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Abstract
LCLS-SC achieved first light in 2023 and continues to

ramp up performance. The linac consists of 35 cryomodules
at 1.3 GHz, plus two cryomodules operating at the 3rd har-
monic (3.9 GHz). The high repetition rate linac has been
operating at 3.8 GeV regularly since 2024. As with any SRF
machine, quenches occurred both during commissioning (as
a part of normal processing) and during normal operations
(tuning and beam delivery). After several years of operation,
there are now thousands of quench events that can be ana-
lyzed and mapped to machine performance. In this work,
quench rates in all cavities in the linac are identified and
compared to operational quench rates and gradient limits.

INTRODUCTION
The Linac Coherent Light Source facility consists of two

linear electron linacs, one normal conducting (NC) and one
superconducting (SC) both installed in the existing SLAC
3 km tunnel. The NC linac, now called LCLS-NC, has been
operating as a Free Electron Laser (FEL) since 2009. An
upgrade of the facility (LCLS-II) installed an SC linac in the
first third of the tunnel. The SC linac, now called LCLS-SC,
is the first superconducting accelerator operated at SLAC.
LCLS-SC has been commissioned and operated from 2022
to 2025. First light was accomplished in August 2023, and
through 2025 regular user delivery and machine develop-
ment took place. Simultaneous delivery to both hard and
soft x-ray hutches was demonstrated in preparation for the
increase in beam energy from the LCLS-II-HE project. Start-
ing in December 2025, LCLS-SC was shut down for planned
construction of LCLS-II-HE, another upgrade project that
will add an additional 23 cryomodules to the LCLS-SC linac
(L4). This will increase the operational energy from 4 GeV
to 8 GeV starting in 2027. After the new cryomodules are
commiossitoned, the repetition rate will ramp-up to 1 MHz.
See Fig. 1 for the full LCLS-SC layout that includes both
LCLS-II and LCLS-II-HE.

Currently, LCLS-SC contains four main accelerating sec-
tions: L0, L1, L2, and L3 with a total of 35 cryomodules
operating at 1.3 GHz. Each cryomodule contains eight super-
conducting TESLA-style RF cavities [1] made of niobium.
This type of cavity and variations on the cryomodule design
are installed in several facilities, including Eu-XFEL and Fer-
milab. In this work, we review all commissioning and oper-
ational quenches during the 2022-2025 run of LCLS-SC. In
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Section , we review the current quench classification method
at SLAC and typical SRF cavity decay and quench wave-
forms. In Section , we then use the classification method
to analyze all historical quenches for LCLS-SC, including
false quenches, multipacting processing events, and normal
operations.

QUENCH CLASSIFICATIONS
SRF cavity quenches occur when an SC cavity loses SC

properties and becomes normal conducting. This can occur
due to impurities in the cavity surface during fabrication, in-
stallation and/or migration of particles during operation [2].
Once a small spot on the cavity surface becomes normal
conducting, heat is dissipated throughout the cavity and
it is no longer able to hold the operating gradient. These
quenches are not as violent as SC magnet quenches, and
once the cavity cools down again, it can resume operation.
Typically, if caught fast enough, turning off the cavity pre-
vents serious impact to the accelerator, and the cavity can
be returned to operation within minutes or less. The quench,
cool down and reset pattern is the reason a robust interlock
system is needed. If the power supplied to a quenched cavity
is not stopped, the cavity will continue to remain normal
conducting and cause a disturbance in the helium bath (i.e.
becoming a high heat load on the cryogenics system). The
LCLS-SC interlock system compares the forward and re-
verse power supplied to the cavity. Although the heat load
issue is a transient problem solved by robust interlocking,
there is also the potential for trapped magnetic flux in the
cavity after a quench. This is a persistent negative effect
of quenches, which reduces the quality factor of the cavity
(𝑄) [2]. Trapped magnetic flux can be purged with a fast
cool down of the cavity, but that is not a routine operation.
All attempts are made to reduce the number of warm up and
cool down cycles necessary for maintenance and operations.
Each warm and cool cycle takes 2-3 days, which impacts
operational up time and delivery to users.

With high heat load being the high impact effect of
quenches, the interlock detection is intentionally conserva-
tive. It often results in ‘false’ quenches: events flagged as a
quench, but in which the cavity turns off for another reason.
During normal operations, an SRF cavity might shut off
for a variety of reasons, including tunnel access, equipment
health, or beam tuning in targeted areas. When the interlock
sees this drop in power, it is logged as a quench. To reduce
the number of quench waveforms flagged for human review,
a classification function and watcher process were written
to reset LCLS-SC cavities when the quench is false. This is
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Figure 1: LCLS-SC facility layout. L4 is currently being installed under the LCLS-II-HE project, with commissioning
expected in 2027.

Figure 2: Real quench and normal decay waveforms. Data
taken from cryomodule 31, cavity 8 in L3.

done by looking at the decay waveform saved after the inter-
lock is triggered. An example of a quench decay (steep drop)
and normal decay is shown in Fig.2. Each time an interlock
is triggered, a waveform like the ones in Fig. 2 is saved to a
text file and process variable (PV) for classification.

