short period of 1 ws. This had been expected because of
the “homogeneous broadening’” nature of FEL in the cold
beam regime. However, it should be mentioned that mode
competition was not usually observed. L.e., at the initial
1 ws-long stage of the radiation power buildup, the radia-
tion spectrum should be characterized rather as noisy than
as multimode. Additionally to single-mode operation
(Fig. 2), radiation frequency jumps during the radiation
pulse were observed in some cases (Fig. 3). The modes’
frequencies were uniquely identified by taking several

oscillograms with different heterodyne frequencies (usu-
ally by steps of 100 MHz). One can see from the amplitude
curves of the numerically filtered frequencies [Fig. 3(b)]
that the first mode (85 021.5 MHz) decays when the second
(83676.5 MHz) rises.

We attribute this “mode-hopping™ effect to large
accelerating-voltage drop, as in previous works [6—8].
The voltage down-drift is due to electron beam leakage
to the high voltage (HV) terminal (Fig. 1). The HV drift
rate as measured by the capacitive pickup was usually
~0.7-0.9 kV/ us, resulting in 7-30 kV for the observed
pulses of 10-25 ws. In the other EA-FEL experiments
[6,8] similar HV drops were reported ( ~ 1 kV/us). We
should mention that our results were obtained with 1-stage
collector. Presently undertaken installation of multistage
collector [9] should considerably improve the electron
transport and permit longer radiation pulses.

B. Radiation power buildup: oscillator relaxation

One can observe a distinct feature at the rising stage of
each mode (Figs. 2 and 3): the frequency change rate is
momentarily significantly higher. This behavior is well
reproduced quantitatively by the FEL3D [10] calculation
(Fig. 2). We connect this phenomenon to what is called
relaxation oscillation in quantum lasers [11]. In a more
general context this phenomenon may be connected also to
“load pull” in the theory of nonlinear circuits [12]. In our
case we observed damped relaxation mode (see [13],
Sec. 25) due to relatively high round-trip loss of the
resonator. In the previous work [7] we provided theoretical
background for this effect, however the accuracy of fre-
quency measurement was then insufficient to make quan-
titative comparison. In the framework of the present work
we have not analyzed yet this effect beyond its successful
simulation with FEL3D [see Fig. 2(d)].
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FIG. 2. (Color) Single-mode operation: (a) Original oscillogram. (b) Mode amplitude. The mode frequency is 84 401 MHz. In the I/Q
analysis the low-pass filter is set to 15 MHz bandwidth. (c) Inherent spectral width after numerical elimination of the chirp (0.2 MHz).
(d) Momentary frequency deviation obtained by a time derivative of the phase deviation. Data measured (continuous line) and
simulated (dotted line). The chirp rate is approximately 0.35 MHz/us in both cases.

C. Chirp analysis as in Fig. 3. To determine the chirp direction of the laser

In all measurements for all the identified modes, the IF  signal, one should notice that if the laser signal has nega-
signal exhibited monotonous chirp—either negative or  tive chirp (frequency drops down with time), the IF signal
positive (Figs. 3 and 5). For different modes within the  would also exhibit negative chirp only when f > f|, and
same radiation pulse, the chirp usually had opposite signs would exhibit a positive chirp when f < f; o (see Fig. 4).

b
fro=84,400MHz
I ey | ]
FE=S0ES:
a) Experimental LF. data b) Amplitude  c¢) Frequency shift

FIG. 3. (Color) Mode hopping associated with the accelerating-voltage drop: (a) IF oscillogram, (b) growth and decay of the 2 modes,
(c) isolated frequency chirp measurement of the two modes (here f, < fio < f). The chirp direction in both modes is the same
(frequency decreases with time). The chirp is seen as positive for the 83 676.5 MHz mode because the mode frequency f,,, is below
that of the local oscillator fiq : f,, < fLo = 84400 MHz. Therefore the intermediate frequency fir = f,, — fLo 1S negative (aliasing
effect). See also Fig. 4.
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FIG. 4. Aliasing and chirp direction. If the radiation has nega-
tive chirp (frequency drops down with time), the intermediate
frequency (IF) signal will exhibit negative chirp only when its
frequency f is higher than that of the local oscillator (LO): f >
fro- When f < fio IF signal will exhibit a positive chirp.

