2025 Space Power Workshop”

Scott R. Messenger, PhD
Radiation Survivability Physicist

May 1, 2025

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation



NORTHROP
GRUMMAN

Outline

* Motivation/Purpose
« 50Co Gamma Ray Interactions in Matter
* lonizing vs. Nonionizing Energy Deposition
— Dose equilibrium conditions
* Ground Testing Impacts and Recommendations

s Summary

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation



NORTHROP
GRUMMAN

Space PV Standards

* AIAA S-111A (currently in revision)

— Suggests 3 electron energies (0.6, 1.0, 5.0 MeV) and corresponding fluences to
produce degradation curves to allow for equivalent fluence (JPL) or DDD analyses

Table 2 — Electron energies and fluences*

Energies Fluences (number of electrons per square centimeter)
(MeV)
6 2x10" 2x10™ 1x10" 2x10" 4x10"
1.0 3x10" 1x10™ 5x10' 1x10™ 3x10"° 1x10'°
5.0 4x10" 1x10™ 4x10" 1x10™ 4x10"

*These energies and fluences are recommended except for the fluence of = 1 x 10'° 1 MeV electrons, which is
required.

« ECSS-E-ST-209-80C (2023)

_ Can we use °°Co gamma rays as a 1 MeV electron
—Only requires 1 MeV electrons

surrogate if we understand the physics enough?
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* lonizing vs. Nonionizing Energy Deposition
— Dose equilibrium conditions
* Ground Testing Impacts and Recommendations

s Summary
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°%0Co Gamma Ray Analyses

%0Co Gamma Spectrum
(2 Gamma Rays: 1.173 MeV & 1.332 MeV) - Commonly represented as single gamma @ 1.25 MeV

v MCo(5.2 yr)
50Co(5.2 yr.) Decay Scheme g
9.2 yr. 20em
5+ 0 e
60
2TC0\;=2323,9 g
i
99.025%1 N4+ - 250577 108
o I —
M~ o —
- ﬁ |
= r 2
0, £ 10e %
0.057% 2+ V ~ 1332.52 § - ﬁqi_‘gﬁ_ 5 = E
o™ E "
[ap) 2 *
<
0+ v 0 10% \ :
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2sNI :
102 =
— https://gammaray.inl.gov
107
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Gamma Ray Interactions in Matter

« Gamma rays have no mass and no charge, however they interact with matter to
produce secondary electrons which can transport and induce TID & DDD in devices
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Gamma Ray Interactions in Matter

« Gamma rays have no mass and no charge, however they interact with matter to
produce secondary electrons which can transport and induce TID & DDD in devices

—Photoelectric Effect *

* Emission of electrons from EM radiation

 Dominates at low energies (~Z%/E3 dependence) 'gﬁhog&i)rslg VWA

Photoelectric Photon

Electron
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Gamma Ray Interactions in Matter

« Gamma rays have no mass and no charge, however they interact with matter to
produce secondary electrons which can transport and induce TID & DDD in devices

—Photoelectric Effect
* Emission of electrons from EM radiation * Photoelectric Photon
 Dominates at low energies (~Z%/E3 dependence) Incoming AN Electron

Photon

—Compton Effect

* QM elastic scattering of loosely-bound, outer-shell *
electrons from EM radiation Incoming
- Dominates intermediate energies (~Z dependence) Photon

Electron

VWW (R (A

Compton Photon

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation



NORTHROP
GRUMMAN

Gamma Ray Interactions in Matter

« Gamma rays have no mass and no charge, however they interact with matter to
produce secondary electrons which can transport and induce TID & DDD in devices

—Photoelectric Effect
* Emission of electrons from EM radiation * Photoelectric Photon
 Dominates at low energies (~Z%/E3 dependence) Incoming AN Electron

Photon

—Compton Effect

* QM elastic scattering of loosely-bound, outer-shell *
electrons from EM radiation Incoming
- Dominates intermediate energies (~Z dependence) Photon

