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EFFECT OF GEOSYNCHRONOUS ALTITUDE RADIATION ON
PERFORMANCE OF Ni/H, CELLS

C K DYER
Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 (US A )

Summary

Nickel/hydrogen cells are under consideration as eclipse season power
sources for long-hfe communications satellites 1n geosynchronous orbit
(GEO). There 1s concern that damage to polymers m key components of
these cells may arise from irradiation with high energy protons and electrons
at the fluxes present at GEQ altitudes. Nickel/hydrogen cells have been
subjected to fluences of electrons and protons which simulate exposure to
the GEO environment for more than 10 years. The cells show promise for
considerable radiation tolerance 1n this new application.

Introduction

A new application for N1/H, cells 1s to power communications satellites
during their eclipse seasons, which last for 44 days each, during the Spring
and Fall equinoxes. The satelhites, which are in geostationary orbit (GEO)
over the equator, experience eclipses of the sun, by the earth, for up to 70
minutes each day during these periods.

Until 1983, Ni/H, cells had not been flown m GEO satellites and
although ground testing shows that they should have a much longer hife than
N1/Cd cells, they may be more susceptible to space radiation than Ni/Cd
because of two of thewr key features — Teflonated negative electrodes and
polymer pressure seals (Fig. 1). Faillure of either would cause the cell to
become moperable through leakage of hydrogen or loss of hydrophobicity of
the negative electrode, leading to a high cell polarnzation.

The Teflon or nylon pressure seals have proved stable under Co-60
rradiation (8 and v emissions at 0.3 and 1.5 MeV, respectively), but this
does not give the appropriate radiation. High energy electrons and protons
exist at GEO altitudes and have been recently modeled by Stassinopoulos
[1]. His radiation model was used in the present experimental work to
simulate conditions that Ni/H, cells would experience over 10 years on GEO
duty.
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Fig 1 Schematic design of a Ni/H, cell

Experimental and results

The GEO environment consists of electrons and protons trapped 1n the
Van Allen radiation belts (energies up to 5 and 4 MeV, respectively) together
with solar flare protons (to >100 MeV). Trapped protons are not energetic
enough to penetrate the Inconel 718 casing of N1/H, cells and so only trapped
electrons and solar flare protons were considered. In Table 1, the energy/
integral-fluence spectra are presented, where the fluence for a given particle
energy is the flux integrated for the time specified. Figure 2 shows the range,
R, in N1 of protons (p) and electrons (e) [2, 3].
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Fig 2 Range, R, in N1 of electrons and protons as a function of their energy
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TABLE 1

Radiation environment

A Trapped electrons

Energy Fluence (per day (> E))

E (MeV) (e/em?)
004 27 x 1012
010 19x10!
05 29 x 10l
10 60 x 1010
20 34x10°
225 17 x10°
2 50 896 x 108
275 4,7 x108
30 26 x108
40 78 %107
50 16x107

For worst case longitude (160° W), orbit inchnation 0°,
latitude 0°, apogee altitude 35794 47 km, perigee alti-
tude 35794 47 km Omnidirectional flux

B Solar flare protons

Energy Fluence (over 11 years)
(MeV) (protons/cm?)
>4 55 x 1010
>10 31 x100
> 30 97x10°
> 60 31x10°
>100 10x10°

