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ABSTRACT

In this study, we examine the effects of the radiation reaction force on electrons in a radial
magnetically insulated transmission line (MITL) near a load with peak currents of 60+ MA. More
specifically, we study the differences in electron motion and kinetic energy with or without
radiation reaction physics using a novel guiding center drift approach that incorporates E×B and
∇B drifts. A key finding of this study is that an electron’s magnetic moment, which would be
conserved when radiation reaction physics is not incorporated, can be significantly reduced in
magnetic fields on the order of 10,000’s T when radiation reaction is included. The reduction of
magnetic moment gives rise to a significant reduction in cycloidal kinetic energy as well as a
reduction in the electron’s ∇B drift.

4



ACKNOWLEDGMENT

Special thanks to Kristian Beckwith for helpful comments on this study.

5





CONTENTS

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1. Chapter 1: Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.1. Radiation and the Radiation Reaction Force: A Brief History . . . . . . . . . . . . . . . . . . . 13
1.2. Lorentz-Abraham-Dirac Force Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3. Radial MITL: Geometry, Fields, and Equations of Motion . . . . . . . . . . . . . . . . . . . . . 16
1.4. Motion of an Electron in a Radial MITL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.5. Physics Modeling in a Radial MITL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2. Chapter 2: Comparative MITL Simulations With and Without Radiation Reaction . . . . . . 19
2.1. Simulation Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2. Electron simulations on a 60 MA / 100 ns NGPP with a 100 µm load . . . . . . . . . . . . 20
2.3. Electron simulations on a 60 MA /100 ns NGPP with a 1mm load . . . . . . . . . . . . . . . 22
2.4. Electron simulations on a 60 MA /200 ns NGPP with a 100 µm load . . . . . . . . . . . . . 26
2.5. Electron simulations on a 80 MA /100 ns NGPP with a 100 µm load . . . . . . . . . . . . . 29
2.6. Electron simulations on a 60 MA /100 ns NGPP with a 100 µm load and emission

at 5% peak current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.7. Summary of Significant Differences in Electron Simulations Due to Radiation Re-

action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Appendix A. Radiation Reaction Force in a Uniform B-Field . . . . . . . . . . . . . . . . . . . . . . . . . . 39

LIST OF FIGURES

Figure 1-1. Log-log plot of τdamp (ns) as a function of the magnetic field (T) with 100-200
ns possible NGPP pulse length region (blue) and the τdamp less than the current
pulse length region (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Figure 1-2. Schematic of the radial MITL showing the anode, cathode, load, axis of sym-
metry at r = 0, and the direction of the electric field lines (arrows). . . . . . . . . . . 16

Figure 2-1. Table showing the types of simulations performed in this study. . . . . . . . . . . . . . 19
Figure 2-2. Plots of the magnetic moment of an electron versus time without radiation

reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak
= 60 MA, rl = 100 µm, and τpulse = 100 ns. The solid curve colors denote
different initial electron radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 ×
rl (cyan), 6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black). . . . . . . . . . . . . . 21

7



Figure 2-3. Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves)
for Ipeak = 60 MA, rl = 100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . 21

Figure 2-4. Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Figure 2-5. Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl =
100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Figure 2-6. Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 1 mm, and τpulse = 100 ns. The solid curve colors denote different
initial electron radii: 10 × rl (blue), 9× rl (green), 8 × rl (red), 7 × rl (cyan),
6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black). . . . . . . . . . . . . . . . . . . . . . . 24

Figure 2-7. Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves)
for Ipeak = 60 MA, rl = 1 mm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . 24

Figure 2-8. A magnified plot of the magnetic moment of an electron versus magnetic field
without radiation reaction (solid curves) and with radiation reaction (dashed
curves) for Ipeak = 60 MA, rl = 1 mm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . 25

Figure 2-9. Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 1 mm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 2-10. Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl = 1
mm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Figure 2-11. Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak
= 60 MA, rl = 100 µm, and τpulse = 200 ns. The solid curve colors denote
different initial electron radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 ×
rl (cyan), 6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black). . . . . . . . . . . . . . 27

Figure 2-12. Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves)
for Ipeak = 60 MA, rl = 100 µm, and τpulse = 200 ns. . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 2-13. Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 100 µm, and τpulse = 200 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 2-14. Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl =
100 µm, and τpulse = 200 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 2-15. Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak
= 80 MA, rl = 100 µm, and τpulse = 100 ns. The solid curve colors denote
different initial electron radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 ×
rl (cyan), 6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black). . . . . . . . . . . . . . 29