—Pair Production

* Electron-positron production Incoming ﬁleetron
- Dominates @ high enery (~Z? dependence) Photon ‘l%\PDSmDn

* Need minimum energy of 1.02 MeV to cause interaction
60Co gamma rays are heavily used (high and low dose rate) in radiation effects TID testing

Electron

VW (B (AN

Compton Photon

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation



Gamma Ray Interactions in Matter

NORTHROP
GRUMMAN

10

Atomic number Z of the absorber material

CTTII, T 1T T T r(rmy 1 T I
120 |— ]
100 [— Photoelectric 2112 Pair production —
—  effect dominant =[1= dominant -
80 — M) | NN ——
N~EEOD
60 — | | =
rl— —
40 |— . RS
i Compton fcattering
dontinant B
20 -
0 T N AT | T .-
0.01 0.05 0.1 0.5 1 5 10 50 MeV
hv

Photon cross sections available via NIST XCOM
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MCNP6 Source Definition

c CobB surface source

C

sdef par=p x=dl y=d2 z=0 vec=8 B 1 erg=d4 sur=1.6
sil -5@8 58

spl 8 1

si2 -58 58

sp2 8 1
sid L 1.1
spd D11

11

Gamma F2 Flux (y/cm?2/source gamma)

60
1.0E-04 Co

Surface Tally
(solid spheres)

10E-05 I All generated by

secondaries

1.0E-06

1.0E-07

1.0E-08

1.0E-09

1.173 MeV  1.332 MeV

s

— i Input source only
—Mo has 2 gammas @
Ta 1.173 & 1.332 MeV
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Energy (MeV)
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°%0Co Gamma Ray Analyses — MCNP Electron Generation
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°0Co Gamma Ray Analyses — Electron Generation (Al)
0.025 4.0E-08
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Analytical formulation (SRM 1995 PhD Diss.)

Monte Carlo Transport Simulation (MCNPG6)
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°0Co Gamma Ray Analyses — Electron Generation (W)
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Analytical formulation (SRM 1995 PhD Diss.)

Monte Carlo Transport Simulation (MCNPG6)
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« Motivation/Purpose
« 50Co Gamma Ray Interactions in Matter

* lonizing vs. Nonionizing Energy Deposition from °°Co Gamma Rays
— Dose equilibrium conditions

* Ground Testing Impacts and Recommendations
s Summary
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lonizing vs. Nonionizing Dose for ®°Co Gammas in Al

*lonizing Dose Calculation

_ (de(E) dE
TID = dE_ dx dE

*Displacement Damage Dose Calculation

1 de(E)
S(Eref)n_1 J dE

DDD(Eyef) =

S(E)"dE

*1 MeV electron fluence equivalent

1 de(E) _
@(Eref) = SCE)" J qp S(E)" dE

*n is a function of parameter & material
*Protons, neutrons & heavy ions: n=1
*Electrons: variable, empirical

18
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lonizing vs. Nonionizing Dose for ®®Co Gammas in Al
1.0E+02
*lonizing Dose Calculation lonizing (Stopping Power)
1.0E+01 = = «Nonionizing (NIEL - 21 eV)
de(E) dE ' —— C0-60 Gammas in Aluminum
TID = dE =
dE  dx :‘ELOE+00
*Displacement Damage Dose Calculation N
1 de(E) 3 1.0E-01
_ >
DDD(Er.f) = S(Eref)n_lj dE S(E)"dE © 1.0E-02 Large overlap between
x gamma-produced electron
*1 MeV electron fluence equivalent ,_.—3_ 1.0e-03 | €nergy spectra, stopping
1 d¢(E) o power and NIEL
E = S(E)" dE 2 ]
@ (Erer) S(Eref)“J dE (E) § LOE0s T | | \__l__
*n is a function of parameter & material 1.0E-05 e
*Protons, neutrons & heavy ions: n=1 | or-06 g

