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ABSTRACT

Successful integration of a cryocooler to an IR detector and an EO\R system assembly depends on more than steady-
state input power or cooling capacity. Mission profiles, duty cycle, ambient conditions, system interfaces, and
verification requirements jointly determine whether a cryocooler will meet performance, reliability, and lifetime targets.

This paper describes a structured approach for cryocooler selection and system-level integration as applied in Ricor’s
applications engineering workflow. The methodology emphasizes early requirements capture, iterative performance
assessment using databases and modeling tools, formalization of mechanical/thermal/electrical interfaces documentation,
and an end-to-end integration followed by acceptance tests for the cryocooler—dewar—controller assembly. In addition,
the paper summarizes modeling and simulation tools used to predict cooldown behavior and to evaluate design
sensitivity, and it reviews examples of special configurations that address platform constraints, including linear L-shape
architectures and extended gas transfer line. Finally, a modular building-block roadmap is presented as a framework for
accelerating customization while maintaining configuration control and production readiness.
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1. INTRODUCTION
Cryogenic coolers are enabling components in many electro-optical and infrared (EO/IR) systems, where detector
performance and system availability depend on stable cryogenically cooled operation under realistic mission
environments. As requirements evolve toward higher cooling power in smaller envelopes, tighter exported vibration
budgets, and longer operational lifetimes, cryocooler selection becomes a system-level trade study rather than a catalog
comparison.

This paper presents a practical roadmap for selecting and integrating cryocoolers into Integrated Dewar Detector Cooler
(IDDCAs) and associated control electronics. The roadmap is based on a requirements-driven workflow that combines
(i) structured requirements capture, (ii) iterative performance prediction using empirical databases and modeling tools,
(iii) definition of mechanical, thermal, and electrical interfaces, and (iv) integration and acceptance testing that supports
configuration control throughout the program lifecycle.

The remainder of the paper is organized as follows. Section 2 describes the requirements-capture and tailoring workflow
used to converge on an appropriate cryocooler configuration. Section 3 reviews modeling and simulation tools used to
support selection and integration Section 4 discusses system interfaces that dominate integration success. Section 5
summarizes an integration and acceptance-test flow for cryocooler—Dewar assemblies. Section 6 presents examples of
special configurations used to address platform constraints. Section 7 describes a modular building-block roadmap to
accelerate customization. Section 8 concludes with key takeaways.
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2. REQUIREMENTS CAPTURE AND TAILORING A COOLER TO CUSTOMER NEEDS
Selection of an appropriate cryocooler should be driven by mission-specific requirements that vary significantly across
operational environments and platform constraints. Thermal loads, duty cycles, operating temperatures, and
environmental conditions must be translated into a performance envelope that is consistent with size, weight, and power
(SWaP) constraints, reliability targets, and expected lifetime.

In a typical engagement, customers initially request a specific catalog product (e.g., a target temperature and approximate
heat load). Comprehensive requirements analysis often identifies alternative configurations that better satisfy the
complete set of constraints. The selection process therefore begins with a structured requirements intake, followed by
iterative assessment and convergence on a configuration that can be controlled under configuration management.

Along with cryocooler selection and requirement analysis, Ricor also defines optimal testing procedures to ensure
shorter lead times throughout the production cycle.

2.1. Key inputs to the selection process
The following inputs are typically required to establish a selection baseline:

e  Thermal requirements: estimated parasitic heat loads, detector and cold-structure thermal capacitance, required
cooldown time, target temperature stability, and allowable temperature gradients.

e  Mechanical interfaces: mounting configuration, allowable induced forces, alignment constraints, available envelope,
mass and inertia constraints, and tolerance limits.

e Environmental and operational conditions: ambient temperature range for operation and storage, vibration, shocks
and acceleration profiles, transportation loads, orientation constraints, and any corrosive or pressure exposure.

e FElectrical interface: supply characteristics, voltage/current limits, connector and pin-out constraints, required sensor
readouts, and control/telemetry requirements.

e Reliability and lifetime: mission profile, duty cycle, mean time to first failure (MTTFF) and/or life test evidence
requirements.

2.2. Iterative optimization and documentation
Following requirements characterization, an iterative optimization process is performed to propose candidate
configurations and evaluate their expected performance against the requirements. The evaluation typically combines:

e Performance database analysis: empirical characterization data used to predict performance under relevant operating
conditions.

e Simulation and modeling: computational tools used to estimate performance and sensitivity to key parameters.

e Experimental validation: targeted tests used when conditions fall outside previously characterized regimes or when
uncertainty must be reduced before commitment.