8



Figure 2-16. Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves)
for Ipeak = 80 MA, rl = 100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2-17. Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
80 MA, rl = 100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2-18. Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 80 MA, rl =
100 µm, and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Figure 2-19. Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 100 µm, τpulse = 100 ns, and electron emission at 5% peak current.
The solid curve colors denote different initial electron radii: 10 × rl (blue), 9
× rl (green), 8× rl (red), 7× rl (cyan), 6× rl (magenta), 5× rl (yellow), and
4 × rl (black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 2-20. Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves)
for Ipeak = 60 MA, rl = 100 µm, τpulse = 100 ns, and electron emission at 5%
peak current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 2-21. Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak =
60 MA, rl = 100 µm, τpulse = 100 ns, and electron emission at 5% peak current. 33

Figure 2-22. Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl =
100 µm, τpulse = 100 ns, and electron emission at 5% peak current. . . . . . . . . . . . 33

Figure 2-23. Plot of the difference in the peak kinetic energy for electrons at an initial radius
10 × rl with rl = 100 µm and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Figure 2-24. Plot of the percentage reduction of peak kinetic energy for electrons at an
initial radius 10 × rl with rl = 100 µm and τpulse = 100 ns. . . . . . . . . . . . . . . . . . . 35

Figure 2-25. Plot of the difference in the axial displacement for electrons at an initial radius
10 × rl with rl = 100 µm and τpulse = 100 ns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

9



SUMMARY

In this study, we model radiation reaction physics on electron motion in a 60+ MA radial MITL
using a drift kinetic approach that incorporates E×B and ∇B drifts. The magnitudes of the peak
current, electric field, and magnetic field in the radial MITL used this study are comparable to
those found in designs of NGPP machines at Sandia National Laboratories. Turning radiation
reaction physics on/off is accomplished by making the electron’s magnetic moment time-
dependent/conserved. The study demonstrates that the electron’s magnetic moment, cycloidal
kinetic energy, and ∇B drift can be significantly affected when the electron experiences a
magnetic field with a magnitude > 10,000 T within the radial MITL.
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NOMENCLATURE

electric field one component of an electromagnetic vector field, or light, which applies a force to
a charged particle in the same direction as the electric field component

E×B drift a guiding center drift motion that results in the presence of combined electric and
magnetic fields

∇B or grad B drift a guiding center drift motion that results in a non-uniform magnetic field

guiding center drift kinetics a method for describing a charged particle’s average drift motion
without resolving the rapidly varying cycloidal orbit which occurs in the presence of a
magnetic field

load the inner most section of the MITL which results in the highest magnetic field

Lorentz Force Law a description of forces that a charged particle, such as an electron,
experiences in electric and magnetic fields

Lorentz-Abraham-Dirac Force Law a relativistic description of forces that a charged particle
experiences which includes the radiation reaction force

magnetic field one component of an electromagnetic vector field, or light, which applies a force
to a charged particle in a direction perpendicular to the particle’s velocity and the magnetic
field component

magnetic moment a measure of a particle’s cycloidal kinetic energy per magnetic field and an
adiabatic invariant of a particle’s motion (when radiation reaction is absent)

MITL also known as a magnetically insulated transmission line, is a section of a pulsed power
machine which delivers electrical power and high-magnetic fields to a load

NGPP also known as Next Generation Pulsed Power, is a machine being designed at Sandia
National Laboratories which can deliver 60+ MA of current to a load

pulse length the characteristic time over which the current in a MITL is ramped to its peak value

peak current the maximum current achieved by the MITL

radiation the emission of particles (in this study just photons) by another particle

radiation reaction force a force on a particle that results from the emission of radiation

synchrotron radiation a type of radiation that is emitted by charged particles, such as electrons,
when accelerated by the presence of a magnetic field
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1. CHAPTER 1: THEORY

