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Abstract –
Future NASA missions are driving a need for instrumentation
and space electronics that will operate at extreme temperatures,
with low mass and extended deployments. This need results in
devices that will experience dose damage at both low and high
temperatures that will suppress annealing and induce accelerated
wear out issues. Therefore, the ability to perform radiation tests
on devices at temperature is critical. This paper analyses the
methods and process to enable these test as developed at the JPL
Dynamitron Facility. Since electronics are the radiation source
for this facility, the steps to ensure parity with cobalt-60 testing
are discussed. Also discussed are the implications for system level
testing and mixed radiation mode testing for highly integrated
and scaled devices.
Index Terms—Dynamitron, Radiation Effects, Displacement
damage(DDD), Total Ionizing Dose (TID), Internal charging
(IESD), Microelectronics

I. INTRODUCTION
The survivability of electronic systems and materials faces
mushrooming challenges in terms the extreme radiation
environments encountered in outer planetary exploration as
well as the increased use of commercial off the shelf (COTS)
devices and system/board level assurance. Space environments
are simulated with ground-based testing at JPL’s Radiation
Effects Test Facilities on an ongoing basis in order to
characterize the effects of radiation exposure and worst-case
atmospheric conditions. This work helps to improve the
reliability of flight electronics and effect further advances in
research and technological development. This paper describes
JPL’s Dynamitron facility, its capabilities, and recent
modernization. The methodology and results of recent
evaluations, performed by the Jet Propulsion Laboratory,
California Institute of Technology, are presented, which
include performance of solar cells, Internal Electrostatic
Discharge (IESD), EEE parts dose effects and system level
assurance in extreme radiation and temperature environments.
II. FACILITY
JPL’s Dynamitron is a 3 MeV linear accelerator that uses a 100
kHz oscillating circuit to charge the accelerating plates [1].
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There are over 200 facilities in the United States and most are
used for cross-linking and polymerization of materials in the
industrial sector, as well as product sterilization. The
Dynamitrons at JPL and the Boeing Radiation Effects
Laboratory (BREL) are among the only facilities that are in use
today for radiation effects studies. Since its commissioning in
the early 1960’s, JPL’s Dynamitron has had a long history of
involvement with electronic parts and material studies for
spacecraft applications, contributed to the success of many JPL
missions, and established standards for radiation effects testing
of solar cells and various EEE components and technologies
[1].
A. Operating Parameters
The Dynamitron produces a continuous electron beam with
maximum energy and current of 3 MeV and 10 mA,
respectively. The accelerator is typically operated between
0.50 - 2.0 MeV, at current densities from 3 pA/cm2 to 16
nA/cm2. The energy range is representative of naturally
occurring conditions in space. The flux range of 108 to 1012 e/cm2/s is ideal for simulating actual low dose rates found in
space, as well as meeting the extremely high fluence
requirements of current and future missions.

Fig. 1. In-situ test chamber for integrated test articles.

B. Experimental Chambers
The electron beam may be directed to one of two target
rooms, and samples can be exposed in vacuum or in air. The
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primary test chamber is cylindrical, 55 cm in diameter and 60
cm long, and achieves operating pressures from 10-5 to 10-8
torr. Beam uniformity at the target may be adjusted using
scattering foils and can accommodate test articles up to 15” in
diameter. An example of a beam profile, at 1.1 MeV with a 2
mil Ti foil and 30” of air, is shown below in Fig. 3. The target
is temperature controlled and maintains the device under test
(DUT) at temperatures between -170oC to +150oC. Both test
chambers are equipped with multiple mechanical and electrical
feedthrough ports, which accommodate a variety of test setups
and instrumentation. The second chamber is shown in Fig. 1
and Fig. 2. It is a mixed-mode chamber capable of simulating
any space environment indefinitely.

Fig. 3. Beam Uniformity at 1.1 MeV with 2 mil Ti scattering foil and 30” air.

Fig. 4. Accelerator in-line beam tube configuration [2].

The electron source connects to a glass beam tube, which is
coaxially mounted inside the rectifier stack. A series of optical
controls adjust parameters such as filament current, beam
extraction, and focus. The beam is conditions at several stages
including magnetic coils located at the accelerator’s exit port,
electric steering along the main drift tube, and quadrupole
magnets into the target rooms.
Recent modernization efforts focused on upgrading obsolete
components to ensure reliable operation. A discussion of these
upgrades and new features will be included in the final version
of this paper. The upgrades were required to stabilize the beam
and ensure test runs that may last into weeks that are critical
for mission relevant testing campaigns. Table I summarizes the
upgrades.