During iteration, the customer may be asked to prioritize requirements when constraints are mutually incompatible (for
example, cooldown time versus maximum input power). Once a baseline solution is selected, interface control
documents (ICDs) formalize the integration definition:

e  Mechanical ICD: envelopes, mounting interfaces, fastener patterns, and load transmission characteristics.
e  Thermal ICD: heat transfer interfaces, thermal resistances, boundary conditions, and heat-rejection requirements.
e Electrical ICD: connectors, pin assignments, power requirements, sensor wiring, and control signal definitions.

The final stage is delivery of a data package for customer approval. The package consolidates the ICDs and includes an
Acceptance Test Requirements (ATR) definition that specifies the performance acceptance criteria. Upon approval, a
controlled part number is assigned to the configured product tree and linked to the approved data package for



traceability. In parallel, an Acceptance Test Procedure (ATP) is baselined to define verification steps and pass/fail
criteria consistent with the ATR.
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Figure 1 — Ricor's cryocooler selection and integration process

3. MODELING AND SIMULATION TOOLS
Modeling tools support both selection and integration by enabling rapid trade studies, sensitivity analysis, and estimation
of system-level behavior such as cooldown profiles. Because cryocoolers involve coupled heat transfer, fluid dynamics,
electromagnetics, and mechanical dynamics across multiple frequency ranges, no single tool is sufficient for all analyses.
This section summarizes complementary tools used in Ricor to balance fidelity and computational effort.

3.1 SAGE system modeling and optimization

SAGE is a commercially available cryocooler modeling environment that integrates one-dimensional sub-models of
typical Stirling-cycle components, enabling rapid simulation and parametric optimization. The framework supports
representation of thermal solids, gas domains, heat exchangers, and piston-cylinder elements, and it enables user-defined
variables and objective functions. Optimization capabilities are particularly valuable when a design includes many
coupled variables (e.g., stroke, regenerator parameters, gas pressure, and suspension stiffness) subject to geometric and
industrial constraints.

In practice, optimization is not a push-button solution: it requires a clear definition of objectives, identification of design
variables, and enforcement of constraints. When used appropriately, the tool can accelerate convergence and provide
useful sensitivity insight. From a customer perspective, the primary benefits include reduced prototyping iterations,
improved energy efficiency, and increased confidence that the configuration will meet requirements across the defined
operating envelope.

3.2 CFD for multi-dimensional flow effects

One-dimensional system models do not capture all multi-dimensional flow losses and local phenomena. For selected
components and effects, computational fluid dynamics (CFD) simulations are used to model hydrodynamic behavior,
pressure-drop mechanisms, and thermal losses with higher fidelity. In Ricor, open-source and commercial CFD



environments are used depending on the analysis need, including OpenFOAM and ANSYS Fluent. For design
optimization studies, adjoint-based methods (e.g., daFOAM) can be applied to evaluate shape sensitivities.

Because CFD is computationally intensive, the typical workflow is to use system-level models for overall design and
optimization, and to apply CFD selectively to study specific flow patterns, validate correlations, or investigate
performance sensitivities that cannot be captured in reduced-order models.

3.3 Cooldown time estimation

Cooldown time is a frequent system-level requirement and often drives both cryocooler selection and control strategy.
Ricor uses an in-house cooldown time calculator that estimates the transient cooldown profile based on a steady-state
performance database. The tool supports exploration of target temperatures, ambient conditions, and external loads, and
it can be used to assess how changes in thermal capacitance or material properties affect the cooldown trajectory. The
tool requires customer input of the heat that needs to be rejected from the detector and the required working point.

Cooling performance is calculated by integrating the cooling capacity over temperature, accounting for its decrease with
temperature, and applying the first law of thermodynamics in rate form:

mC,(T) 5= (Q + H + W),
where the left-hand side represents the control volume of internal energy.

A typical cryocooler consists of three main subsystems—compressor, expander, and cold tip, each characterized by
distinct heat, enthalpy, and work interactions. Since these interactions depend on subsystem temperatures and input
voltage, the system is practically modeled as three coupled nonlinear ordinary differential equations corresponding to
separate control volumes.