Figure 5 shows typical oscillograms of the radiation,
taken with heterodyne mixer frequency set at two close
frequencies: (a) 86400 MHz and (b) 86402 MHz, ena-
bling the accurate determination of the single-mode radia-
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tion frequency f = 86401 = 1 MHz. At heterodyne (local
oscillator—LO) frequency f;o = 86400 MHz < f, the
intermediate frequency decreases with time, and at
fLo = 86402 MHz > f—IF increases with time. This
confirms the negative direction of the laser chirp, i.e.,
that the radiation frequency actually decreases with time.

We associate the exhibited down-shift frequency chirp
effect with the drift of the gain curve due to the beam
energy drop during the pulse (see Fig. 6). The chirp can be
explained then as a time varying “frequency-pulling”
effect [11] of the laser oscillator. A theoretical analysis
of this effect was provided in our earlier publication [7].

We analyze here the chirp effect in terms of the basic
theory of frequency pulling in laser oscillators [11]. In our
case this frequency-pulling shift varies with time (chirps)
due to the drift of the gain curve associated with the
accelerator voltage drop during the pulse (Fig. 6).
Namely, for resonator eigenmode frequency f,,, resonator
mode linewidth (FWHM) Af,/,, maximum-gain fre-
quency fmax and gain bandwidth A f, the pulled oscillation
frequency f is given by [11]:

f_fm=(fmax_fm)'Afl/2/Af- €))

During the pulse, fiux = fmax(?) drifts towards lower
frequencies (due to the accelerating-voltage drop) as
shown in Fig. 5. The gain frequency drift rate is
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FIG. 5. Direct manifestation of the negative direction of the radiation chirp. Top trace: (a) e-beam current pulse. (b) heterodyne
intermediate frequency (IF) output. (c) total W-band power. The local oscillator (LO) frequency fio is set very close to laser

frequency: Left: f1o =

86400 MHz—the IF frequency decreases with time. Right: f; o = 86402 MHz—IF increases with time.
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FIG. 6. (Color) The frequency-pulling effect. At t = ¢, (right-
hand curve), it is assumed that the radiation is built up in the
resonator so that the dominant mode m is excited at the
maximum-gain frequency: f,, = fmax(0). As the gain curve
shifts to lower frequencies (left-hand curve) f.(f) <
Smax(t1), there is a corresponding down-shift in the stored
radiation frequency f < f,, due to the frequency-pulling effect.

df, av
max __ K—, 4
dt dt “)
where
€ dfmax
K=— 5
mc?  dy )

is the sensitivity of the maximum-gain frequency f .. to
voltage drop.

In a waveguide resonator the dependence of the
maximum-gain frequency on beam energy is given by
(see, e.g., [14]):

5 —
fmax _ YZOBZOC <kw + 6max>
a

2 (27cho)2
0 [yzo<kw+9max/Lw>c]2} ©

where

0nax = the maximal gain of detuning parameter,

fco = the cutoff frequency of the resonator waveguide.

This dependence is shown in Fig. 7 for the parameters of
the Israeli FEL [4].

Calculating df . /dy from the slope of the curve in
Fig. 7 we evaluated [Eq. (5)] for our operating parameters:
K = 156 MHz/kV. The FWHM bandwidth of the FEL
gain Af was calculated using the FEL3D code that per-
forms 3D solution of particle motion equations coupled to
Maxwell equations, using a space-frequency domain
model. The calculations yielded Af = 6.0 GHz. The reso-
nator eigenmode linewidth Af,/,, was measured (in the
“cold” resonator) to be Afy, = f,/0~ 17 MHz
(Q factor of 5 X 10° at 86 GHz). The voltage drop rate
was measured to be 0.7 kV/uS. The model-calculated
chirp rate [Eq. (3)] is therefore df/dr = 0.3 MHz/ us.

This value is in excellent correspondence with the ex-
perimental data, taking into account the accuracy of the
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FIG. 7. (Color) Israeli FEL frequency dependence on the beam
accelerating energy (y—1) mc?.

parameters involved in the calculation. The experimentally
measured chirp behavior agrees well also with results of
FEL3D simulation (see Fig. 2). The simulated instanta-
neous frequency (dashed curve) was calculated by evalu-
ating the rate of phase accumulation change in each round-
trip traversal of the oscillation buildup [10]. The beam
energy 7y at each traversal was updated in the code in
accordance to the measured voltage drop rate 0.7 kV/us.

