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Abstract 
The SNS accelerator has been vital in delivering high-

impact research for the world scientific community since 
2006, with an availability of 99%. This high availability 
rate is crucial to the success of the facility, and after 
16 years of operations, the aging of the components could 
start to impact this parameter. To mitigate this, condition-
based maintenance can be applied to areas of the LINAC 
to reduce or nullify the possibility of unwanted events that 
may damage the accelerator functionality. In this work, we 
describe the development of a non-intrusive leak detection 
methodology that verifies the health condition of the cry-
omodule isolation gate valve seals. In case of a sudden vac-
uum leak in a warm section between the cryomodules, 
these valves act as a final line of defense to protect the SRF 
cavities from atmosphere gases contamination, hence 
knowing their sealing integrity condition is paramount. 
Data taken from the machine during different maintenance 
periods will be presented, together with the analysis done, 
to verify the robustness of the numerical method vs. the 
experimental findings. 

INTRODUCTION 
Particle accelerators have revolutionized scientific re-

search by enabling the investigation of fundamental parti-
cles and their interactions at increasingly higher energies. 
These sophisticated machines, such as the SNS accelerator, 
have been crucial in delivering high-impact research to the 
global scientific community since its inception in 2006.  

However, as with any complex technological system, 
particle accelerators are subject to aging, impacting their 
performance and reliability over time [1, 2]. 

The aging of particle accelerators can be attributed to 
several factors. These machines intense and repetitive op-
eration exposes their components to extreme conditions, 
including high temperatures, intense electromagnetic 
fields, and mechanical stresses. These conditions can lead 
to material fatigue, degradation, and wear, affecting the 
overall functionality of the accelerator. Furthermore, the 
accumulation of radiation damage in critical components, 
such as magnets and vacuum systems, can decrease effi-
ciency and increase failure rates. 

Predictive-based maintenance strategies are gaining 
prominence to mitigate aging's impact on accelerator per-
formance. Traditional maintenance approaches, such as 
time-based or reactive maintenance, are often inefficient 
and costly, as they rely on fixed intervals or the occurrence 
of failures. In contrast, predictive-based maintenance aims 
to optimize maintenance activities by utilizing real-time 

data and advanced analytics to predict equipment health 
and anticipate maintenance needs. 

Predictive-based maintenance offers several advantages 
over traditional approaches [3]. Monitoring the condition 
of critical components allows for the early detection of po-
tential issues and the implementation of proactive mainte-
nance actions [4]. This approach minimizes the likelihood 
of unexpected failures, reduces unplanned downtime, and 
extends the operational lifespan of the accelerator [5-7]. 
Moreover, predictive-based maintenance can optimize re-
source allocation by enabling targeted interventions on 
components that are at higher risk of failure, thus maxim-
izing the efficiency and cost-effectiveness of maintenance 
activities. 

Elastomers used for O-rings in vacuum isolation valves 
are amongst the more damage-sensitive accelerator com-
ponents. Isolation valves play a crucial role in preserving 
the performance of the SRF cavities during maintenance 
operations or in case of sudden pressure spike events. Ra-
diation encountered during accelerator operation can cause 
detrimental effects on the o-rings, leading to embrittlement 
that causes both decay in the seal integrity and the creation 
of particulate that, if deposited inside the surface of the 
SRF cavities, can stimulate field emission or arching, dam-
aging the cavities [8-11]. 

Assessing the quality of these seals is not an easy task: 
accessing them requires the warm-up to room temperature 
of the neighbouring cryomodules and the opening of the 
beamline, potentially exposing the inner SRF surfaces to 
more contamination than warranted, so unless deemed ex-
tremely necessary, it is not a routine maintenance activity.  

The need to be able to evaluate the seals without intru-
sive actions is what has driven our work presented here. 
Taking advantage of the scheduled SNS maintenance oper-
ations, a numerical analysis is being developed to verify if 
it is possible to predict which o-rings may be underper-
forming due to radiation damage. 

EXPERIMENTAL SETUP 

LINAC Side 
We took advantage of the first day of maintenance to per-

form our study. The methodology was kept the same as the 
study conducted in August 2022. The vacuum isolation 
valves that separate the cryomodules from the warm sec-
tions between them were closed simultaneously at 
8:00 AM. Subsequently, the LINAC SRF cavities temper-
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ature was raised from 2 K to 4 K, increasing the cryomod-
ules pressure. The cold cathode gauges situated next to 
each RF coupler, pressure readout and the ion pump current 
positioned at the end of each cryomodule were monitored 
and recorded (see Fig. 1). The warm section pressure was 
monitored only via ion pump current due to the lack of 
other pressure gauges. The vacuum isolation valves were 
opened after 2 hours – at 10:00 AM.  