Validation is performed by comparing predicted cooldown profiles with measured data for representative cryocoolers
under controlled ambient conditions (e.g., within a climate chamber). Differences between prediction and measurement
can highlight model uncertainty or can serve as diagnostics for non-ideal behavior such as vacuum degradation,
contamination, or compressor issues.
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Figure 2 — Example of Ricor's in-hous cooldown calculator results compared to test results



4. SYSTEM INTERFACE CONSIDERATIONS
The interfaces among the cryocooler, Dewar, and system harness are the most critical junctions in many EO/IR systems.
While datasheets provide cooling capacity and temperature performance, integration success depends on understanding
cross-coupled behavior across thermal, mechanical, and electrical interfaces. This section summarizes practical
considerations that often determine whether a selected cryocooler will meet mission requirements.

4.1. Thermal interface

The thermal interface is largely governed by the Dewar thermal mass and by the cryocooler’s heat-rejection capability.
The Dewar assembly (cold shield, detector mount, and associated hardware) influences both transient and steady -state
behavior:

e Cooldown time: larger thermal mass requires greater energy extraction to reach operating temperature. The
relationship is not purely linear, because transient gradients, material properties, thermal resistance, Dewar design
and heat-leak paths influence the temperature trajectory.

e Temperature stability: thermal mass acts as a thermal reservoir that reduces the impact of transient heat pulses and
short-term variations in cryocooler output. In some cases, the thermal mass and resistance might behave like a time
delay and control parameters should be considered.

In addition, the cryocooler skin temperature must remain within its allowable range. Effective heat sinking and well-
defined heat-rejection paths are therefore required. Selection of appropriate interface materials, conduction paths, and
thermal pads, combined with validation under representative ambient conditions, helps ensure that the cryocooler
operates within its design envelope while meeting detector temperature and lifetime requirements.

4.2. Mechanical interface

The mechanical interface between the cryocooler and Dewar must satisfy competing requirements of thermal
conductivity, structural integrity, and vibration transmission. It must maintain alignment between the cold finger and
focal plane assembly across temperature extremes, where differential thermal contraction can introduce stress and
misalignment.

Mechanical design should account for thermal expansion mismatch, preload levels that preserve contact pressure at
cryogenic temperatures, and tolerance management that avoids binding or excessive clearance. In addition, mechanical
coupling affects how cryocooler-induced vibration is transmitted to the optical assembly and can therefore impact image
stability. Material selection, precision manufacturing, and verification through thermal cycling and vibration testing are
typically required to confirm that the interface maintains functionality throughout the mission lifetime.

4.3. Electrical interface and control

The electrical interface connects temperature sensors and auxiliary signals to the controller and drive electronics,
enabling closed-loop power management. During cooldown, appropriate control logic can reduce time-to-temperature
while respecting input-power limits. In steady-state operation, robust control tuning (e.g., proportional-integral-
derivative parameters) supports temperature stability. EMC and ESD constraints and requirements are also implemented
in the electrical ICD. Electrical design must therefore be addressed as part of system integration, including connector
definition, harness routing, grounding strategy, and telemetry requirements.



5. CRYOCOOLER-DEWAR INTEGRATION AND ACCEPTANCE TESTING
Ricor’s system-integration methodology extends beyond delivery of a catalog component and emphasizes hands-on
integration from detector intake through acceptance testing. The objective is to maximize first-pass success in acceptance
testing while reducing schedule risk by identifying interface issues early.

5.1. Detector intake and baseline characterization
Upon detector arrival, a structured sequence of acceptance tests is performed to establish a baseline and to identify
anomalies before integration. Typical checks include:

e Boil-off rate testing using liquid nitrogen (LN2) to estimate thermal load.

e Cooldown measurement from ambient temperature to 77 K.

e  Warm-up rate measurement (see Figure 3), which provides a sensitive indication of vacuum quality, thermal
insulation, and internal integrity.
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Figure 3 — Warm up rate comparison of two dewar

5.2. Mechanical integration and quality checks

Following baseline characterization, integration proceeds in two main stages: (i) mechanical integration of the
cryocooler, Dewar, and customer frame based on the mechanical ICD and defined assembly procedures, and (ii) final
packaging and harnessing per customer electrical and mechanical requirements.

