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Abstract

Accelerator projects such as LCLS-II naturally require
low-loss superconducting (SRF) cavities. Due to strong de-
mand for improving intrinsic quality factor (QO0), im-
portance of accurate cavity characterization increases. We
propose a method to measure QO in situ for an SRF reso-
nator installed in its cryogenic module and connected with
a RF feed source via a fixed RF coupler. The method ex-
ploits measurements of a response for an SRF resonator fed
by an amplitude-modulated signal. Such a signal can be
synthesized as a beat-wave composed of two frequencies
that are close to the resonant frequency. Analyzing the en-
velope of the reflected signal, one can find the difference
in reflection for the chosen frequencies and use them to
compute the intrinsic Q. We also develop the methodology
to carry out measurements of QO at the nominal cavity op-
erating voltage. We verified our method in experiments
with a room temperature copper resonator and with two
SRF resonators including Fermilab's 650 MHz cavity and
JLab's 1500 MHz cavity.

INTRODUCTION

Although SRF resonators have extremely high Q-factors
(10°-107 loaded quality factor, and 10'°-10'" unloaded
quality factor, QO) there are well-developed methods to
measure these values. However, problems arise when an
SRF resonator installed in a cryogenic module is connected
to a feeding RF source via a fixed RF coupler. In this case,
there are no direct ways to measure the degradation of Qo
in situ. Measurement of the cryogenic heat load is the only
method that can be used in this case. However, when sev-
eral cavities are housed in a common cryomodule, measur-
ing individual Qo values can be time consuming, since each
cavity needs to be operated individually in order to identify
the heat load increase produced by that particular cavity.
The method proposed in this paper circumvents this draw-
back by offering a direct and faster measurement for each
individual cavity. We also propose a methodology to carry
out the measurements of Qo at high accelerating voltages,
or even at the nominal cavity operating voltage. These
measurements are most beneficial, because Qo at the nom-
inal accelerating voltage can differ considerably from the
low-field value of Qo. Therefore, there is a particular need
for accurate and fast in situ Q-factor measurements. The
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procedure should not require removing the RF coupler,
which introduces additional loss that interferes with the di-
rect measurements.

We suggest the generation of a beat wave, which intro-
duces the superposition of two frequencies. One frequency
is to be tuned exactly to the test cavity resonance, and the
second shifted off of the resonance. The beat wave pro-
vides information on the difference in reflection (or trans-
mission) on resonance and off resonance. In case of the re-
flected beat-wave measurements, this difference is in-
versely proportional to the intrinsic Q-factor and can be
used to retrieve it. In the case of transmitted signal meas-
urements at a pick-up, the mentioned difference depends
on Qg in a more complicated form, but still can be used to
retrieve Qo.

A CONCEPT FOR Q0 MEASUREMENTS

The reflection of a monochromatic signal from a
resonator having high beta factor (B=Q¢/Qext — ratio of
intrinsic and external Q-factors) is very close to unity. That
is why direct measurement of the resonant reflection curve
of such cavities requires the use of modern network ana-
lyzers with a very large dynamic range [1]. The loaded Q-
factor is frequently measured as the inverse decay time of
the stored energy in a radiating resonator that has been pre-
viously energize at the resonant frequency [2].

The measurement procedure can be simplified if one
makes use of a reference signal, so that the reflected signal
can be measured relative to the reference signal (Fig. 1a).
Reformulating the problem, in this case it is only the dif-
ference between these two signals that needs to be meas-
ured (Fig. 1b). Let us consider the superposition of two fre-
quency components, fo and fo+Af, with equal amplitudes
and closely spaced frequencies (Fig. 1a). The mentioned
superposition of the two frequencies is the beat-wave sig-
nal, where the beat frequency corresponds to the frequency
difference between these two components. Each frequency
component will be reflected from the high-Q resonator
with close to unity reflection (Fig. 2a), but with slightly
different amplitudes and essentially different phases (Fig.
2b). Using a broadband oscilloscope, one can measure the
beat wave with high accuracy. Assuming that the ampli-
tudes of the components of the incident beat wave were se-
lected to be equal to each other, the minimum of the inci-
dent wave envelope will be exactly zero. For the reflected
beat wave, the minimum will become greater than zero,
and the greater the difference in the reflection coefficients
for the selected test frequencies, the greater the value of the
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measured minimum will be. The difference AR can be
measured and can be used to calculate Qo in accorda2nce
with the known formula:

2Q; 2Q
= ~ 1
Qo 1-R(foy  R(fo+AN)—R(fo) )

where Q;—is a loaded Q-factor. The loaded Q factor, which
one needs to know to evaluate equation (1), could be meas-
ured according to [3] or using the beat-wave technique via
the group delay for the beat-wave envelope.
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Figure 1: Incident beat wave with equal amplitudes of fre-

quency components (a) and beat wave reflected from SRF

cavity (b), where zeros are lost due to the difference in re-

flection for resonant and off-resonant frequencies.
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Figure 2: Amplitude of reflection for resonator with
Qo=1x10"" and Q=1x107 vs frequency shift from resonant
frequency fo=650 MHz (a) and phase of reflection for the
650 MHz resonator (b).

Analysis of Method Uncertainties

In order to explore the capabilities of the method, it was
first necessary to solve a problem that arises when an ideal
resonator is replaced by a realistic resonator. In the realistic
case, an SRF resonator has a physically long coupler,
which inevitably brings some its own reflections and addi-
tional signal attenuation. The realistic resonator could be
represented in the form of the scheme shown in Fig. 3,
where the entire system consists of the chain: spurious re-
flector — transmission line with some losses — test (ideal)
resonator. The reflection from this system depends on the
spurious reflection amplitude, phase, and line length. We
analyzed reflection characteristics of the realistic resona-
tor. In Fig. 4 one can see reflection plots for different
phases (transmission line lengths), where the spurious re-
flection was as large as -35 dB, losses in the line were as

MOPTEV009
222

SRF2021, East Lansing, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACoW-SRF2021-MOPTEV009

large as 0.6% (correspond to estimates done for Fermilab’s
conduction-cooled 650 MHz resonator [4]. The numerical
analysis has shown that for the considered case the actual
spread of Qo measurement would be satisfactory, as large
as 30%. The larger the spurious reflection and losses, the
bigger the Qo errors will be.
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reflector

test resonator

Figure 3: Realistic resonator consisted of test resonator and
spurious reflector connected to transmission line with
losses.
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Figure 4: Reflection from 650-MHz SRF resonator
(Qo=1x10" and Q;=1x107) accompanied with -35 dB spu-
rious reflection and 0.6% power loss in the transmission
line.

Let us consider a measurement scheme and calibration
procedure to set up equal amplitudes of the two frequency
components in the beat wave. The typical scheme for meas-
urements at low-power level may look like Fig. 5. Here, in
the normal regime, a high-power amplifier feeds an accel-
erating resonator. If necessary, the high-power amplifier
can be turned off, and then the low-power, highly stabi-
lized, two-frequency RF source would feed the structure.
The calibration procedure should be set up as follows. To
use a directional coupler as close as possible to the test res-
onator and a broadband oscilloscope, in order to register
the reflected beat wave. Next step is to turn the SRF reso-
nator on and to set the first frequency at resonance using a
pick-up probe installed at the resonator. This frequency has
to be locked to the resonator frequency (to avoid errors due
to microphonics). The second frequency is not seen by this
probe. Varying amplitudes of the frequency components,
one should establish the zeros in the beat wave. In the pre-
vious step, we obtained equal amplitudes of the two fre-
quency components, but in the reflected beat wave from
the SRF resonator. That is why, in the last step, we have to
turn the resonator off. This could be done either by substi-
tuting a short for the resonator or by detuning the resonator
by means of a tuner, in order to shift both frequencies far
up or down from the resonance.
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Figure 5: Scheme for low-power measurements showing
first-order RF signal contamination.

Study of RF Signal Contaminations and Accu-
racy Improvement

The next step of the analysis method is to study unavoid-
able RF signal contamination caused by non-ideal RF com-
ponents (circulators, directional couplers, dummy loads,
RF switch) located outside of the cryomodule. These con-
taminating signals cause some change in the signal re-
ceived by the directional coupler. Actually, the reflected
signal could be represented as a sum of the test resonator
reflection Ry plus the contaminating signal, i.e.
R=RiestRcon. First of all, all contaminating signals can be
classified in accordance with a perturbation theory. As-
suming that all the RF components are almost ideal, we can
neglect the multiple reflections of RF signals from differ-
ent components, because contribution of such high-order
contaminating signals should be small. That is why we
chose to consider only the first-order contaminating sig-
nals, which are the largest and most deleterious. In partic-
ular, first-order RF contamination can be caused by the sig-
nal from the receiving directional coupler not being re-
flected at all from the test resonator, due to the finite di-
rectivity of the receiving coupler. The RF radiation path for
this case is shown by the dashed arrow with the caption “y”
in Fig. 6. Mathematically, the full received signal in this
case can be represented as R(f)=Rues(f)+y xexp(i¢), where
- is a coefficient of the directivity and ¢ - is the relative
phase between the test resonator signal and the contaminat-
ing signal.