1.1. Radiation and the Radiation Reaction Force: A Brief History

Radiation physics and its corresponding radiation reaction force physics has had a long history
which we will briefly highlight. J. J. Larmor predicted that accelerating charges would emit
radiation in 1897 [1]. This prediction was improved with the incorporation of relativistic physics
in 1898 by A. -M. Liénard using what are now known as the Liénard-Wiechert potentials [2]. In
1899, H. A. Lorentz developed a charged particle force law, known as the Lorentz Force Law, for
particles in electric and magnetic fields [3]. And in 1902, M. Abraham considered a radiation
reaction force term to account for the emission of radiation by accelerating charges that was
predicted by J. J. Larmor [4]. This new force law became known as the Lorentz-Abraham Force
Law. Decades later in 1938, P. A. M. Dirac formulated a relativistic covariant version of the force
law which was consistent with the relativistic radiation formula predicted by A. -M. Lienard [5].
The fully relativistic force law became known as the Lorentz-Abraham-Dirac Law. In 1947,
radiation from electrons bending in a magnetic field, now known as "synchrotron radiation", was
experimentally measured by F. R. Elder and collaborators on a General Electric synchrotron [6].
Two years later, J. Schwinger published a definitive analysis of the properties of synchrotron
radiation [7]. Over the next 70 years, numerous works on radiation reaction physics for charged
particles accelerating in electric and magnetic fields have been published.

1.2. Lorentz-Abraham-Dirac Force Law

The Lorentz-Abraham-Dirac [8, 9] force law describes the motion of a relativistic charged
particle in electric and magnetic fields and includes the effect of radiation, e.g. synchrotron
radiation, by the particle. The force law includes the standard Lorentz force law term and a
radiation reaction force term

dp
dt

= F+Frad (1)

where the Lorentz force law is given by

F = q(E+v×B). (2)

The radiation reaction force can be computed from both the particle’s motion as well as the
Lorentz force and is given by,

Frad = τ(γ
dF
dt
− γ3

c2 (
dv
dt
× (v×F))), (3)

where τ is a characteristic time scale for electrons given by

τ =
e2

6πε0mc2 = 6.3 x 10−24s. (4)

It is instructive to consider the radiation reaction force for a Lorentz force corresponding to a
uniform magnetic field B = Bey with no electric field is present. Although this case is simplistic,
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it uncovers the most important contribution to the radiation reaction force. We assume that the
particle has its velocity and momenta in all three directions, i.e. v = vxex + vyey + vzez and
p = pxex + pyey + pzez. The radiation reaction force can be computed from Eq. (3) and its
calculation is shown in Appendix A. The radiation reaction force is given by

Frad =−
γv2
⊥/c2p‖
τdamp

−
γ(1− v2

‖/c2)p⊥
τdamp

. (5)

In Eq. (5), we define v‖ = vyey, p‖ = pyey, v⊥ = vxex + vzez, p⊥ = pxex + pzez ,
γ = 1/

√
1− v2/c2 =

√
1+ p2/m2c2 is the relativistic factor, and the characteristic damping time

is given by

τdamp =
m2

q2B2τ
. (6)

Fig. 1-1 shows a log-log plot of τdamp. We expect that the radiation reaction force is important
when τdamp is equal to or less than a characteristic time scale in the system.

At Sandia National Laboratories, we are in the process of designing a Next Generation Pulsed
Power (NGPP) machine [10], which at 60+ MA peak currents will produce magnetic fields in
excess of 100,000 T near the load. Electrons in the extreme magnetic fields of this pulsed power
facility are expected to produce synchrotron radiation and be affected by the radiation reaction
force. One important time scale for a NGPP machine design is the pulse length τpulse. In the
present study, we focus our attention on NGPP current pulse lengths of 100 ns and 200 ns. In
these cases, τdamp is equal to or less than 100 ns when B > 7200 T and τdamp is equal to or less
than 200 ns when B > 5100 T. Fig. 1-1 shows a current pulse length region in blue and a region
where τdamp < τpulse in red.

Consider now the case where the electron is in uniform electric and magnetic fields E = Eex
B = Bey, respectively. By transforming to the E×B guiding center drift frame velocity [11], i.e.

Vgc =
E×B

B2 , (7)

the electric field in the new frame is zero and the magnetic field is given by B′ = B
√

1−E2/B2c2.
We should note that for practical application to high-power MITLs the E×B drift velocity is
non-relativistic, in which case B′ = B and t ′ = t. We will make this assumption for the remainder
of the report. In the transformed frame, the radiation reaction force will be identical to Eq. (5).
Hence the particle’s cycloidal momentum, and corresponding kinetic energy, will be damped. By
transforming back to the laboratory frame, the particle’s entire motion will consist of the uniform
E×B drift Eq. (7) and a damped cycloidal motion. From this calculation, we can see that the
E×B drift is left unaffected by the radiation reaction force.