Fig. 2. In-situ test chamber has multiple ports and feed through for mixed
mode testing.

Table I. Key Areas of Recent Facility Modernization
64 x 50 kV vacuum tube stages upgraded to
Rectifier Stacks
solid state
IBA – High voltage power supply, and 150 KW
Power Supply
RF oscillator

C. Operation

Controls

IBA - Accelerator control console;
beam
optics and experiment control workstation

As shown in Fig. 4, the plate charging mechanism within the
dynamitron is essentially a charge pump circuit. Semi-circular
corona rings are attached to the anode and cathode of each
rectifier in the cascade. Two radiofrequency (RF) electrodes
are mounted near the inner surface of the tank. This circuit,
with a resonant frequency around 100 kHz, is coupled
inductively with an oscillator. Parallel coupling of the cascade
to the liners is accomplished through the electrode to corona
ring capacitance. The high voltage terminal develops up to 3
MeV from 64 stages that deliver up to 50 kV each [2].

Safety System

IBA - 4 zone search and secure

In-situ
Workstation

Multi-user experimental workstation
remote measurement interface
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III. DYNAMITRON AS A TOTAL DOSE ASSURANCE FACILITY
Despite electrons being the predominate source of dose for
space missions, gamma rays from a cobalt-60 source are used
to simulate the interior of a spacecraft. This is because the
electrons reach charge particle equilibrium (CPE) while
passing thru the interior of a spacecraft. Gamma rays will
achieve this condition after passing through a lead-aluminum
box as outlined in MIL-STD-883 TM 1019. Fig. 5 shows this
condition. CPE guarantees a space-like uniformity of dose
absorption during an irradiation. The cobalt-60 cell emits
gamma ray photons with 1.1732 and 1.3325 MeV energies in
very nearly equal quantities, yielding a nominal energy of 1.25
MeV. As shown in Fig. 6, the Dynamitron foil applied dose
directly after being scattered through titanium. So to use the
spectrum of electrons for TID, any shift in absorbed response
must be calibrated.
Initial calibration tests used the IRFF130 MOSFET because
its performance following irradiation is historically wellknown. Each test facility irradiated 3 lidded parts and 3
delidded parts. The gate threshold voltage (VGS(th)) was
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measured at each dose point because it degrades with radiation
dose and could thus be used as a parameter for comparison.
Measurements were taken at pre-irradiation, 100 rad(Si), 1
krad(Si), 10 krad(Si), and 100 krad(Si). The 100 rad(Si) dose
step was skipped in the Dynamitron.
In setting up a test in the cobalt-60 lab, dose rate is
determined by choosing the source-to-DUT distance. Then,
dose is determined by the total irradiation time. In the
Dynamitron, a flux is chosen to give the experimenter’s
preferred dose rate. The desired dose is then equated to a target
beam fluence for the test. Once irradiation begins, the system
monitors fluence at the target plate with a Faraday cup. The
conversion from fluence to dose for a beam of a given Linear
Energy Transfer is given by
Dose[rad(Si)] = Fluence(cm-2) × LET(MeV-cm2/mg) ×
1.6x10-5 (erg/MeV).
For colbalt-60, the test followed MIL-STD-883 TM 1019
condition C. A dose rate of 18 rad(Si)/sec was selected as a
typical test target. This resulted in a Dynamitron flux of
7.35x108 cm-2-s-1 of 1.25 MeV electrons.

the parts irradiated in the different labs become apparent at the
10 krad(Si) dose point and strayed even more at 100 krad(Si).
After reaching a dose of 100 krad(Si), the voltage of the
dynamitron’s parts had dropped an average of 2.470±0.061 V
from its initial performance. Cobalt-60 parts had dropped by
2.275±0.075 V. The Dynamitron parts degraded 0.20±0.14 V
more than cobalt-60 parts. Fig. 7 shows the test results.

Fig. 7. Result of the irradiations of the IRFF310.

Of the four test groups, due to the penetrating nature of 𝛾,
lids should not matter in colbalt-60 data, and because of the
short range of e-, lids should matter in Dynamitron data. For
delidded parts, Dynamitron and colbalt-60 irradiations should
yield the same threshold shifts if the fluence-to-dose
correspondence holds. The full paper will use the TIGER [5]
simulation to analyze the differences in dose deposition for
each group as well as present data on other tested parts.
V. MIXED MODE RADIATION EFFECTS
Fig. 5. A cartoon of a colbat-60 irradiation.