Other first-order contaminations could be born due to re-
flection of the signal traveling to the SRF resonator from
the circulator or from the directional coupler (see Fig. 5,
where the mentioned contaminating signals are shown by
dashed arrows with captions “reir.” and “rq.” correspond-
ingly). In this case, the full received RF signal can be writ-
ten as R(f)=Rres(f) X (1+ Rres(f) x Exexp(i@)), where E=rir
or E=r¢.. Because, in our case, |Rrs(f)|=1, this case is similar
to the previously considered case. The previously consid-
ered 650 MHz resonator (Qe=1x10'", B=10%) was simu-
lated. The Fig. 6 shows that the high coupler directivity
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(-70 dB) provides good Qg accuracy for arbitrary mutual
phase @ (the measured Qo is less than 50% different from
the exact value). In the case of -40 dB directivity, the re-
sults are satisfactory for some phases, but for other phases
the errors exceed ten times. The reason is that the phase of
reflection from the test cavity sharply depends on fre-
quency (Fig. 2b). The phase difference at the resonance fre-
quency and far from resonance reaches m. In contrast, the
phase of the contaminating signal does not depend on fre-
quency in the considered narrow frequency band.

Figure 6: Simulation of Qo measurements versus the phase
of the contaminating signal for two values of coupler di-
rectivity:-40 dB (red) and -70 dB (blue), respectively.

The described results encouraged us to invent an im-
proved method for the Qo retrieval procedure. The idea is
that one needs to phase the test resonator signal correctly
with respect to the contaminating signal to allow us to work
with in-phase signals. In the Fig. 6, the in-phase condition
corresponds to the phase 0 (or 27). At this phase, the full
resonant curve becomes wider and deeper in comparison
with the original test resonator curve. The deeper curve
leads to a systematic decrease of the Q calculated by equa-
tion (1). This Qo decrease is caused by the contaminating
signal. Therefore, one can take it into account using a mod-
ified (corrected) equation for the Qo calculation:

Qo 20 )

 RUfo+A)~R(fo)-2X

In order to use this equation, one needs to measure the
contaminating signal . We propose to carry out the meas-
urement of the undesirable contaminating signal by means
of phase shifters. The resonator must be detuned for this
measurement. Varying the phase, one should determine the
full signal minimum Rpyin and maximum Rmay at the receiv-
ing directional coupler. The average of these values allows
one to obtain the magnitude of the contaminating signal
necessary to evaluate equation (2) as ¥=(Rua-Rmin)/2. The
next steps must be to substitute sections of a regular wave-
guide (or coaxial cable) of the proper length that corre-
sponds to the insertion phase of the phase shifter that pro-
vided the signal maximum. Second, one needs to tune the
test cavity to the resonance and to measure R(0)-R(Af) us-
ing the beat-wave technique and determine the decreased
(in comparison with the correct) Qo value and then to cal-
culate the adjusted Qo value using equation (2). Note that
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it is necessary to perform the measurement of the contam-
inating signal only once at the beginning of resonator op-
eration.

The Fig. 7 shows how good Qo accuracy can be achieved
if the corrected procedure based on equation (2) is used.
Again, for these simulations, we made use of the 650 MHz
resonator.
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3 corrected, Af=200 Hz
1E+11 o

3 corrected, Af=500 Hz
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corrected, Af=1 kHz
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Figure 7: Simulation of Qo measurement in the advanced
mode.

EXPERIMENTAL DEVELOPMENT OF
MEASUREMENT TECHNIQUE

Measurement of Q-Factor for a Room Tempera-
ture Test Resonator

The purpose for this experiment was to test calibration
procedure and RF box which has to generate two frequen-
cies. For measurements at room temperature, we employed
a 1.3-GHz copper resonator that was previously used in
AWA for particle acceleration (Fig. 8).

IN

Figure 8: 1.3 GHz room temperature copper resonator.