The magnitude of the radiation reaction force due to other types of drift motion is typically much
smaller than Eq. (5). For example as is well-known in inner MITL systems, we expect that the
particle will undergo ∇B drift due to the spatially varying magnetic field in the MITL. Since the
average magnitude of the Lorentz force is |qv⊥B|, then we expect that the Lorentz force
perturbation due to the spatially varying magnetic field will have a magnitude on the order
|qv⊥rL∇B| where rL = |p/qB| is the relativistic Larmor radius. In general, |rL∇B/B|<< 1 for

14



Figure 1-1 Log-log plot of τdamp (ns) as a function of the magnetic field (T) with 100-
200 ns possible NGPP pulse length region (blue) and the τdamp less than the current
pulse length region (red).
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MITL systems, and hence the additional radiation reaction terms are small compared to Eq. (5).
For the remainder of this report, we will assume that the radiation reaction force is given by
Eq. (5).

1.3. Radial MITL: Geometry, Fields, and Equations of Motion

The geometry for the cylindrically symmetric radial MITL that we are considering for this study
is shown in Fig. 1-2. The key elements of this geometry in cylindrical coordinates are anode and
cathode planes denoted by z = za and z = zc respectively, and an axial load denoted by r = rl . All
surfaces of the MITL are assumed to be perfect conductors.

Figure 1-2 Schematic of the radial MITL showing the anode, cathode, load, axis of
symmetry at r = 0, and the direction of the electric field lines (arrows).

The electric and magnetic vacuum fields in this system can be described to an excellent manner
with the speed of light approaches infinity approximation, i.e. c→ ∞, as shown in recent work by
Hess and Evstatiev [12]. The fields were found to be

E =−µ0İ
2π

ln
(

r
rl

)
ez, (8)

and

B =−
µ0I(t)eφ

2πr
, (9)

where I(t) is the time-dependent current in the MITL, İ = dI/dt is the time derivative of the
current, and ez and eφ are the unit vectors in the positive z and φ directions respectively. An
excellent current model for the existing Z-Machine as well as a NGPP machine is a sine-squared
profile given by,

I(t) = Ipeak sin2
(

πt
2τpulse

)
, (10)

where Ipeak is the peak current and τpulse is the characteristic current pulse length. In this study,
we assume that the NGPP machine has three possible peak currents given by Ipeak = 60 MA, 70
MA, and 80 MA and two possible current pulse lengths given by τpulse = 100 ns and 200 ns.
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1.4. Motion of an Electron in a Radial MITL

In order to derive the full equations of motion in the radial MITL geometry, we start with the
momentum equation using the Lorentz force law, i.e.

dp
dt

= q(E+v×B) (11)

where p = γmv is the particle’s relativistic momentum, v is the particle’s velocity, and
γ = 1/

√
1− v2/c2 is the relativistic factor with v2 = v2

r + v2
φ
+ v2

z . It is useful to note that γ can

also be expressed in terms of the momentum as γ =
√

1+ p2/m2c2 where p2 = p2
r + p2

φ
+ p2

z . The
momenta equations for all components are given by

d pr

dt
=

p2
φ

γmr
+

qµ0Ivz

2πr
+Frad,r · er, (12)

d pφ

dt
=−

pr pφ

γmr
+Frad,φ · eφ, (13)

d pz

dt
=−qµ0

2π

dI
dt

ln
(

r
rl

)
− qµ0Ivr

2πr
+Frad,z · ez, (14)

where the radiation reaction force is given by Eq. (5) and the parallel direction is in the eφ

direction. The position of the particle can be found from

dr
dt

= vr,
dφ

dt
=

vφ

r
,

dz
dt

= vz. (15)

Since the only motion in the phi direction is due to emission at a MITL surface, e.g. 1 eV thermal
emission, we will assume for the remainder of this report that the vφ = 0 and pφ = 0. The reduced
momenta equations are given by

d pr

dt
=

qµ0Ivz

2πr
+Frad,r · er, (16)

d pφ

dt
= 0, (17)

d pz

dt
= ln

(
r
rl

)
− qµ0Ivr

2πr
+Frad,z · ez. (18)