Inconel 718 1s a Ni-nich alloy with 17% Fe, 5% Nb + Ta, 3% Mo. Two
designs of Ni/H, cell were tested for radiation tolerance at GEO altitudes.
The minimum pressure vessel wall thickness for cells of either design was
~0.020 in. around the cylindrical electrode-containing area (Fig. 1). Addi-
tional radiation shielding 1s provided 1n some cells (made by Hughes Aircraft
Co. (**HAC”), Los Angeles, California) by Inconel end-plates (which, in addi-
tion to thinner hemispherical end sections 0.012 in. thick, provide at least a
0.020 1n. radiation shield through Inconel before reaching the first negative
electrode) [4]. In the “COMSAT” design (Comsat Labs, Clarksburg, Mary-
land) pressure vessel walls were 0.020 . thick throughout with polymer
end-plates. Both designs would be mounted i spacecraft with additional
shielding from Al mounting sheaths. Of course, there 1s additional internal
shielding from the layers of N1 sinter of the positive electrodes in the stack.
Lower limit energies, however, were selected on the basis of the 0.05 cm
(0.020 1n.) of pressure vessel shielding (Fig. 2). This lower limit was 0.77
MeV for electrons and 16 MeV for protons. From Table 1, the fluences of
all particles above these energy levels over 10 years are ~3.6 X 10'4/cm? for
electrons (worst case) and ~2 X 10!%/cm? for protons.
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A COMSAT- and an HAC-built cell were cycled until highly repro-
ducible pressures, voltages on charge and discharge (at the mV level), and cell
capacities were reached. The data so generated are shown 1n Tables 2 and 3.
The mitial three cycles show highly reproducible values for voltages and
pressures during charge and discharge. The fourth cycle was mterrupted
before discharge for an open circuit stand of 22.5 h. This was to determine
the normal rate of recombination or self-discharge of the cells and was to be
used to determine whether any slow leaks result from wradiation. Since the
normal charge/discharge cycle used took only ~6 h, a slow leak may not
have been easy to determine from the pressure readings (the HAC cell was
fitted only with a pressure gauge, though the COMSAT cell had a precision
strain gauge attached).

(A) Electron wrradwation

The cells were taken to a Dynamitron based at the Jet Propulsion
Laboratory, Pasadena, CA, for the electron nradiation part of the expen-
ment. They were mounted at an angle of 45° 1n air, 36 in. from the Dyna-
mitron port (Fig. 3). The maximum beam energy at the source was ~2.7
MeV. The calculated losses 1n energy due to interposed scatter foils and the
air are shown 1n Table 4 for the two energies used 1n the experiment. Inter-
polated values from standard tables were used [2].

The fluxes were measured at the position of the cells by a Faraday cup
and the fluences used were both ~25% more than predicted by the worst
case model (Table 1), and a factor of approximately 2.5 times and 4 times

ELECTRON BEAM
/ +9

DYNAMITRON —~
ELECTRON
BEAM, S
2 7 MeV—a + e —FARADAY
CUP
STRAIN
~ GAGE
\\ O~
0 002"
T
0 004"
Al
0 003"
Cu
- Y,
SCATTER FOILS AIR (36"

Fig 3 Sketch of the electron irradiation experimental arrangements
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TABLE 4
Electron and proton irradiation energies and fluences used (> 10 year stmulation)

A Higher-energy electrons

g/em? Incident beam Exit beam
MeV
Energy (MeV) Range (g/cm?) energy (MeV)
Tn 0023 2 700 1781-0023 2635
Al 0027 2 635 1623-0027 2592
Cu 0068 2592 1754-0068 2493
Air 0118 2493 1368-0118 2 287

Energy 2 287 MeV
Flux 1 x10¥e/cm?s™!
Fluence used 7 x 10!2 ejem?

B Lower-energy electrons
g/em? Incident beam Exit beam
energy (MeV)

Energy (MeV) Range (g/cm?)
Th 0023 1200 0743 -0023 1168
Al 0027 1168 0661-0027 1128
Cu 0068 1128 0714-0068 1035
Arr 0118 1035 0512-0118 0 836

Energy 0 836 MeV
Flux 2Xx 10! e/em?s71
Fluence used 4 4 X 10 e/cm?

C Higher-energy protons
Source beam energy = 153 4 MeV

Beam Residual Degrader Actual Fluence (dE/dx) Dose

energy  range range* degrader required Tissue used

(MeV) required required used (protons/ (rads)
(g/em?) (g/em?) (g/em?) cm?) (MeV g* cm?)

100 7 814 8 808 8 836 2 x10° 727 233
60 3128 13 494 13 447 6 x 10 1076 1033
30 0893 15729 15708 2 x 10 18 74 5997

dE

Dose = Fluence X — —6 25 x 107
dx

*Range in Lucite (Jann1’s Tables) for 153 4 MeV protons = 16 622 g/cm?

higher than the best case model (parking longitude 70° W [1]) for the low
and high energy fluences, respectively. The vanation with parking longitude
at 0° latitude 1s due to the relative declination of the earth’s magnetic field.