D. Inherent spectral width

We define the inherent spectral width of the laser radia-
tion as the linewidth of the wave when the spectral broad-
ening due to the chirp is eliminated. To obtain the inherent
spectral width we performed a linear time-stretching trans-
formation ¢ = #(1 + ¢f,/f,). This eliminates the chirp
from the chirped signal: sin[(wy + w,1)f] = sin(wyt’).
The chirp rate parameter used was f; = 0.35 MHz/us
as follows from the slope of the experimental curve in
Fig. 2. The Fourier spectrum of the transformed signal is
shown in Fig. 2(c), exhibiting an inherent spectral line-
width (FWHM) of 0.2 MHz (in comparison with 2.0 MHz
FWHM of the original chirped signal spectrum). The spec-
trum width is somewhat higher than the pulse-duration-
limited value (0.1 MHz) because the actual chirp is slightly
nonlinear in time in the end of the pulse. The measured
linewidth value of Af/f = 2 X 10~ % is to our knowledge a
record narrow linewidth that was recorded so far with FEL.
Based on the theory of [7], narrower inherent linewidth
value would be possible with planned longer pulse opera-
tion, which would allow very high resolution single pulse
spectroscopy, as discussed in the next section.

In Fig. 8 we show a different processing of the IF data. A
spectrogram in w-f phase space was computed by employ-
ing a running window Fourier transform [7] of 1 ws width.
This window makes it possible to observe the spectrum
chirp, which agrees well with the 0.35 MHz/ us estimate,
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FIG. 8. (Color) Spectral FWHM of a rf mode. Local oscillator frequency is 85022 MHz. Left: initial data; right: after the digital chirp

elimination. Time window is 1 and 10 us correspondingly.

but the short time window limits the measurable bandwidth
to 1 MHz = 1 us~!'. We then eliminated the chirp digi-
tally by applying on the recorded data the time-stretching
transformation described earlier, and used a window of
10 ws to obtain the spectrogram of Fig. 8 (right). In this
case, the bandwidth is window limited to 0.1 MHz, ena-
bling the determination of the “‘inherent”” mode linewidth
as 0.27 MHz.

E. Single pulse sweep spectroscopic applications

Since EA-FEL produces an intense long pulse radiation
of extremely high inherent spectral purity, it may be used
for spectroscopic applications. An interesting possibility is
to perform single pulse spectroscopy—namely, to use the
radiation chirp as a frequency sweeper (Fig. 9). Let us
estimate the feasible parameters for such an application.

For spectroscopic application there are two crucial pa-
rameters: sweep range and spectral resolution. The sweep
range depends on the frequency-pulling effect process.
Based on Eq. (3) (see Fig. 9), the sweep (uniform chirp)
range is

Afsweep = AfhopAfl/Z/Afr (7)

where the cold resonator FWHM linewidth is given for a
Fabri-Perot resonator (see Ref. [11]; the notation is differ-
ent there) by

Afl/z ~ Afpsr(1-R,) /27 )]

A frsr is the free spectral range between the modes of
the resonator, and we assumed 1-R,, <1 (R,, is the
round-trip reflectivity factor of the resonator including
losses and out-coupling factors). The parameter A fy,,

Afhop = Afrnza.x - flg:I—R 9

is the range of permissible shift of the FEL gain curve
during the lasing pulse during which the lasing condition
g = (Poy—Pin)/ Pin > 1-R is retained, and beyond which
the laser would hop to lase at a different resonator mode or
cease lasing altogether. Clearly (see Fig. 9), this range is

A

g

g max

11-R,,

v -

max

FIG. 9. Frequency shift A f},,, is the range in which the lasing
condition g > 1-R,, is retained. Beyond this limit the laser
would hop to lase at a different resonator mode or cease lasing
altogether. This range is longer the higher is the gain and the
lower is the factor 1-R,,. The optimal value of 1-R,, maximizing
A foweep corresponds to a state of maximal area of the shaded
rectangle.

080701-6



COHERENCE LIMITS AND CHIRP CONTROL IN LONG ...

Phys. Rev. ST Accel. Beams 8, 080701 (2005)

longer the higher is the gain and the lower is the factor
1-R,,. On the other hand the resonator mode linewidth
Afi, [Eq. (8)] is growing in proportion to (1-R,).
Evidently there is an optimal value of 1-R,, for which
Afweep [Eq. (7)] can be maximized (in Fig. 9 it corre-
sponds to a state of maximal area of the shaded rectangle).