During mechanical integration, quality checks typically include verification of smooth motion for dynamic parts, visual
inspection of seals, validation of detector orientation relative to the defined optical axis, and idle-current checks. When
the customer performs final integration at their facility, the cryocooler may be integrated into a dedicated dummy cold
finger cover to protect interfaces during transport.

5.3. Packaging, harnessing, and acceptance testing

Packaging and harnessing adapt the electrical interface to customer specifications. This may include customization of
harness lengths, diode wiring, connector selection, and integration of monitoring devices such as an elapsed time
indicator (ETI).

During the acceptance test procedure, multiple parameters are monitored to confirm compliance with the ATR. In
addition to standard performance metrics, the Dewar warm-up rate is monitored as a diagnostic; deviations from



historical behavior can reveal issues that were not evident during initial intake checks. A final quality inspection is
performed prior to shipment to confirm performance and to verify that mechanical and electrical requirements are

satisfied.
Performance
Verification
Assembly & Checks
Multiple parameters
Cryocooler, Dewar, are monitored,
and frame are including warm-up
assembled and rate, to confirm ATR
inspected compliance
Detector Arrival Mechan_lcal Pnckagu:lg & Aocgplance Final Inspection
Integration Harnessing Testing
/ /
Acceptance Tests Customization & Quality Assurance
Wiri
Boil-off, cooldown, na Final visual and
and warm-up rates Electrical interface is performance checks
are measured adapted to customer are performed
specifications before shipment

Figure 4 — Detector Integration and Tests process



6. SPECIAL CONFIGURATIONS FOR PLATFORM CONSTRAINTS
Optimal cryocooler selection extends beyond standard catalog offerings. When platform envelopes, mechanical
interfaces, or thermal architecture impose constraints incompatible with conventional arrangements, adapting the
configuration can be essential to mission success. This section highlights two examples out of many: linear L-shape
architecture and extended gas transfer lines.

6.1. Linear L-shape architecture

An L-shape arrangement is commonly associated with integral rotary cryocoolers, where the compressor and cold finger
are naturally oriented orthogonally. To provide similar spatial flexibility while retaining the performance and reliability
attributes of linear technology, Ricor has developed linear cryocooler configurations in an L-shape geometry. This
approach supports compact integration in constrained volumes while maintaining the benefits of linear architectures.

Table 1 and Figure 5 provides an example comparison between a representative integral rotary cryocooler (K562S) and a
split linear cryocooler in an L-shape configuration (K589), illustrating typical differences in cooling power, lifetime
expectations, and cooldown behavior under selected ambient conditions while keeping the same spatial restrictions.

Linear L-Shape Rotary Integral

Parameter K589 K562S
Cooling Capacity 700mW@110K@71°C 350mW@110K@71°C
Basic MTTFF (hr.) MTTFF>40,000(DG) 12,000

. o 4Wdc 3Wdc
Lyp Sy RIS LT 2B 300mW@110K@23°C 300mW@110K@23°C
Typical max input power @23°C 14Wdc 14Wdc
Cooler Weight (gr) 220gr 185gr
Input voltage 12Vdc 12Vdc

Table 1 - comparison between rotary and L-shape split linear cryocoolers

K589 - Regulated Input Power VS Total Heat Load

18
16 -

K589 - 110K, 71°C
14 e

L~
12 —

// —
10 iy e _ "] K589- 110K, 23°C
8 / _/

Regulated Input Power [Wdc]

6 K562~ 110K 7 }/J..—-’/’ ___,,..—-"'/
. ”éﬁf‘”
K562 } 110K, 231C
2 ..qﬂﬂé
0
0 100 200 300 400 500 600 700 800 900 1000

Total Heat Load [mW]

Figure S - load line comparison K562 Vs K589



59,10
58,40

Figure 6 — Spatial Dimensions comparison K562 Vs K589

6.2. Extended gas transfer lines

Another example of configuration customization can be found in RICOR's work examining the feasibility of integrating
extended gas transfer lines that provide greater degrees of freedom in positioning the compressor relative to the cold
head. Standard cryocooler configurations typically feature relatively short, rigid connections between these components,
which can impose significant constraints on system-level integration.

Extended gas transfer lines offer system designers the ability to physically separate the compressor from the cold head
by substantial distances, enabling more flexible placement of these components within the overall platform. This
capability is particularly valuable when spatial constraints prevent co-location of both components at the same volume.