In both N1/H, cell designs, the electrochemical stacks are terminated at
both ends with the negative electrode and its screen. So, for these electrodes,
there was only end-plate shielding. The strain gauge of the COMSAT cell was
well shielded from electrons by the whole cell (see Fig. 3).
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Electrochemical performance of both cells following irradiation was not
significantly changed. Examination of Tables 2 and 3 shows that there was,
In some cases, a small and similar increase in voltages on charge and discharge,
so there was no increase mn cell polarization. Capacities were marginally
lower (by at most 2%). End of charge (EOC) and end of discharge (EOD)
pressures for the HAC cell were both lower by ~20 psi (a substantial error
of ~10 ps1 was possible 1n reading the HAC cell pressure gauge), while
COMSAT cell pressures were almost unchanged.

(B) Proton wrradwation

The cells were taken to the Harvard Cyclotron Laboratory for the
proton irradiation part of the experiment. The cells were mounted 1n air at
an angle of 45° 1n the same relative position to the proton source as for the
electron 1rradiation experiment (Fig. 3). The proton beam energy from the
synchrocyclotron was 154.4 MeV (calculated from an equivalent water range
of 16.25 cm). For the required beam energies of 100, 60 and 30 MeV,
Lucite degraders of 8.808, 13.494 and 15.729 g/cm? were interposed be-
tween the beam and the cells. Dosages (Table 4) were based on fluences that
were double those predicted (over 11 years) by the radiation model (Table
1) at the three energies selected for the experiment. The beam width was 20
cm, which allowed both cells to be irradiated simultaneously.

At the end of the irradiation, a radiation monitor detected 5 - 20 mR/h
from the surface of the cells. This fell to ~1 mR/h after 20 min, The emitted
v-radiation spectrum is shown in Fig. 4. The presence of Au-199, Co-58, and
Co-b7 were identified from the spectrum.

Electrochemical performance is shown in Tables 2 and 3 and 1s not
significantly changed by proton irradiation. There are no significant changes
1n electrode polarizations on charge and discharge. Delivered capacities are
slightly lower. Cell pressures, Pgoec and Pgop, show a dechining trend. This
does not seem to be due to gas leakage, however, since open circuit stand
tests were not followed by lower Pgoc’s and Pgop’s but seemed to remain
constant for about one day (Cycle 11, HAC cell) or fall by ~5 psi over
2 days (both HAC and COMSAT cells). No hydrogen leaks have been de-
tected externally using a monitor sensitive to 1 X 107° standard cc/s (=50
ps1 over 10 years).

Discussion

The effect of the electron irradiation on initial cell performance would
seem to be small, if any. The voltage, pressure, and capacity data for Ni/H,
cells normally does change slowly with time [5] and treatment, so that the
small changes seen in Tables 2 and 3 may not be due to the irradiation, and
certainly do not indicate any deterioration in properties of polymers used
mn the negative electrodes (which would have immediately resulted in more
polarization) or the seals (which would have affected the pressure readings
by a general downward trend for both EOC and EOD values).
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In relating the conditions of the electron beam test to what a cell might
experience in actual orbit, the test conditions were more severe even than
indicated by the recewved fluences because:

(1) The fluxes used 1n the test were many orders of magmtude greater
than the spacecraft would expenence 1n orbit.

(2) The flux was unidirectional in the test though in orbit the cells
would experience omnidirectional flux which 1s less severe.

(3) There would, of course, be additional shielding from the cell
mounting sheaths and the spacecraft 1tself.

(4) The worse case longitude (160° W) was used in calculating the
required fluences.

Although only two electron energies were used, the contribution to
the fluence of electrons with energies higher than 2.3 MeV 1s quite small
and falls off rapidly with energy (Table 1).

There seems to be no effect of the proton irradiation on the electro-
chemical polarizations so, as with electrons, the negative electrodes are not
susceptible. The downward trend in pressures cannot be linked to the irradia-
tion at this time. Vanation (downwards) in both EOC and EOD cell pres-
sures have previously been observed in the absence of gas leakage and 1s
usually due to recombination of hydrogen with residual, undischarged N1
oxyhydroxide, electrically 1solated by processes described elsewhere [5].
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