Fig. 6. The Dynamitron's electron beam passes through two 2 mil titanium
foils to spread the beam. The beam has a region of uniform flux that is 8” in
diameter at the test plate, where the devices are irradiated.

Three MOSFETs from the same lot were irradiated in
unbiased and pristine/decapsulated conditions. A Keysight
N1259A Test Bed was used with a B1505A Power Device
Analyzer/Curve Tracer (for Co-60 measurements) and
B1500A Semiconductor Device Parameter Analyzer
/Semiconductor Characterization System Mainframe (for
Dynamitron measurements).
IV. TEST RESULTS AND DISCUSSION
Although the IRFF130 devices in both labs showed similar
trends in degradation with dose, they did not produce
equivalent results. Differences in threshold voltage between

The continued reduction in device feature size and increase
in device verticalization has led to multidie devices like system
on a chip, stacked packages, and closely oriented trace
structure. New types of radiation effects are due to the
integration of devices into dense packages.
A. Internal Charging
Internal electric static discharge (IESD), which is due to
electron radiation that stops in elements of a spacecraft,
experiments determine the magnitude and frequency of
discharges occurring across dielectrics like air gaps and
insulators. Several parameters relevant to the magnitude of
internal electrostatic discharges are sample geometry,
conductivity and thickness of any dielectric materials, and
areal density of conductive shielding. IESD discharge in
stacked packages or devices constructed with polymers from
3D manufacturing will cause device damage similar to SEL or
SEGR. Piece part testing of a three-dimensional integrated
circuit, that is, testing the constituent parts of the 3D device,
will remove any sympathetic or synergistic effects from
radiation like IESD induce from electron charge build-up [5].
Transport of radiation modeling using TIGER [6] where a
1D approximation is applicable, or MCUPX [7] for a full 3D
simulation, according to the following methodology can help
define the assurance approach and test planning. Typically,
the test article geometry is simulated in the space condition.
The charge deposition rate of the sample at the space condition
is recorded, and areas of greatest interest/concern are
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identified. The sample geometry is simulated in a series of
mono-energetic, unidirectional beams (representing the beam
generated by the Dynamitron facility), varying the energy and
flux to simulate the lab conditions. The beam energy and flux
that most closely match the charge deposition rate in space are
chosen as the experimental beam parameters [8]. An example
of a simulation of the electric field that develops in a coax
cable when exposed to the space radiation conditions is shown
below in Fig. 8.

Fig. 8. An example of the electric field at end of a 10-hour simulation, 4x Flux
[V/m].

A summary of recent IESD testing of various cabling used
in space applications is shown below, which include beam
parameters, type of shielding, as well as the amplitude and
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number of discharges that occurred.
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accelerated testing. Radiation exposures were performed in
vacuum at a temperature of -140°C.
VI. CONCLUSION AND DISCUSSION
Recent tests were performed whose primary focus was to
characterize the performance of solar cells, internal charging
of dielectrics and connectors, and dose effects in an extreme
radiation environment. These tests and their results illustrate
the capabilities of the Dynamitron facility. Experimental
methods and steps involved in a typical evaluation are
summarized as follows:
Mission environments and worst cases scenarios are
determined. Environmental simulations may be performed as
needed to determine ideal beam and exposure characteristics.
Dosimetry film is used periodically to verify and calibrate
beam uniformity and energy, according to ASTM 51649
[3],[4].
Test articles are tested pre-rad, then fixtured to the target
surrounding the faraday cup and fitted with necessary
electrical and thermal connections via vacuum feedthroughs.
The target chamber is evacuated to <5x10-5 Torr, and DUTs
are maintained at the required temperature. Test articles are
either subjected to step level testing or are tested in-situ
according to the mission radiation environment. Flux and
accumulated dose are displayed during the radiation exposure.
With its recent modernization, JPL’s Dynamitron
accelerator continues on its long history of contributions to
mission success and research and technology development.
The facility supports ongoing radiation evaluations for
JPL/NASA, as well as industry and academic partners. Future
studies focus on the effects of radiation on flight parts and
materials in the extreme conditions of deep space.
Many accelerators in service today, including JPL’s
Dynamitron, have provided decades of service and can
continue to be a valuable R&D and mission assurance resource
with strategic modernization of obsolete systems. Ongoing test
efforts involving key elements of power systems and
transmission cables have provided results which help to ensure
that the effects of radiation are within acceptable mission
tolerances. These efforts are key to parts selection and
protocols for radiation tolerance, shielding, and ESD
compliance.
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