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CAFe: China ADS Front-end (SRF facility, in CW mode)
B Demonstrate the feasibility of the 10-mA high-power CW proton beam for the China-initiative ADS (CIADS) project

e 2021.03, stable operation of 10 mA proton beam

Four cryomodule, 23 SRF cavities -
cavity bandwidth: 80 Hz~200 Hz, HWROlO+HWROl5)

-Jb-j"" ]
Aerial View

CAFe2: China Accelerator Facility for super-heavy new elements

IHeavy lon Source
Target: CAFeZ 0.1 mA lon ‘_____7 -

» Highest beam current accelerator for superheavy elements DA EORE L

L s o

SyntheSiS Spectrometer for Heayy Atoms and

e Engaging in research on the synthesis of the 119" and _
o 2022.02, first beam.

120™ element « 2022.03 ~ present, user experiments
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® Measurement and control are the two core tasks of an RF control system (digital). RF
measurement serves as the "eyes" of the RF system.

SRF Cavity system
R amplifer Challenges of RF Measurement
ATuner,etc ' Beam, Ripple Microphonics, LFD ) )
« Mismatched source impedance: The
LLRF Control system Mﬁnearity _ ‘ o
Referercel | [ D CSIiaIRYY source and transmission line impedances are
gn Output
O—— RF Controller D/A Actuator chlggglclted ==§ Op unequal
o Feedback/Feedforward RF cavity g £
control o . q
t g e Interference Issues: Multiple disturbance
Noise, Clock Jitter e . ..
. LA/D mechanisms coexisting.

I/Q Demodulation, Amplitude-Phase Detection

Measurement System« » Crosstalk Effect: Coupling between

| measurement signals.
(5 Channel Crosstalk

® Mitigating the impact of these factors is crucial for achieving high precision and accuracy

® RF measurement primarily focus on calibrating key cavity parameters and signals, including
loaded quality factor, cavity detuning, channel crosstalk calibration, and LFD transfer function
measurements.
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® Accurate measurement of cavity-loaded quality factor (Q,) and detuning is crucial for monitoring
performance of SRF cavities. Its reflects the consumption of the stored electromagnetic energy
Inside the cavity

Quench can cause the value of Q, decreases, making it a key metric for detecting this fault
» Dark current loading can negatively affect Q,, making it an crucial parameter for identifying such

effects
« Q, alsoplays a crucial role in the design of model-based controllers
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® Traditional methods for measuring Q,

» Field decay method: The decay curves of the cavity amplitude contains information of f; -
* Network analyzer: Measuring f, 5 using the S,, parameter

0s._Fi€ld decay method {/ 4Scanned by Network analyzer
Cavity o
g 0.7t B %_ B Vo _____________ A
= | W AN v=>Llv
% 0.6 .6 o) s Jf 0
S 05/ '\, -3 dB point
. |
8 04| I
f > sean
|
03 0.5, decay Conventional algorithm to calculate f, . w1—,2‘"1| -
0.2} . | | |
| ' | f __[(r)y 1 —— >
0 0.5T 1 1.5 2 0.5,decay ( I j . (.uo w
ime [ms]
Traditional field decay method requires the cavity to satisfy a Measurement of the downtime
“zero-input" condition for cavity
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® Traditional methods for measuring Af
« Phase decay curve : The decay curves of the cavity phase contains information of Af
» The cavity detuning calculated from V. and V; in the steady state

Algorithm Af, = tan ) f,. .
Phase curve after power off Af8§ e T — (¢ ) poe
| | - € 1 El
100 | £ £
: 2 |
< 05| © 05
o o
— 3 Start (1.2 A) 2
o3 . : ol End (2.02 A =
3, 507 Conventional algorithm E o =2 g . . .
& to calculate A7 Vdphase in steady state  V;phgsein steady STate
< 0} =\ 100
o / K | —
° Afdec ay T Af -2 g ﬁ? = "'.,‘ g "
decay 272_ g 51 o2 ] g 50 s
e 0 Il'ﬂ i 3 32
- -10 ¢ -0.2 K/M\ o 0 M—‘
-50 ' ' ' 0.4 |
0 0.5 1 1.5 2 3 32\ ‘
-15 ‘ : ; -50 ' : :
Time [ms] 0 1 2 3 4 0 1 2 3 4
Time [ms] Time [ms]
Need to considering impedance mismatched The signals need to calibration
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o QL measurement

