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ABSTRACT

The challenges of designing cooled IR detector systems have continued to grow in recent years, driving the development
of more compact, high-resolution systems with improved performance. The demand for longer operational lifetimes,
particularly for 24/7 applications and space missions has directly influenced cryocooler requirements. As a worldwide
market leader’ producing the state-of-the-art cryocoolers, RICOR is facing those market’s trends and challenges, by
developing its innovative roadmap and introducing a family of well-proven linear coolers, while assimilating new advanced
methods of development and testing.

The latest generation focuses on long-life linear cryocoolers, featuring a family of compact designs with dual-opposed
piston compressors, including the K590, K588, K589, and K591 models. These models align with the objectives of low
SWaP (Size, Weight, and Power) for HOT detectors and are built upon the success of the mature K527 single-piston linear
cooler, which has demonstrated over 50,000 hours of continuous operation.

This paper reviews the life demonstration test results of the K527 model as a design baseline for the new SWAP linear
models K590, K588, K589, and K591 which features an unmatched performance during long-life operation, comparable
only to contactless compressor cryocoolers.

The life test results indicate that the RICOR's contact design achieves outstanding reliability while maintaining consistent
performance throughout their operational life with negligible degradation.

Furthermore, this paper presents ongoing life demonstration test results for the K590 and K588 models, marking them as
highly reliable models.
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1. INTRODUCTION

Over the years, RICOR has primarily developed and produced integral and split rotary cryocooler models, along with a
few linear cryocooler models, each designed for specific missions and applications. In 2023, RICOR reached a significant
milestone, celebrating the successful production of a cumulative total of 200,000 cryocoolers.

Alongside the success of its rotary cryocoolers and in light of the market’s growing needs, RICOR has continuously
challenged itself to develop linear cryocoolers. Linear cryocoolers are theoretically more reliable for long-term operation
and better suited for HOT (High Operating Temperature) detectors. They offer several advantages that align with the
cooling requirements of advanced infrared (IR) sensors. Linear cryocoolers have fewer moving parts and operate with
electromagnetic drive mechanisms, reducing wear, vibration, and contamination of the working agent. This minimizes
image distortion, ensuring sharp and accurate IR imaging with low maintenance intervals due to cooler failure.

RICOR's effort has been ongoing for the last 25 years, resulting in the production of thousands of linear cryocoolers across
various models. In recent years, this dedication has led to the development of the advanced Low SWAP (low Size, Weight
and Power) linear cryocoolers family, including the mass produced K590 and K588 models, and the newly developed
K589/K591 models (currently in NPI phase).

As the market demand for improved Mean Time to Failure (MTTF) has grown, RICOR has focused on enhancing the
reliability of both rotary and linear cryocooler models. This has led to achieving tens of thousands of operating hours,



compared to just a few thousand hours in earlier designs. Today, RICOR offers cryocoolers with high MTTF performance
for various applications, ensuring the ability to select the best-matched cryocooler for each mission.

This article highlights the achievements in reliability aspects made in SWaP-optimized linear coolers by presenting the life
test results at basic operating conditions and accelerated tests. These achievements have established RICOR's family of
SWaP split Stirling linear cryocoolers as a state-of-the-art product for HOT IR applications. The negligible degradation in
performance over its lifetime operation is matched only by contactless compressor designs, which are costly and are less
suitable for volume-constrained applications, due to the large dimensions its design dictates.

2. RICOR'S AS A MARKET LEADING EXPERT MANUFACTURER

Over the past three decades, RICOR has continuously accumulated knowledge and expertise to design and manufacture
durable, reliable and efficient cryocoolers. As a worldwide market leader RICOR has improved the operating lifetime of
its rotary integral and split rotary coolers. Using the design guidelines acquired through rigorous work and attentive ears
to customers' needs, RICOR has managed to ensure its place as a leading manufacturer of split linear Stirling cryocoolers
as well, advancing with a low SWAP directive across its designs.

The knowledge gained along the years includes careful selection of materials, complying with harsh environments while
ensuring low friction in the moving parts, high efficiency in the electromagnetic mechanism, and excellent heat transfer
properties to allow for the optimal heat dissipation from the IDDCA system.

In addition to selecting the right materials, one requires to control their properties to the maximum by using the right heat
treatment processes, accurate manufacturing and precise quality control of each component. The design of an efficient
linear cryocooler requires reducing friction in inert gas environment, without the use of any lubrication. The clearance
between moving parts must be kept to a minimum to prevent internal acoustic power loss due to internal gas leakage
through the gap. Contamination control is also vital and needs careful handling while selecting materials and connection
methods such as adhesives.