Numerical Analysis 
The Pearson correlation coefficient was used as a param-

eter to analyze the data obtained from the cryomodules 
warm-up. As previously mentioned, we chose to compare 
the ion pump pressure readouts to verify any cross-talk be-
tween the cryomodules and the warm sections. The cold 
cathode gauges data were primarily used to verify the cry-
omodules ion pump pressure readouts. Unfortunately, their 
unreliability at very low pressures prevented us from using 
their data meaningfully. 

The pressure signals from the ion pumps tend to be quite 
noisy, so the data were binned in 60 seconds intervals to 
clean them up. The interval of interest was then chosen as 
7:30 AM – 11:30 AM to ensure we could capture the 
pressure values before the closing and after the reopening 
of the isolation valves as an ulterior verification of the 
valves movement. The valves were not reopened at 
10:00 AM in a couple of cases, but that did not affect our 
data collection.  

Additional data analysis was performed to improve the 
significance of the signal. A 45 min window was identified 

around the time when the pressure was rising in each 
cryomodule. The 𝑅 coefficient was then calculated for each 
pressure point within this window. Pressure data within 
15 min prior to each point was used to obtain 𝑅 at that 
point. To enance the signal, 𝑅 was normalized by the 
maximum relative pressure changes of the two correlated 
signals during each 15 min correlation period. Thus, below 
we use a normalized correlation coefficient 𝑅෨ defined as 
𝑅෨ ൌ 𝑅 ⋅ ሺΔ𝑝ଵ

௠௔௫ ⟨𝑝ଵ⟩⁄ ሻ ⋅ ሺΔ𝑝ଶ
௠௔௫ ⟨𝑝ଶ⟩⁄ ሻ. A Python code 

was written to calculate the average ⟨𝑅෨⟩ and variation Δ𝑅෨ 
of 𝑅෨ over the 45 min period of pressure change in each 
cryomodule. This analysis was completed for all 
combinations of adjacent cryomodules and warm sections 
with one or two exceptions where the pressure data were 
not available. 

RESULTS 
The results obtained during this study were compared 

with the previous shutdown study, and both correlation 
summary plots are shown in Fig. 2. In the ideal case, as-
suming the same experimental conditions, the average R 
values extrapolated from the August 22 experiment should 
match the values obtained during the current study. An in-
crease in correlation between a cryomodule and an adja-
cent warm section from the older study to the current one, 
though, could indicate the appearance or the increase in the 
cross-talk between the two, therefore, the presence of a 
leak in the valve.  

Figure 1: Diagram of cryomodule with Cold Cathode Gauges (CCG) and Ion Pumps (IP) highlighted. 

Figure 2: Average ⟨𝑅෨⟩ and variation Δ𝑅෨ of 𝑅෨ for cryomodules and upstream (purple) and (downstream) warm sections. 
On the left the results from August 2022, on the right the results from March 2023. 
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While in a few cases, there is a distinct increase in cor-
relation between the two tests (cryomodule 6 and 13), this 
correlation is not evident in the 𝑅෨-value analysis. After our 
numerical analysis, for example, the correlation between 
the two tests of cryomodule 16 and warm section 17 seems 
to decrease, suggesting diminished cross-talk and, there-
fore, the diminishing of a leak. Now although this is possi-
ble, it is unlikely.  

By looking at the raw data, then, as shown in 
Figs. 3 and 4, a different conclusion can be reached. In 
both experiments, the cryomodule pressure (the orange 
line, IP16501) climbed at almost the same rate and to 
nearly the same absolute pressure values, ruling out a dif-
ferent gas load in the cryomodule at the time of testing that 
could have impacted the valves seals differently. 

The same can be said about cryomodule 17 (IP17501), 
which is directly downstream of warm section 17.  

The pressure plots also show that the pressure rise in 
warm section 17 almost overlaps with the increase in cry-
omodule 17. The pressure increase in cryomodule 16 pre-
cedes warm section 17 by almost 15 minutes, as visible in 
Fig. 3. This fact is reflected in the value of 𝑅෨: the increase 
in pressure in both cryomodules and the warm section cre-
ates high correlation factors (both data set increase at the 
same rate), but the timing of the events highlights that one 
correlation is more significant than the other for our analy-
sis. 

CONCLUSION 
In this work, we presented the progress on the non-intru-

sive leak detection method. The comparison between the 
results taken in two separate maintenance periods suggests 
that the data analysis is promising but not perfected yet. 

Further tweaking of the parameters considered (number 
of steps, time window, the interval of study) is undergoing 
to help us differentiate the different events and link 𝑅෨ 
values to potentially leaking seals. 
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