' ® Phenomena and possible interpretation

' ® New calibration algorithm

' ® Experimental verification
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The field decay curves for the same cavity should overlap under different detuning conditions;

however, they are influenced by the detuning parameter

>

30.8-*
The field decay curves do not gos:
overlap under varying detuningz o«;

conditions 02}
=08
2,
z 97 X~ 0.95 of the stready-state Ve
© 06 - -
= ..~ 0.75 of the stready-state Vc
=05
s
>
04
1)
O
100 - AT, ~09/dt=97Hz]|
Afd =de/dt = -48 Hz |
ecay
Afd =d¢/dt = 6 Hz
E ecay_ _ |
g 50 A o =da/dt =60 Hz [~
— Afdeca =dg/dt =112 Hz
& 04 045 %05 Y
(0]
=2 /
L o9
_50 1 1 1
0 0.5 1 1.5 2
Time [ms]

To ensure a sufficient signal-to-
noise ratio, we determined
fo.5.0ecay DY Calculating the slope
of the decay curve between 0.95
and 0.75 of the steady-state V,_
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® Calibrated f; 5 jocqy and Afye ., With four different V, values, all curves show dependencies between
1:O.S,decay and Afdecay

® To eliminate the effect of tuner, we achieved the cavity detuning by the signal generator
The relation between fj 5 yocoy @and Afdecaon
‘ ‘ ‘ ‘ ‘ 18

180
Y, =02MV Y, =0.6MV > » [ CMay Scanning tuner (fp-=const.)
E 170 +  V_=04MV vV, =08MV | E 170 »> P’ > CMy, | E 1701 P Scanning signal generator (Tuner off)
g % "> g
S 160 | g > g
b i e, © 160 > © 160 >
= ++ + £ g Z p 1 3
g 150+ oy g 150 g 150 | >y
5 E g
8 2 > 8 >
T 1407 = 140 | L o140 >
N < & >
g g z >
S 130° S 130+ Su 130 + >
3
Ty I ) 100 200 300 120 ‘ ‘ ‘ ‘ ‘ 120 ‘ ' ‘ ‘ ‘
-200 100 o 300 -200 -100 0 100 200 300 300 200 -100 0 100 200 300
Cavity detuning (Af, ) [HZ] Cavity detuning (Af ) [Hz] Cavity detuning (Af,, . ) [Hz]
Vc is below the onset gradient of the Afyecy IS scanned by the signal
field emission (approximately 1.2 MV) source and tuner, respectively
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® Residual attenuation signal of V; is observed after turning off the RF power.

® Measurement accuracy of V; signal is mainly affected by two factors:

 Crosstalk between the meas. channels (e.g., dir. coupler)
« Impedance mismatch of high-power RF components (RF source or Circulator)

Voltage [MV]

Phase [deg]

08¢

07 -

06 r

0.5

04 -

03r

0.2}

01r

100

30

s

0.5 1 1.5
Time [ms]

Residual attenuation signal

May impact the field decay process and the measurement of V; signal

4
Mismatch
¢ Directional coupler Cav
. /
A V.
/ \i Y
Ve
LLRF -
4

Directional coupler: 40 dB
The forward signal V; has been calibrated
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® \We established cavity differential equations for mismatched source impedance and derived new
formulas to calibrate half-bandwidth and detuning

® calibration error of f 5 yecay @Nd Afyeoy iNncreases with the reflection coefficient I', .

Cavity & RF generator Model Equivalent circuit
Vi — V- — s Vf =T
Transmission lne ~ ——> V1 r + . £ 8,0 — cali. error of cav. half-bandwidth
r\ Vi < V < \/r B , : ;
| ‘ s 2 [l Cali. error of cav. detuning j
\J Zo,a, B J +4 + iden /
T we 304
L 3 < d
I
Ve o gz X
Input 1 Zg g g
@' RF generator coupler 3 Ve ] Zo,a, B i B 10
. LI R =2
1N _ =%
PR o
L~ ¥ Z O 'L
L = < | | Ty | [dB]
Generator side Cav. side

§ ?
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Amplitude of Vf (XVf*)

Phase of Vf (XVf*) [deg]
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The coefficient a is the critical factor in the new calibration algorithm;
a is calculated as twice the ratio of V; to V_ after turning off the RF power;
Establish the cavity differential equations for the mismatched source impedance condition
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Averaged over a time interval
of 50 us to reduce uncertainty.