Recent work by Hess and Evstatiev [12] have shown that when the radiation reaction is not
considered, the electron motion in a MITL can be successfully described using a combined E×B
and ∇B drift description for the a given E and B within the MITL. More specifically, the guiding
center velocity [11, 13, 14, 15, 16, 17] is described as

Vgc =
E×B

B2 +
µ
qγ

B×∇B
B2 , (19)

where µ is the adiabatic invariant. The adiabatic invariant, which is equivalent to the particle’s
magnetic moment, is given by

µ =
p2

r,osc + p2
z,osc

2mB
, (20)
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Since the magnetic moment is proportional to cycloidal kinetic energy, this quantity will be
damped by the radiation reaction force. Therefore, the magnetic moment is given by µ(t), and we
will assume for the remainder of this report that the guiding center velocity of the particle is given
by

Vgc =
E×B

B2 +
µ(t)
qγ

B×∇B
B2 . (21)

1.5. Physics Modeling in a Radial MITL

Although the reduced equations of motion for a particle in a radial MITL (in the c→ ∞ limit) are
given by Eqs. (16), (17), and (18), these equations are in general too challenging to solve since
they require very small time scales in order to resolve cyclotron orbits. Instead, we are only
interested in the guiding center motion of the particle along with the change in kinetic energy of
the particle. The guiding center motion is given by Eq. (21) from the previous section, and it
requires tracking of the time-dependent magnetic moment. As we will now show, the cycloidal
momentum and kinetic energy can both be derived from the magnetic moment. From Eq. (20), we
find that the magnitude of the relativistic cycloidal momentum and cycloidal kinetic energy can
be written as

pcyc =
√

2µmB (22)

and
Kcyc = (

√
1+2µB/mc2−1)mc2. (23)

The damping of the magnetic moment due to radiation reaction can be computed from

dµ
dt

=
2µ
pcyc

d pcyc

dt
|rad =

2µ
pcyc

Frad. (24)

Using Eq. (5) along with the assumption v‖ = vφ = 0 yields the following damping equation for
the magnetic moment,

dµ
dt

=−2µτq2B2

m2

√
1+2µB/mc2 =− 2µ

τdamp

√
1+2µB/mc2. (25)

Therefore, the guiding center drift velocity equation given by Eq. (21), the time-dependent
magnetic moment equation given by Eq. (25), and the cycloidal kinetic energy equation given by
Eq. (23), provide a complete description of a particle’s guiding center motion and its cycloidal
kinetic energy with the presence of radiation reaction. The total energy which is a combination of
the cycloidal kinetic energy and the guiding center drift kinetic energy is given by

Ktot = Kcyc +
1
2

mV 2
gc. (26)

For the remainder of this report, we will focus our attention on the total kinetic energy as a
function of time shown in Eq. (26), but the cycloidal kinetic energy can be readily computed
using Eq. (23).

It is useful to point out that radiation reaction physics in the previous equations can be turned off
by setting τ = 0 or equivalently τdamp→ ∞. When radiation reaction physics is turned off, then
the magnetic moment is conserved as shown in Eq. (25).
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2. CHAPTER 2: COMPARATIVE MITL SIMULATIONS WITH AND
WITHOUT RADIATION REACTION

2.1. Simulation Description

In this LDRD study, we look at the effects of radiation reaction physics on electrons for peak
currents, current pulse lengths, and load radii that are in the regime of interest for a NGPP radial
MITL. In particular, we look at NGPP parameters corresponding to Ipeak = 60 MA, 70 MA, and
80 MA, τpulse = 100 ns and 200 ns, and rl = 100 µm and 1 mm. In all cases, we made the
assumption that the MITL gap width is 1 cm. As a comparison, existing MagLIF experiments
have approximately 20 MA peak currents with current pulse lengths of approximately 120 ns that
produce stagnation columns which can be less than 100 µm [18].

The simulations performed in this study are separated into two categories. The first category
examined electron motion assuming that the electrons were emitted from the cathode when the
local electric field first reaches the critical threshold Eth = 24MV/m [19]. Under this condition,
the electron’s initial magnetic moment is given by µ = 2E2/mB3 = 2E2

th/mB3 which was found in
previously cited MITL work by Hess and Evstatiev. In these simulations, the electrons are emitted
at different radial locations with respect to the load, i.e. 10 × rl , 9 × rl 8 × rl , 7 × rl , 6 × rl , 5 ×
rl , and 4 × rl . We should note that the electric field threshold can first occur early in the current
pulse, if the particle is sufficiently far from the load.