"Electrons: variable, empirical 00 01 02 03 04 05 06 07 08 09 1.0 1.1 1.2

Electron Energy (MeV)

19
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lonizing vs. Nonionizing Dose for ®°Co Gammas in Al

1.0E+02
*lonizing Dose Calculation lonizing (Stopping Power)
1.0E+01 = = «Nonionizing (NIEL - 21 eV)
do(E) dE ' —— Co-60 Gammas in Aluminum
TID = dE =
dE  dx :‘ELOE+00
*Displacement Damage Dose Calculation 2
1 d(E) . 1.0E-01
DDD(E, ;) = S(E)"dE =
(Eref) S(Eref)“‘lj dE (E) © 1.0E-02
X
*1 MeV electron fluence equivalent ._.—3_ 1.0E-03
(o) = —— Jd"’(E) S(E)" dE :
P\ Erer) = S(E,o0)" dE § 1.0E-04
1.0E-05
1.0E-06

00 01 02 03 04 05 06 07 0.8 09 1.0 1.1 1.2
Electron Energy (MeV)

*Dosimetry concerns (2024 SPW talk & NSREC paper)
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Gamma Ray-Induced DDD & 1 MeV Electron Fluence
« Analytical (1993: G.P. Summers et al. IEEE Trans. Nucl. Sci. 40, 1372 (1993))

— Assumes particle equilibrium in spherical geometries (optimal electron generation)
— Calculate equivalent 1 MeV electron fluence from photoelectrons and Compton electrons
(E...) = deo(E)
Vel = S (Ere)™ ) T dE
— Convert 1 Mrad to equivalent 1 MeV electron fluence (1 Mrad = 1.9x10* ¢0Co photons/cm?)

TABLE 1
Co% GAMMA-INDUCED DISPLACEMENT DAMAGE!

S(E)" dE

Average yinduced 1MeV Electron Equivalent 1 MeV

ElecronNIEL.  NIEL Elecwon Fluence | *from “Damage Correlations in Semiconductors
(eV.cm?/g) {eV.cm?/g) for 1 Mrad(Si)
(em2) Exposed to Gamma, Electron and Proton
aSi 1308 31.42 1.25x1013 Radiations”, G.P. Summers, et al., IEEE Trans. Nucl.
p-Si 3142 L Sci. 40, 1372 (1993).
[GaAs 9.25 26.5 1.08x1013
InP 14,19 335 1.30x1013

! Threshold energies: Si = 21eV, Ga and As = 10eV,
In=6.7eV and P =8.7eV.

21
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Gamma Ray-Induced DDD & 1 MeV Electron Fluence

* Analytical (1995: S.R. Messenger, “Electron- and Gamma-induced
Displacement Damage Effects...” PhD Dissertation UMBC (1995)

22

Particle equilibrium assumed — 15t notice of DDD enhancement

P(Erer) = 10 (F)
ref/ — n
S (Eref ) dE
3.0E+13
€ DDD in Silicon ==-n=1
(@] _ —_—n ’
E 2.5E+13 (E;=221 keV) n=2 7
3
g 2.0E+13
=
L
§ 1.5E+13
3
L +
> 1.0E+13
= Al Effect of “n” &
{ 5.0E+12
3 DDD enhancement
Ll
0.0E+00
10 20 30 40 50 60 70 8 90
Atomic Number of Absorber

S(E)" dE
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Gamma Ray-Induced DDD & 1 MeV Electron Fluence

* Analytical (1995: S.R. Messenger, “Electron- and Gamma-induced
Displacement Damage Effects...” PhD Dissertation UMBC (1995)

do(E)

23

) (Eref) =

S(Eref)n

dE

S(E)" dE

/cm?)