This resonator had 7x103 loaded quality factor with f~1.
In order to increase the coupling factor, we redesigned the
resonator’s coupler. As a result, the coupling factor was in-
creased by almost two orders of magnitude and the loaded
quality factor was reduced to 70—-100. The intrinsic Qo was
estimated as 5x10°. The two-frequency RF radiation was
generated by means of the fabricated RF electronic equip-
ment, but, of course, frequency locking was not necessary,
since microphonics were absent. In the final stage of tests,
we recorded the incident as well as reflected beat waves by
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means of an 8 GHz LeCroy oscilloscope (Fig. 9). The fre-
quency shifts between the beat-wave components were as
large as 20 MHz. The recorded data allowed the calculation
of the loaded Q-factor as well the intrinsic Q-factor. The
loaded Q was in excellent agreement with the true value.
The intrinsic Q-factor calculation results were very close
to the true value (Qo=4500).
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Figure 9: Resonator response: a - calibration signal (reso-
nator is turned off), b — reflected signal when resonator is
turned on.

Qo Measurements of 650-MHz SRF Cavity in
Presence of Microphonics

For the 650-MHz SRF resonator at Fermilab, micro-
phonics substantially exceeded 10 Hz. The resonator was
conduction-cooled (Fig. 10). The resonator was designed
for B=1 with Q=6x10°- 9x10°. It was not possible to
change the mentioned coupling factor, because that might
require the installation of a new coupler. That is why, we
used a three-stub tuner in the feeding antenna to increase
slightly the coupling.

T
1038 1036

Figure 10: Set up of the conduction-cooled 650-MHz SRF
resonator in Fermilab.

The Q-measurement tests were carried out in the regimes
where the frequency shift of the beat-wave components
was 100 kHz, 10 kHz, and 10 Hz. In the Fig. 11 the shift
was as large as 100 kHz. The equipment worked to lock the
first frequency of the beat wave to the lowest on-frequency
resonance using the resonator pick-up’s signal. We in-
stalled a 12-GHz Tektronix oscilloscope to record the beat-
wave oscillograms. The sample rate was as high as 6.25
GS/s. Remarkably, in all cases, frequency locking allowed
one to reliably record the beat waves. The stability was
pretty high. The Qo value, which could be calculated from
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experimental data, was as high as Qo = 2-10'° (B=3). In this
test we showed that the elaborated electronics can work in
presence of strong microphonics.

Figure 11: Calibrated beat wave when resonator is turned
on (Af=100 kHz) (a), reflected signal from the short
(Af=100 kHz) (b).

Qo Measurements of Higher-Beta 1500-MHz
SRF Cavity at JLab

Experiments at JLab were carried out with a CEBAF
1500 MHz SRF resonator whose loaded Q factor was as
high as Q=6.6x10° [5]. The goal of this experiment was
to explore contamination influence on the high-beta
(B=360) SRF resonator. In this experiment, for measure-
ment reasons, the RF signals were down converted to 5
MHez. In this case, the data came out really nice, and we
could easily see where things were zeroing out.
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Figure 12: Oscillograms of signals (Af=8 kHz): a — cali-
brated signal (blue) and reflected signal (red).

The Fig. 12 shows the results of beat-wave records (for
Af=8 kHz). The zoom picture near beat wave minimum is
shown in the Fig. 13. The calibrated beat wave (blue curve)
was recorded when the resonator was turned on, when a
short reflected all RF power the red curve was recorded
which was used for Qo retrieve. The measured Qo did not
exceed 5-108, but the true value was as high as Q=2.4-10°
(in accordance with [5]). This allows to conclude that con-
taminations were large enough so that high accuracy of Qo
for strongly overcoupled (£~10°) resonators could be ob-
tained using the proposed phasing technique only which al-
lows to increase accuracy in presence of contaminated sig-
nals.
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Figure 13: Zoom of the analysed signal.

Measurements at High Power Level

The scheme of measurements at high power levels is
shown in Fig. 14. Here, a high-power klystron works in a
nominal regime powering an empty (without beam) reso-
nator. Here, we measure a beat wave composed at a pick-
up. The beat wave in this case is a superposition of the
transmitted klystron’s power at frequency fo and a low
power reflected signal at the shifted frequency fo+Af.

[Loﬂd Not used at high

Lowraaal\_g) Circulator “1/power measurements

two-frequency | [|Directional

oscillator coupler Oscilloscope
|\ f®:]

Circulator #2

RF switch { ):
oA
=TT Load

High-power N
RF amplifier

- —
Load

Directional
l ! coupler

Accelerating

Coupler
L structure

Frequency fy

Pick-up

Low-noise two-

-

Figure 14: Scheme of a setup for Qo measurements at high-
power level.
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