The second category of simulations explores what happens when the electrons are emitted at later
times with respect to the current pulse, e.g. emission times when the current is 5%, 10%, 25%,
and 50% of the peak current. In these simulations, we also assume that the initial magnetic
moment is µ = 2E2/mB3 = 2E2

th/mB3. This assumption would correspond to an emission model
in which the local electric field has been limited to the critical threshold value due to space-charge
physics. Again the electrons are emitted at different radial locations relative to the load. Fig. 2-1
summarizes the parameter changes for the simulations performed in this study.

Figure 2-1 Table showing the types of simulations performed in this study.

As is shown in the table, the entire study analyzes the effects of radiation reaction while varying a
number of different parameters that are relevant to NGPP. In the following sections, we only
summarize the findings of a subset of this study. The simulation output for all of these parameter
studies is available upon request.
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2.2. Electron simulations on a 60 MA / 100 ns NGPP with a 100 µm load

We start our discussion of the simulation study, with the case of Ipeak = 60 MA, rl = 100 microns,
and τpulse = 100 ns. Again we make the assumption that electrons are emitted when the vacuum
electric field first reaches the critical threshold of Eth = 24MV/m. The gap width and the height
of the load are fixed at 1 cm. Electrons are initiated at different cathode radii with respect to the
load radius, and the electron’s motion is tracked using Eq. (21). Its magnetic moment is found
using Eq. (25), and its cycloidal and total kinetic energies are found from Eqs. (23) and (26),
respectively. In these simulations, we compare electron motion and kinetic energy with and
without radiation reaction physics. As we mentioned previously, when radiation reaction is turned
off, e.g. by setting τ = 0 or equivalently τdamp→ ∞, then the electron’s magnetic moment, µ, is
conserved. However, when radiation reaction physics is turned on, then the magnetic moment is
time-dependent, which results in a reduction in the electron’s kinetic energy and a change in its
∇B drift.

In the following plots, curves that are solid denote radiation reaction physics turned off, and
curves that are dashed denote radiation reaction turned on. Moreover, the color coding on the
solid curves denotes the initial conditions for the electron relative to the load, i.e. 10 × rl (blue), 9
× rl (green), 8 × rl (red), 7 × rl (cyan), 6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black).
Fig. 2-2 shows a plot of the electron’s magnetic moment as a function of time. Notice that each of
the solid curves, which correspond to radiation reaction physics turned off, are constants since the
magnetic moment is an adiabatically conserved quantity. However for each solid curve, we see a
dashed curve corresponding to the same electron initial condition, which is significantly
decreasing as a function of time. This implies that the electron’s kinetic energy and its ∇B drift
will be different than the case without radiation reaction.

Although the electron’s magnetic moment is decreasing as a function of time, it is instructive to
see how the electron’s moment is decreasing as a function of the magnetic field that it’s
experiencing. Fig. 2-3 shows a plot of the magnetic moment versus the magnetic field. It is
apparent that the electron is experiencing a much larger magnetic field later in time compared to
its initial magnetic field. The reason for this is that the electron’s radial position is decreasing due
to E×B drift while the current is simultaneously increasing. Notice that the electron is
experiencing magnetic field strengths of around 120,000 T. This is due to the fact that the
electron’s radial position from the E×B drift is very close to the load at rl = 100 microns and the
current reaches a peak of 60 MA. The magnetic field strength at a radius of 100 µm and a current
of 60 MA is 120,000 T. Also notice that the electron’s magnetic moment is noticeably decreasing
when the magnetic field is approximately 10,000 T. This is consistent with our previous
explanation that τdamp < τpulse corresponds to 7,200 T for τpulse = 100 ns.

Since the total kinetic energy is related to the magnetic moment from Eqs. (23) and (26), then
we expect that electron’s kinetic energy will be different between cases with or without radiation
reaction physics. Indeed, as shown in Fig. 2-4, there are significant differences in the total kinetic
energy. The first noticeable difference is that for the case with no radiation reaction, the overall
kinetic energy continues to rise until τpulse = 100 ns, whereas the kinetic energy reaches a peak
and decreases much earlier in time when radiation reaction is turned on. Without radiation
reaction, the electron’s cycloidal kinetic energy continues to increase until peak current at
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Figure 2-2 Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 100 µm, and τpulse = 100 ns. The solid curve colors denote different initial electron
radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 × rl (cyan), 6 × rl (magenta), 5 × rl
(yellow), and 4 × rl (black).