1 MeV Electron Fluence (e

Equ

3.0E+13

2.5E+13

2.0E+13

1.5E+13

[y
[=)
m
+
[
w

5.0E+12

0.0E+00

DDD in Silicon ==-n=1
(E4=221 keV) —n=2 Pad

Al Effectof “n” &
DDD enhancement

10 20 30 40 50 60 70 80
Atomic Number of Absorber

20

DDD in Silicon
(E4=221 keV)

Al (=1.15X)

0 10

20

30 40 50 60
Atomic Number of Absorber

70

80

920

Particle equilibrium assumed — 15t notice of DDD enhancement
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Equilibrium Conditions — DDD Deposition

 Monte Carlo Transport Simulations (2012-2018 & current references)

— Particle equilibrium condition explored
« Balance between electron generation and attenuation

Co-60 Gamma Irradiation *For constant active region (Si) thickness

$033030333303333038038388 Case 1: Absorber too thin

*Incomplete electron generation

» Case 2: Absorber too thick
« Complete electron generation, but self-attenuation
* Possibility of dose enhancement (TID & DDD)

Particle equilibrium effects difficult to quantify analytically --- need Monte Carlo transport techniques

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation

24



Equilibrium Conditions — DDD Deposition - °Co

NORTHROP
GRUMMAN

25

 Monte Carlo Transport Simulations (2012-2018 & current references)

— Determines gamma interactions in materials and produces relevant energy spectra

— TID and DDD tallies in sensitive volumes

— 1 MeV electron simulations give the proper normalizations

6.0E-13

5.0E-13

4.0E-13

3.0E-13

2.0E-13

1.0E-13

DD Tally (MeV/g/source gamma)

0.0E+00 &

= (.05 mm
0.1 mm
e (), 2 MIM
— (.3 mm
e (0.4 MM
0.5 mm
0.75 mm
— 1 mm
—1.25 mm

Max: 1.25 mm

— 1.5 mm
— 2 mm
—3mm
— . mm
5 mm
6 mm
8 mm
—1cm

== == = Encapsulant
== == =hare cell

s T =

00 01 02 03 04 05 06 07 08 09 10 11 1.2

Electron Energy in Si Cell (MeV)

Particle equilibrium effects are noted

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation

N N ER




Equilibrium Conditions — DDD Deposition - °Co

NORTHROP
GRUMMAN

26

 Monte Carlo Transport Simulations (2012-2018 & current references)

— Determines gamma interactions in materials and produces relevant energy spectra
— TID and DDD tallies in sensitive volumes

— 1 MeV electron simulations give the proper normalizations

Max: 1.25 mm -

6.0E-13

5.0E-13

4.0E-13

3.0E-13

2.0E-13

1.0E-13

DD Tally (MeV/g/source gamma)

0.0E+00 &

00 01 02 03 04 05 06 07 08 09 10 1.1 12
Electron Energy in Si Cell (MeV)

N N ER
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0.1 mm
e (), 2 MIM
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e (0.4 MM
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0.75 mm
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— 1.5 mm
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—3mm
— . mm
5 mm
6 mm
8 mm
—1cm

== == = Encapsulant
== == =hare cell

6.0E-13

5.0E-13
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2.0E-13

1.0E-13

DD Tally (MeV/g/source gamma)

0.0E+00

4,0E-13 H

00 0.1
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1.0

Particle equilibrium effects are noted
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Equilibrium Conditions — DDD Deposition - °Co

27

 Monte Carlo Transport Simulations (2012-2018 & current references)
— Determines gamma interactions in materials and produces relevant energy spectra

— TID and DDD tallies in sensitive volumes
— Easier to quantify geometry effects and equilibrium

N N ER

DD Tally (MeV/g/source gamma)

4.0E-11

= g g w w
¥ o v o )
m m m m m
[ (e e [ (e
= = = = =

1.0E-11

5.0E-12

0.0E+00

—Al I

Cu

Sn

= Pbh

= == = Encapsulant
e Bare cell

0.0

0.5

1.0 1.5 2.0 2.5 3.0
Absorber Thickness (mm)

Different particle equilibrium effects are noted with absorber
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Equilibrium Conditions — DDD Deposition - °Co