To uphold the extreme manufacturing design-required demands, RICOR has established an in-house manufacturing hub,
with extensive capabilities of machining, heat treating, grinding and polishing, all complying with the drawings’ precision
demands. The quality control department is keeping accuracy level of checks using the state-of-the-art measuring tools
and techniques.

3. DESIGN BASED ON YEARS OF ACCUMULATED KNOWLEDGE

With the knowledge of designing and manufacturing a wide variety of cryocooler models for the period of more than 50
years of its existence, RICOR has accomplished the development and serial production of a linear cooler family, namely
the K527, K588 and K590.
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Single piston compressor
equipped with a dynamic

absorber for vibration damping.

Adaptive to harsh
environmental condition

8mm cold finger

Regulated input power
AWde@ 110K &200mW

at 23C
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550mWé&110K@71°C

Cooler weight of 345gr.

K588
Low SWAP-C
D26mm x L52mm

Dual opposed piston
compressor
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Complies with generic cold
finger
Low regulated input power
2. 1Wde@180mW@150K
at 23°C
Low weight of 200gr

Low SWAP-C
D26mm x L52mm

Dual opposed piston
compressor

Cold head length of 40mm
short 6 mm cold finger

Low regulated input power
2.15Wdc@180mW@ 150K
at 23°C
Low weight of 190gr .

Figure 1: RICOR's new generation of Linear Cryocoolers



Three main guidelines of RICOR's linear cryocooler design related to its reliability:

e  The material matching between the moving components and its manufacturing process allows for low frictional
wear which is a key element in the cryocoolers degradation rate.

e Moving component buckling effects are addressed by designing the moving parts aspect ratio in a way that reduces
the occurrence of seizing mechanisms.

e The alignment of parts in the assembly using advanced techniques to maintain axi-symmetry of the radial direction
in a durable cylindrical design to contain the pressurized gas without the risk of bursting. Keeping the axi-symmetry
reduces side forces coming from the magnetic components, thus reducing frictional forces and increasing efficiency.

These three aspects are vital to the long-lasting operating hours of the coolers and are of the key design considerations.

Efforts have been made in researching the dynamic behavior of the cooler, using advanced techniques to analyze the
mechanical losses. Among these tests are the ring-down tests that allow for a better assessment of the dynamic damping;
motor constant and stiffness of the moving component assembly to indicate side forces and subsequent losses in power;
and evaluate flow across the radial gaps of the moving components.

Contact linear cryocoolers experience a gradual increase in regulated input power from startup until reaching its specified
limit, which can take 20,000 hours or more. To minimize this phenomenon, a common alternative is to use a compressor
with a contactless piston and cylinder pair. These contactless compressors typically utilize flexure bearings, to keep the
piston aligned in the cylinder to work as a frictionless pair and resist side forces. However, these systems often require
larger, more expensive compressors due to the complexity of assembly and dimensional limitations of the flexure bearings.

Over the years, RICOR has successfully mastered a technology that diminishes performance degradation over lifetime
operation using a contact design of the compressor and the cold head. This capability allows RICOR’s linear cryocoolers
to operate for many years with high reliability. Notably, RICOR’s contact design of compressors performs just as
efficiently as contactless compressors, delivering comparable performance with the added benefit of a more compact
design.

4. ASSEMBLY PROCESSES FOR ENHANCED RELIABILITY

In order to reduce the risk of potential failures, several key production aspects must be carefully implemented. Production
and assembly processes must achieve strict precision. Assembly processes must be performed in a very clean environment
with no residue from the manufacturing process. This is carried out by developing the state-of-the-art processes designed
to achieve minimal contamination of the cooler's working agent and keep performance steady and efficient throughout the
cryocooler's lifetime. Gas leakage must be prevented to the maximum to allow years of impeccable operation. RICOR also
has a Quality Gate established to maintain the cleanliness of the parts and reinspect critical items before they enter the
clean rooms of the assembly lines. The assembly is performed in a clean room, eliminating the chance for foreign objects.

4.1 Contamination control

Contamination control in cryocoolers is one of the most critical aspects of design reliability. In every stage of production
RICOR has adopted specialized processes and unique infrastructures to eliminate potential contaminants to the working
gas like moisture, polymer residue, and emulsion from the machining process. Dry storage compartments were installed
to keep moisture levels low through the logistics route.