Calculate the reflection coefficient T

Vf FL 'Vc
1+T°,
3 (t 2 1:off)
r =Y
L - Vr
Calculate the calibration factor a
| 2I°
a=—-=
1+1°,
New calibration algorithm
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® In contrast to the strong correlation between f; g yecay and Afyecy , the calibrated fy g ., was
independent of Af__; at different V_ values

® The discrepancy between Af_,; and Af, is less than £5 Hz, while there is an offset about 40 Hz
between Afj.,, and Af g
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® We utilized a network analyzer to scan the cavities in CAFe2 and estimated f; 5 ..., by curve fitting
® The deviation between {5 ..., and f; 5 ., Wwas maintained roughly within £2% — Further validated

Pre-calibrated vs. calibrated f; -

Measurement block diagram
based on the network analyzer

2k ‘-With calibration: (fU.5,cali-fU.S,scan)'fo.5,scan

-4 ]
| Error after calibration: +2% ]
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o
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h 4

-300 -400 -300 -200 -100 1] 100 200 300 400 3500
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. as, 20

A 4

50 |
10

(=

Phase [deg]

O 50 |
Network analyzer

10+
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-500 400 300 200 1C0 o] 100 200 300 400 500
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Fitted formula
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® We applied the proposed algorithm to measure Q, at the ESS TS2 facility
® The ESS TS2 facility is equipped with a high-power circulator, for which I, is adjustable,

providing flexibility in designing experiments to confirm the algorithm. |,,,c4ance mismatch results in a residual

V; signal for various bias currents

Power grid
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Adjusting the bias current modulates the il y
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resulting in impedance mismatched . W
: The field-decay curves for different values of
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o 135A 1.72A —~— i
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® Operating the circulator at optimal bias current, the impedance mismatch effect becomes negligible.
Under this conditions, the original field-decay method can be employed to calculate Q_
® The calibrated value f; 5 .,;and Af_,; no longer depends on /|, — Further validated
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After the RF power was turned off, the residual signal ( V;) caused by source
Impedance mismatch could affect the field decay process, causing measurement
errors for fy ; and Af

We proposed approach enables the precise calibration of these two parameters
under mismatch conditions.

1
2
3.
4

Calibrating the actual forward and reflected signals
Determining the calibrating factor
Calibrating f, 5 and Af using the traditional field decay method

Calibrating f, s and Af using the proposed formula

The accuracy of the calibration algorithm has been validated on the cavities of
CAFe2 and TS2 facilities.
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Thanks for your attention
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® Comparison of V, V; and V, signals demonstrates good consistency between the cavity model
and the real SC cauvity.
® Reflected the reflection coefficient is not zero

Mieas. Good consistency
12 - === Sim, K ;=0.15,T #0 12 ; ' : 1.2
e BN, KLFD=O‘ [‘g*o
_ 1 Sim., K £=0.15, T =0 P! 1
g 08 g 0.8} S 08
. g 086 E. 0.6 g 06
The cavity phase curves S 4 S 04 S S 04
. . = = >
overlap in the first 80 ps 0 02l ¥ 02
- -_-----_--——"_-——-__
after the RF power is : : | 0 — 0
100 1 100 ¢ 1 100 ¢
turned off, regardless of
whether the LFD is
i s Z B gl
included. Consequently, g " g%
: ) 2 2
we use the 80 us cavity 3 & g
o
phase data to obtain the > 0 = ._ > 0
cavity detuning.
50 ) 04 045 05 50 . ) . A0 ¢ . . _
0 05 1 15 Z 0 05 1 15 2 0 05 1 1.5 2
Time [ms] Time [ms] Time [ms]
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Next, we developed a cavity simulation model and compared the signals Vc , Vf , and Vr based on the cavity model and real SC cavity.
The simulation and measurement results are coincident when considering LFD and impedance mismatch. Its further validated the reflection coefficient is not zero and the cavity under the mismatched source impedance
condition.
 In addition, the simulation results for the perfect impedance matching case ( Γg = 0 , indicated in green) are included for comparison.
It also can be seen that the cavity phase curves overlap in the first 80 μs (microsecond) after the RF power is turned off, regardless of whether the LFD is included. Consequently, we use the 80 μs cavity phase data to obtain the cavity detuning.


	Measurement of Cavity-Loaded Quality Factor and detuning in Superconducting Radio-Frequency Systems with Mismatched Source Impedance
	幻灯片编号 2
	Introduction
	Introduction（cont’d）
	Introduction（motivation）
	Introduction（motivation）
	Introduction（motivation）
	幻灯片编号 8
	Phenomena and possible interpretation
	Phenomena and possible interpretation
	Phenomena and possible interpretation
	New calibration algorithm
	New calibration algorithm
	Experimental verification-CAFe2
	Experimental verification-CAFe2
	Experimental verification-TS2
	Experimental verification-TS2
	幻灯片编号 18
	Summary
	a
	Backup