The current classification method fits the cavity waveform
data, calculates the loaded Q-value (𝑄𝐿), and uses 𝑄𝐿 to
determine if a quench is real or false. This classification
method has three main steps: (1) trimming the data to focus
only on the cavity decay, (2) linearization and fitting of the
decay, and (3) comparing the stored Q-value for that cavity
(𝑄𝑠) to the newly calculated 𝑄𝐿. In (3) a threshold is used to
determine if the newly calculated 𝑄𝐿 is labeled real or false.

For step (2), an exponential form can be assumed for the
amplitude of a normal cavity decay [2]:

𝐴(𝑡) = 𝐴0 ⋅ 𝑒− 𝜋𝑓 𝑡
𝑄𝐿 (1)

where 𝐴0 is the pre-quench amplitude (first value of the fault
amplitude array), 𝑓 is the frequency, 𝑡 is time, and 𝑄𝐿 is the
loaded Q-value for the quench. Equation 1 is then linearized
to isolate 𝑄𝐿. The natural log is used to simplify as follows:

𝑙𝑛( 𝐴0
𝐴(𝑡)) = 𝜋𝑓 𝑡

𝑄𝐿
(2)

The third and final step in the classification method is used
to calculate and compare the Q-values. In order to calculate
𝑄𝐿 the equation for the slope is rearranged. For notation
purposes, ‘exponential_term’ is referred to below as ‘𝑥𝑒’ and

refers to the slope calculated when the exponential form of
the decay was linearized. We can now solve for 𝑄𝐿:

𝑄𝐿 = 𝜋𝑓
𝑥𝑒

(3)

Then, to calculate the threshold, which is the minimum
acceptable 𝑄𝐿 before a quench is considered real, the saved
𝑄𝑠 extracted from the quench file is multiplied by 0.6, for
a threshold of 60%. Cavities that have interlock quench
events flagged as false are quietly reset and turned back on
automatically with a watcher process. Quenches that are
classified as real require a human in the loop to reset and try
to determine the cause of the quench and mitigation options.

OPERATIONAL QUENCH DATA
With the current classification method, we can review all

commissioning and operational quench data for LCLS-SC
from 2022-2025. A total of 105,481 quench interlock events
were recorded, with 65.5% of those being false see Fig. 3.
From this result we can confirm empirically the interlock
threshold is sufficiently conservative. For further analysis
false quench events were filtered out of the dataset and high
count outliers (i.e. CM20/34/35) were investigated. The
cryomodules with elevated quench levels compared to the
machine average had multipacting (MP) processing on one
or more occasions. MP processing is done before a fast cool
down as time allows. The process is similar to processing in
NC cavities. Electrons are emitted from the surface of the
cavity and can cause secondary emission of elections. This
limits the maximum operating gradient of the cavity and is
typically accompanied by a short burst of radiation and/or
a quench. MP processing is not performed during normal
operations, as it requires changing the cavity gradient and
can disrupt beam operations. When possible, MP processing
is scheduled before a fast cool down, so that any trapped
magnetic flux can be purged. In the case of the outliers
CM34 and CM35, both had RF pulsed processing applied.
Instead of operating CW, short RF pulses are applied in rapid
succession with the goal of disrupting the conditions at field
emitting sites in the cavity. This has been shown to increase
the usable gradient due to field emission in cavities at several
facilities [3].
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Figure 3: Percentage of real and false quenches over the 2022-2025 period.

Figure 4: Distribution of quench events in each cavity. Only
real quenches are shown here, false events and multipacting
processing days are filtered out.

Next, to distinguish between intentional and unintentional
quench events, all processing events were filtered out. The
resulting data should then be a fair representation of opera-
tional quench rates in LCLS-SC. Fig. 4 shows a box plot of
the remaining quench distributions across each cryomodule
after filtering out false and processing events. Each box in the
plot represents data for 8 cavities (1 cryomodule). The box
starts at quartile 1 and extends to quartile 3, which is called
the interquartile range (IQR). The line in the box marks
the median and the whiskers extend 1.5x of the IQR [4].
From these data, we can confirm that the average quench
rate per cavity per day is below one. Some cavities have
not quenched or have only quenched very rarely (whiskers
near zero). This conclusively indicates the LCLS-SC linac
is operating stably with very low quench rates.

CONCLUSION
LCLS-SC has been operating successfully from 2022 to

2025. The current quench interlock and classification meth-
ods are sufficiently conservative to protect the machine, with
65.5 % of quench interlock events being false quenches. The
majority of real quench events are intentional multipacting
or pulsed processing. The real quench rates during machine
development or user delivery (nominal operations) are very
low. LCLS-SC records less than one quench per cavity per
day on average. Future work will focus on improving classi-
fication methods and quench detection to reduce the number
of false positives. Efforts will be made to learn from other
ongoing works in the community [5–9]
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