 Monte Carlo Transport Simulations (2012-2018 & current references)
— Determines gamma interactions in materials and produces relevant energy spectra

— TID and DDD tallies in sensitive volumes 'Y_
— Easier to quantify geometry effects and equilibrium

4.0E-11 10

w
%))
m
[
[

3.0E-11

2.5E-11

—Al I

2.0E-11

Cu

Sn

= Pbh

= == = Encapsulant
e Bare cell

= =
o ¥
m m
(e [
= =

DD Tally (MeV/g/source gamma)

5.0E-12

DD Enhancement Factor (Bare)
=] = M w = %) [=)] ~J [*2] w0

0.0E+00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Absorber Thickness (mm) Absorber Thickness (mm)

Different particle equilibrium effects are noted with absorber material
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Particle Equilibrium — DDD Deposition - 1 MeV Electrons

 Monte Carlo Transport Simulations (2012-2018 & current references)

— 1 MeV electron simulations to find proper ground test correlation y
— Nonlinear dependence found with different equilibrium condition

1.0E-08 1.0E-08
o —=-Co60 o -=-C060
: Al : W
o —&-1 MeV elec @ 1-0E-09 -1 MeV elec
o0 LY
O 1.0E-09 S
= S 1.0E-10
3 g
~ ~
o0 oo — — - —m
> S
2 o 1.0E-11
S 1.0E-10 =
= =
- T 1.0E-12
- & - —u -
(o] (]
(o] o

1.0E-11 1.0E-13

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Absorber Thickness (mm) Absorber Thickness (mm)

Different particle equilibrium effects are noted between ®°Co gammas and 1 MeV electrons
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« Motivation/Purpose
« 50Co Gamma Ray Interactions in Matter
* lonizing vs. Nonionizing Energy Deposition
— Dose equilibrium conditions
* Ground Testing Impacts and Recommendations

s Summary
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Gamma Ray Ground Testing Recommendations

« 60Co gamma rays can be very convenient — low cost, large area, high dose rate
— Published, nominal 1 Mrad=10%3 e-/cm? will require 1 Grad to get 10%® e//cm?

— Little solar cell degradation data exist comparing 1 MeV electrons and °Co gammas
« 1995 PhD has data for n/p and p/n InP

31
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Gamma Ray Ground Testing Recommendations

« 60Co gamma rays can be very convenient — low cost, large area, high dose rate
— Published, nominal 1 Mrad=10%3 e-/cm? will require 1 Grad to get 10%® e//cm?
— Little solar cell degradation data exist comparing 1 MeV electrons and °Co gammas
« 1995 PhD has data for n/p and p/n InP
« 0Co gamma ray-induced DDD “Dose Equilibrium” often ignored and very important
— Facility/solar cell/array geometry
— Effect of shielding (material & thickness) can be helpful through DDD enhancement
— TID effects show similar trends and may be important for some technologies
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Gamma Ray Ground Testing Recommendations

« 60Co gamma rays can be very convenient — low cost, large area, high dose rate
— Published, nominal 1 Mrad=10%3 e-/cm? will require 1 Grad to get 10%® e//cm?
— Little solar cell degradation data exist comparing 1 MeV electrons and °Co gammas
« 1995 PhD has data for n/p and p/n InP
« 0Co gamma ray-induced DDD “Dose Equilibrium” often ignored and very important
— Facility/solar cell/array geometry
— Effect of shielding (material & thickness) can be helpful through DDD enhancement
— TID effects show similar trends and may be important for some technologies

 Dosimetry concerns

—TID vs DDD (2024 SPW presentation)
* TID dosimeters will overestimate the amount of electron flux for DDD-based irradiations

33
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Gamma Ray Ground Testing Recommendations