An important part of the development and validation of long gas transfer line configurations involves careful
consideration of several factors, including pressure drop, thermodynamic design and mechanical flexibility.

The mentioned factors were studied, using Sage mapping and optimization features. The mapping process was
performed for hybrid K588 cold head/K589 compressor cryocooler performance by leveraging the immediate degrees of
freedom for the cryocooler- fill pressure and working frequency in different transfer line length and working points.
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Figure 7 — Sage mapping and optimization for cryocooler with extended tranfer line

The study showed an increasing lag in the cryocooler's pressure pulse and flow rate phases in correlation with the
increase of the transfer line length, as can be seen in the following table:



Pressure Flow Lag Range
TL Length phase (°) ©)
Base line -1.4 -4.40
X8 -13.3 -25.7
X15 -31.3 -38.6
X25 -63.4 -52.3

Table 2 — sage mapping results for cryocooler with extended tranfer line

The change phase lag is correlated to the gas flow behavior in a narrow tube in oscillating flow. In simple words, the
longer the tube is- the flow and pressure pulse takes longer to oscillate to the other side, while losing energy to friction

on the way.

Moreover, the increase of the volume the compressor works against impairs the cryocooler performance due to the

change in the original designed working point.

Addressing these issues requires tuning the working parameters of the cryocooler and possibly redesigning inner
components to reduce the phase lag reduction effect of thermodynamic cooling cycle.

Tests were conducted to validate the analytical and simulative models and examine the effects of changing the transfer

line length on the cryocooler's performance. frequency scans were deployed to examine the effects of changing the
cryocooler's working frequency and fill pressure. The following graph presents this trade study results:
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Figure 8 - cryocooler's loadline with different working frequency and pressure

Figure 8 presents a frequency change in load line tests. The results did not correspond well with the simulation and
further research is required to identify the discrepancies between the simulation to the tests.

The following graph presents the effect of the transfer line length on the cryocooler's performance:
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Figure 9 - cryocooler's loadline with different transfer line lengths

As can be seen from the graphs, extending the gas transfer line length results in degradation of cryocooler
performance—primarily due to loss of the designed matching between the compressor and cold head (phase lag effects),
followed by increased pressure drop and additional thermal parasitic losses along the extended path.

Future tests and simulations are planned to determine design features that can be tuned to overcome the phase lag effects
and partly restore the cryocoolers cooling capacity.

These performance impacts must be carefully evaluated and weighed against the integration flexibility benefits. In many
cases, a modest reduction in cooling capacity or increase in input power may be an acceptable trade-off when it enables
an otherwise impractical system architecture or significantly simplifies platform integration.

RICOR's investigation into this capability demonstrates the company's commitment to providing customers with
solutions that address real-world integration challenges rather than forcing platforms to conform to standard product
offerings.

Figure 10 - long transfer line test



These examples illustrate an important principle in cryocooler selection: the optimal solution is not always found in
standard catalog configurations. Customers facing unique integration challenges should engage with cryocooler
manufacturers early in the design process to explore whether special configurations can resolve spatial, thermal, or
mechanical constraints that might otherwise compromise on system performance or drive costly platform modifications.

7. MODULAR BUILDING-BLOCK ROADMAP
To accelerate customization while maintaining configuration control, Ricor applies a modular building-block approach.
Proven compressor families are combined with a set of cold-head and Dewar interface options to match mission needs,
including operating temperature, heat lift, SWaP, mechanical interfaces, and qualification constraints. The approach
reduces technical risk by reusing validated modules and shortens lead time by limiting the amount of new design per
program.

The building-block matrix expands over time as new configurations, interfaces, and performance points are validated.
Future work includes expansion of the platform with additional cost-optimized cryocooler families intended for
applications where cost sensitivity is dominant while maintaining reliability and production readiness.
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8. CONCLUSIONS
Cryocooler selection for EOQ/IR systems should be approached as a system-level activity that couples mission
requirements, interfaces, verification, and configuration control. A structured workflow that begins with thorough
requirements capture, uses modeling and empirical databases for iterative trade studies, formalizes interfaces through
ICDs, and validates performance through acceptance testing reduces integration risk and supports schedule
predictability. Special configurations, when evaluated quantitatively, can resolve platform constraints that are not
addressed by standard catalog geometries. A modular block roadmap provides a practical framework for tailoring
solutions while preserving traceability and production readiness.
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