In Fig. 10 we present the scaling of A f., as a function
of the maximum gain g, of the FEL, assuming operating
in the low gain regime (g < 1). The free spectral range
used was the experimentally measured Afpgr =
115 MHz. Note that the experimentally measured chirp
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FIG. 10. (Color) The scaling of A fyee, and optimal round-trip
reflectivity R, as functions of the maximum gain g, of the
FEL g = (Pyu—Pi,)/Pin, assuming operating in the low gain
regime (g < 1). The free spectral range used was the experi-
mental measured A frgg = 115 MHz. Note that the experimen-
tally measured chirp range ~3 MHz [see Fig. 2(d)] falls within
the estimated sweep range.

range ~3 MHz [see Fig. 2(d)] falls within the sweep range
estimated in Fig. 10.

The other important parameter for spectroscopic appli-
cation is the spectral resolution. Here we distinguish be-
tween coherent and incoherent detection of the chirped
FEL radiation signal and the transmitted signal. In
Fig. 11(a) the detection process is described in time-
frequency phase space. The center frequency of the coher-
ent radiation pulse E;(¢) is chirped during the pulse time ¢,

f(O) = fo=fit, (10)

where f; = Afgyeep/?, is the chirp rate. The momentary
spectral width of the FEL radiation is very narrow, as-
sumed to be Fourier transform limited:

Afin = 1/1),. (1)

When the FEL chirped radiation pulse is transmitted
through an optical sample of complex transmission factor
t(f) and the optical power is detected (incoherent detec-
tion), the time dependence of the detected power replicates
the transmission spectrum of the sample #(f) [Figs. 11(a)
and 11(b)]. If we want to resolve a transmission line of
width 61, the sweep rate must be slow enough so that the
sweep time through the transmission line 67 = f0 fos Will
be long (steady state approximation) relative to the polar-
ization decay time 1/8 f, of the transmitted signal. This
sets a limit on the spectral resolution for incoherent detec-

tion:
8fres = VI1 = /(A funeep/1): (12)

We can take advantage of our ability to detect coherently
both the FEL incoming signal and the transmitted signal
using heterodyne detection as described before
[Fig. 11(c)]. Having the full recorded data (amplitude
and phase) of E;(r) and E,(z), the full (complex) value of
the transmission factor #(f) can be restored after Fourier
transformation F{ } of the recorded signals

1(f) = F{E,(0)}/ F{E, (1)} (13)

The spectral resolution in this case is Fourier transform
limited and given by the inherent linewidth value

Afres = 1/1,,. (14)

Table I lists resolution limits for a sweep range of 5 MHz
and several planned values of pulse duration for both the
incoherent and coherent schemes.

IV. CONCLUSIONS

Electrostatic-accelerator FELs are capable of operating
with extremely narrow Schawlow-Townes fundamental
linewidth [15]. We have measured record narrow inherent
(eliminating  chirp-broadening)  relative  linewidth
—Af/f = 107% at frequencies near 100 GHz with the
Isracli EA-FEL. A frequency chirp of 0.3-0.5 MHz/us
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FIG. 11. (Color) (a) The detection process in time-frequency phase space. The center frequency of the coherent radiation pulse E;(¢) is
chirped during the pulse time 7, : f(#) = fo—fit, f; = A S sweep /t, is the chirp rate. (b) Incoherent detection—the spectral resolution
is low (see Table I). (c) Coherent detection. LO is local oscillator, ADC is analog-to-digital converter. The spectral resolution is pulse-

time Fourier limited.

TABLE 1.

Resolution limits for sweep range 5 MHz and several pulse times. For coherent

measurements, the resolution is limited by the inherent linewidth. For incoherent, it is consid-
erably worse and scales as inverse square root of the pulse duration.

Sweep rate [/, MHz/ us

Pulse time, us Sweep range: 5 MHz

Resolution & f,.s, kHz
Coherent (complex) Incoherent (scalar)

10 0.5 100 700
100 0.05 10 200
1000 0.005 1 70
was observed during pulses of 10-25 us duration. This ACKNOWLEDGMENTS

effect is associated with the accelerator voltage drop during
the pulse and is interpreted as a consequent drifting
frequency-pulling effect. Frequency instability effects at
the onset of the oscillation (relaxation, load pull) were also
observed and interpreted based on numerical simulations.
We suggest that with further development of the FEL, the
chirp effect can be controlled and be used in single pulse
spectroscopy, providing at mm and THz frequencies a
sweep range of about 10 MHz with resolution as low as
1 kHz (Af/f = 10~®) with a 1 ms long pulse.

This work was carried out at the Israeli FEL National
Knowledge Center supported by the Ministry of Science
and Technology, Israel.
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