Figure 2-3 Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak
= 60 MA, rl = 100 µm, and τpulse = 100 ns.
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t = τpulse. We should note that the drift component of the total kinetic energy (second term in Eq.
(26)) is negligible compared to the peak values of the cycloidal kinetic energy (first term in Eq.
(26)). With radiation reaction, the cycloidal kinetic energy reaches a peak when

1
µ

dµ
dt

=− 1
B

dB
dt

. (27)

When the electron loses its magnetic moment it affects the cycloidal kinetic energy, and hence
total kinetic energy, in two ways. First, the immediate loss of magnetic moment corresponds to an
immediate loss of kinetic energy. Secondly, and possibly even more importantly, the electron
loses its ability to gain more kinetic energy as the magnetic field grows, which is seen when the
magnetic moment is conserved (no radiation reaction physics). The combination of the two
effects, can lead to significant differences in the kinetic energy with and without radiation reaction
as is illustrated in Fig. 2-4. The electron’s drift motion is also affected by the decreasing magnetic

Figure 2-4 Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 100 µm, and τpulse = 100 ns.

moment of the electron. Since the ∇B drift is proportional to the magnetic moment, then we
expect that the electron’s drift in the axial direction will be affected due to the decrease in
magnetic moment. Fig. 2-5 shows a plot of electron trajectories near the load. When the magnetic
moment is conserved without radiation reaction physics, then the electron axially deflects towards
the anode as it approaches the load. However, when radiation reaction is turned on and the
magnetic moment rapidly decreases, then we see that the electron’s axial drift motion can be
strongly reduced near the load. The result of this reduction in the electron’s axial velocity is that
the electron’s axial position can have significant differences, e.g. mm-scale differences.

2.3. Electron simulations on a 60 MA /100 ns NGPP with a 1mm load

We now examine how the effect on radiation reaction when the load radius is increased by a
factor of 10 to rl = 1 mm. Since the peak magnetic field that the electron experiences is inversely
proportional to rl , then we expect that electrons will at most experience 12,000 T magnetic fields
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Figure 2-5 Plots of the electron guiding center motion without radiation reaction (solid
curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl = 100 µm, and
τpulse = 100 ns.

(1/10th of the 120,000 T in the previous example). This is indeed the case, and in general the
magnetic field that the particle experiences can be significantly smaller than the previous example
with rl = 100 µm. Additionally, since we are initializing the electrons with a multiplicative factor
with respect to the load radius, then the initial electric fields are larger and initial magnetic fields
are smaller compared to the previous example. This implies that the initial magnetic moment
µ = 2E2

th/mB3 of each electron is significantly larger (by nearly three orders of magnitude) than in
the previous case.

Fig. 2-6 shows the magnetic moment as a function of time for rl = 1 mm case. Notice that for
some of the particles, e.g. 10 × rl case in blue, the magnetic moment is only plotted for a short
time. For these these electrons, the magnetic moment is large enough that the ∇B drift causes the
electron to intercept the anode before the end of the current pulse. When the electron intercepts
the anode, we end the simulation. Electrons that are emitted sufficiently close to the load, e.g. the
6 × rl case in magenta, have a magnetic moment small enough such that the particle does not
intercept the anode during the current pulse and reach radii that are close to the load. In Fig. 2-7,
one can see that the peak magnetic field that an electron experiences is around 12,000 T. One can
also see in the magnified plot in Fig. 2-8 that the magnetic moment has a significant decrease
when the magnetic field is around 7,000 T for the 7 × rl case in cyan. This is consistent with our
previous discussion that radiation reaction physics becomes important when τdamp ≤ τpulse.

From Fig. 2-9, one can immediately see that for electrons which experience higher magnetic
fields near the load, e.g. 6 × rl case, significant differences between the kinetic energy with and
without radiation reaction may occur due to the loss of magnetic moment. One can also see that
the loss of magnetic moment can lead to mm-scale differences in the axial position of the electron
with and without radiation reaction as is shown in Fig. 2-10.
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Figure 2-6 Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 1 mm, and τpulse = 100 ns. The solid curve colors denote different initial electron
radii: 10 × rl (blue), 9× rl (green), 8 × rl (red), 7 × rl (cyan), 6 × rl (magenta), 5 × rl
(yellow), and 4 × rl (black).