« 60Co gamma rays can be very convenient — low cost, large area, high dose rate
— Published, nominal 1 Mrad=10%3 e-/cm? will require 1 Grad to get 10%® e//cm?
— Little solar cell degradation data exist comparing 1 MeV electrons and °Co gammas
« 1995 PhD has data for n/p and p/n InP
« 0Co gamma ray-induced DDD “Dose Equilibrium” often ignored and very important
— Facility/solar cell/array geometry
— Effect of shielding (material & thickness) can be helpful through DDD enhancement
— TID effects show similar trends and may be important for some technologies

« Dosimetry concerns
—TID vs DDD (2024 SPW presentation)
*TID dosimeters will overestimate the amount of electron flux for DDD-based irradiations
* Electron irradiations still necessary for full radiation qualification
—Need 1 MeV (and another > 1 MeV OR 99Co) to determine “n” factor
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« Motivation/Purpose
—AIAA S-111A & ECSS-E-ST-20-08C standards

« 50Co Gamma Ray Interactions in Matter
* lonizing vs. Nonionizing Energy Deposition
— Dose equilibrium conditions
* Ground Testing Impacts and Recommendations

s SumMmary

Approved for Public Release: NG25-0525 @ 2025 Northrop Grumman Systems Corporation



NORTHROP
GRUMMAN_l

Summary

36

« Gamma rays interact in matter to produce secondary electron energy spectra
which can transport into sensitive volumes to deposit both TID and DDD

« Absorber material and thickness are important guantities
— Dose equilibrium
— Dose enhancement possible

 Analytical analyses show many trends but necessarily assume dose
equilibrium which is not the usual case in practice

* Monte Carlo transport simulations can be useful in identifying trends and
help in test plan development

« 1 MeV electron irradiations are still required for damage correlations
« 60Co gamma rays can be a convenient electron source for continued work
* More data are needed... (wait for next year ©)
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A Few Relevant References...

« 1993: IEEE Trans. Nucl. Sci. 40, 1372 (1993)

“Damage Correlations in Semiconductors Exposed to Gamma, Electron and Proton Radiations”
« 1994: IEEE Trans. Nucl. Sci. 41, 1945 (1994)

“Co% Gamma Ray and Electron Displacement Damage Studies of Semiconductors”

« 1994 IEEE First World Conference on Photovoltaic Energy Conversion (WCPEQC)
“Co% Gamma Ray Irradiations of Solar Cells: A New Way to Predict Space Radiation Damage”
« 1995: UMBC Ph.D. Dissertation (SRM)

“Electron- and Gamma-Induced Displacement Damage Effects in InP Semiconductor Devices”
« 2012: IEEE Trans. Nucl. Sci. 59, 3117 (2012)

“Equivalent Displacement Damage Dose for On-Orbit Space Applications”

« 2017: IEEE Trans. Nucl. Sci. 64, 991 (2017)

“Gamma and Electron NIEL Dependence of Irradiated GaAs”

« 2018: J. Appl. Phys. 123, 095703 (2018)

“Gamma Non-lonizing Energy Loss: Comparison with the Damage Factor in Silicon Devices”
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lonizing vs. Nonionizing Dose Calculations

1.0E+02

1.0E+01

1.0E+00

ESTAR (NIST)

Si

1.0E-01

—lonizing (Stopping Power)
Nonionizing (NIEL - 12.9 eV)
-==-Nonionizing (NIEL - 21 eV)

= =
o =
m m
o o
@ R

1.0E-04

Energy Deposition Rate (MeVcm?/g)

1.0E-05

1.0E-06

1.0E-03
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1.0E-01 1.0E+00
Electron Energy (MeV)

1.0E+01

*Although most of the electron energy
IS lost due to ionization effects
(stopping power, dE/dx), displacement
damage is the primary solar cell (pn
junction) damage mechanism (NIEL)
and has a minimum energy to produce
a displacement (T,)

*lonizing Dose Calculation

do@(E) dE
TID = dE
f dE dx
*Displacement Damage Dose Calculation

1 do(E
DDD(Erer) = g3 j (gé ) §(E)"dE
*1 MeV electron fluence equivalent
deo(E)
S(Eref)n dE

@(Epef) = S(E)" dE
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