There are four key fundamental production processes to mitigate contamination used by RICOR:

e Material Selection & Handling: Using ultra-clean materials and ensuring proper storage to prevent particle
contamination.

e Vacuum Outgassing at Controlled temperatures: Eliminating residual contaminants in components before assembly.

e  Process Monitoring & Compliance: Regular testing to ensure adherence to 1SO 14644-1 standards.

e Anadvanced Fill & Purge process adopted by RICOR minimizes the presence of residual gases in the cryocooler
after it is charged to its final working pressure.



4.2 Sealing for a helium tight product

Sealing the cooler's pressure envelope is essential for a long-life operation. RICOR combines several processes such as
welding and brazing with delicate expertise sharpened over the years of crushed soft and semi-soft seals. This enables the
customer to store the coolers for over 10 years without any performance degradation or maintenance. Beside storage, the
cooler is not limited by gas leakage as a failure mode in a lifetime operation. Careful testing and ever-improving processes,
combined with harsh environmental conditions testing ensure the integrity of the gas envelope. Another key advantage of
using advanced procedures like welding enables significant miniaturization of the cryocooler.

5. RICOR’S LINEAR COOLER LIFE DEMONSTRATION STATUS AND ANALYSIS

To ensure the longevity and reliability of its linear cryocoolers, RICOR has established the state-of-the-art Reliability
Laboratory, designed to conduct rigorous testing on up to 80 coolers simultaneously. This facility is equipped with
advanced monitoring systems that track the operational lifetime of each cooler across a variety of conditions. The
laboratory is capable of capturing and analyzing key performance parameters in real-time, ensuring that every critical
aspect of the cooler's performance is carefully documented.

Each cooler undergoes detailed assessments, with parameters such as skin temperature, heat load, power consumption, and
cold tip temperature being monitored throughout the test duration. The lab’s data collection system records 20 samples per
hour, storing them in a centralized database, which facilitates real-time analysis and future data-driven improvements.
During testing, multiple configurations and operational profiles are evaluated to simulate a wide range of conditions, giving
RICOR valuable insights into each cooler’s performance over time.

Figure 2: RICOR's state-of-the-art reliability test laboratory.

5.1 K527 Life Demonstration Test Results

The K527 cryocooler serves as a base model for RICOR’s linear cryocooler family, from which the advanced low SWAP
models such as the K590 and K588 have been developed. Subsequently, the K527 is a critical point of reference in
assessing the effectiveness of the design improvements made in newer models.

In this analysis, K527 was selected for its role as a benchmark in evaluating the impact of these design changes. The life
demonstration test on the K527 was conducted on five cryogenic coolers, subjected to different operational conditions.
This test provides instrumental data on the performance and longevity of the K527, allowing for a direct comparison of
how the improvements made in the subsequent models contribute to extended lifespan, enhanced reliability, and overall
system efficiency.

Figure 3 presents K527 coolers' test results in an ongoing test:

e Group 1: three coolers operating under profile conditions at: 23°C ambient temperature, 80K cold tip temperature
170mW heat load.

e Group 2: two coolers operating under accelerated profile at: 23°C ambient temperature, 80K cold tip temperature
290mW heat load.
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Figure 3: Life demonstration test of K527 cryocoolers in basic and accelerated profiles

46-0400 | 76,175 0%
Accelerated80K, -
23°c@izomw | 46-0404 | 74907 2.5%
K527 46-0463 | 49,350 0% —
Accelerated 46-0538 | 41,096 3.3%
80K,
23oc@290mw 46'0397 47,301 0%

Table 1: Life demonstration K527 summary

While there were occasional peaks in current consumption, the overall slope of performance degradation is remarkably
low, averaging around 1.2% per 10,000 hours of operation. This minimal change indicates an excellent level of stability
over extended operating periods, making the decrease in performance almost negligible. This behavior is more consistent
with contactless compressor designs and therefore superior to other contact designs. This highlights the durability of
RICOR’s design and its ability to maintain efficient cooling for long durations without significant wear or performance
losses.



5.2 K590 Life Demonstration Test Results

The K590 and K588 cryocoolers were designed based on the knowledge gathered over development and production of the
K527 model, and therefore, its expected lifespan behavior should mirror that of the K527's and even supersede it. Since
these models share the same fundamental building blocks, design guidelines and production practices, it is anticipated that
their performance trends and durability will follow similar patterns.

Figure 4 presents the results from the ongoing K590 and K588 life demonstration test, which is conducted on more than
seven cryocoolers under different operating conditions. These results provide valuable insights into the performance and
longevity of the K590 and K588, further validating the expected behavior based on its predecessor.

Figure 4 features seven cryocoolers operating under a basic profile at: 23°C skin temperature, 150K cold tip temperature
180mW heat load. The second sub-plot in Figure 4 features one cryocooler operating under an accelerated profile at: 60°C
skin temperature, 150K cold tip temperature 250mW heat load.

A more comprehensive life test is planned to begin by mid-2025.
8.0

o
o

profile K588 & K590
o o

Regulation power
consumption [Wdc] Basic

150K, 23°C@180mW

o
(@]

Regulation power
consumption [Wdc]
g

Accelerated profile K590
S
o

150K, 60°C skin @250mW

0 10000 20000 30000 40000
ETI_1-0030

Figure 4: Life demonstration K590 (Basic& Accelerated)
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o m - -
| Still running
- 0,
K590/K588 IN-0003 | 34,910 0%
IN-0010 | 33,720 0%
17-00001 | 21,680 0%
Accelerated
150K, 60°C skin 1-01427 27,530 0%
@250mw

Table 2: Life demonstration current results summary of K588 and K590

As presented in this section, the test results of the K590 indicate that the model exhibits zero degradation in input power
for a period of more than 10,000 hours of operation. Similarly, the test results of K588 have shown the same stable
performance so far. That is, all RICOR's linear cooler models have maintained a stable, reliable operation in the life test
results.
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Figure 5: Typical behavior of regular input power for different cryocooler types.

The long-term input power trend demonstrates that RICOR's contact linear cryocoolers exhibit a degradation pattern much
closer to that of contactless linear cryocoolers than to regular linear cryocoolers. As illustrated in Figure 5, the steady state
power increase for RICOR's contact linear cryocoolers occurs at a significantly slower rate compared to regular linear.
This behavior strongly supports the conclusion that RICOR’s linear cryocooler design delivers contactless-like
performance stability, providing a significant advantage in both reliability and operational longevity.



6. K589/K591 LIFE EXPECTANCY AND FUTURE DESIGNS

The latest additions to RICOR's linear cryocooler lineage are the K589 and K591, currently in NPI stage. These models
replicate the design blocks of the K588/K590 models, with improvements designed to maintain reliability and enhance
performance. Following the SWAP directive, RICOR’S R&D team has designed high power density cryocooler models,
retaining the compact dimensions of the K588 and K590 with only slight modification in the compressor length.

Achieving stable operation cooling power of 750mW@120K@78C, these new models are designed to ensure reliable and
long-life operation, expected to match the K590 lifespan featured in this paper. The K589 is expected to be qualified in Q3
2025, reinstating RICOR before the Cryocooler manufacturers market once more.

7. SUMMARY

RICOR is a worldwide leading manufacturer of cryogenic coolers and is mainly known for its compact, high reliability
cryocoolers, widely used in infrared (IR) applications across defense, aerospace, and commercial sectors. RICOR's contact
linear technology enables IR systems to operate without performance degradation throughout their entire lifespan. This
article reviews RICOR's ongoing advancements in long-life split linear cryocoolers, with a recent focus on SWaP-
optimized models for HOT applications. Extensive analysis of tens of thousands operating hours demonstrates that
RICOR's miniature linear cryocoolers exhibit superior reliability while maintaining stable operation. The careful design
and production processes established in RICOR ensure the performance of the coolers with little or no degradation
throughout the cryocoolers' lifetime operation, matching performance of contactless compressor designs yet preserving the
attractive compact structure suitable for SWaP-C constrained applications.

The K588 and K590 Stirling linear cryocoolers are designed for efficient, low-power cooling, making them ideal for
portable and airborne infrared imaging systems. These linear cryocoolers feature low power consumption, a compact
design, and lightweight construction, ensuring optimal performance in battery-powered and weight-sensitive applications
such as UAVs, handheld thermal imagers, and satellite-based IR sensors.

The K527, reaching over 70,000 stable operation hours, has shown remarkable performance and reliability, making its
design a solid basis for the development of RICOR's SWAP optimized linear models. Notably, the K588 and K590 models
marked an improvement in the degradation slope compared to the earlier K527 model, enhancing long-term reliability,
currently achieving more than 30,000 hours of stable operation without failure. These advancements are being integrated
into new models, such as the K589, K591, and other upcoming designs, further optimizing their performance and
durability.
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