Figure 2-7 Plots of the magnetic moment of an electron versus magnetic field without
radiation reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak
= 60 MA, rl = 1 mm, and τpulse = 100 ns.
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Figure 2-8 A magnified plot of the magnetic moment of an electron versus magnetic
field without radiation reaction (solid curves) and with radiation reaction (dashed
curves) for Ipeak = 60 MA, rl = 1 mm, and τpulse = 100 ns.

Figure 2-9 Plots of the total kinetic energy of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 1 mm, and τpulse = 100 ns.
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Figure 2-10 Plots of the electron guiding center motion without radiation reaction
(solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl = 1
mm, and τpulse = 100 ns.

2.4. Electron simulations on a 60 MA /200 ns NGPP with a 100 µm load

We now look at how the current pulse length of a NGPP affects differences in electron
simulations with and without radiation reaction physics. For these simulations, we assume that
Ipeak = 60 MA, rl = 100 µm, and τpulse = 200 ns. Hence, the current pulse is now twice as long as
the one considered in Section 2.1. From Fig. 1-1, we expect that radiation reaction physics will
become important at even smaller magnetic fields for 200 ns pulse lengths, namely B > 5,100 T,
compared to the B > 7,200 T for 100 ns. Indeed, this is the case. Figs. 2-11 and 2-12 show the
decrease in magnetic moment as a function of time and magnetic field. Even though the magnetic
moment temporally decreases on a time-scale twice as long as in the τpulse = 100 ns shown in
Figs. 2-2, the decrease in magnetic moment as a function of magnetic field is even faster when
comparing Figs. 2-12 and 2-3.

We should note that in these simulations the overall size of the magnetic moment for electrons in
the τpulse = 200 ns is decreased by roughly 2 orders of magnitude compared to the τpulse = 200 ns
case. The reason for this is that since dI/dt is lowered by a factor of two due to the doubling of
the current pulse length, there is a time delay by which the electrons are emitted in these
simulations. When the electrons are emitted in the τpulse = 200 ns case, the B-field has increased
significantly compared to the τpulse = 100 ns case resulting in a lower magnetic moment. For
example, the 10 x rl electron is emitted at roughly t=1.8 ns when the magnetic field is 9.2 T for
the τpulse = 100 ns case compared to emission at t=7.1 ns when the magnetic field is 37 T for the
τpulse = 200 ns case.

The pulse length also has an effect on the difference between the electron’s peak kinetic energy
with or without radiation reaction physics. By comparing Figs. 2-13 and 2-4, one can see that
there is a noticeable difference in the ratio of the peak kinetic energies for the 10 × rl case. For
the τpulse = 100 ns case, the ratio of the peak kinetic energy with and without radiation reaction
physics is about 10%. Whereas for the τpulse = 200 ns case, the ratio drops to roughly 6.5%. Since
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Figure 2-11 Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 100 µm, and τpulse = 200 ns. The solid curve colors denote different initial electron
radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 × rl (cyan), 6 × rl (magenta), 5 × rl
(yellow), and 4 × rl (black).

Figure 2-12 Plots of the magnetic moment of an electron versus magnetic field with-
out radiation reaction (solid curves) and with radiation reaction (dashed curves) for
Ipeak = 60 MA, rl = 100 µm, and τpulse = 200 ns.
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the effect of radiation reaction physics can be seen at smaller magnetic fields for longer pulse
lengths, the kinetic energy of the electron is reduced earlier relative to the pulse length.

Figure 2-13 Plots of the total kinetic energy of an electron versus time without radia-
tion reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60
MA, rl = 100 µm, and τpulse = 200 ns.

We end this section by looking at the electron guiding center trajectories. As is seen in previous
trajectory plots, the rapid decrease of the magnetic moment causes the electron guiding center
trajectory to have a reduced ∇B drift. Fig. 2-14 clearly illustrates this point. We should note that
since the initial magnetic moment is much smaller for τpulse = 200 ns case compared to τpulse =
100 ns case, then the overall difference in the trajectories with and without radiation reaction
physics is much smaller (10’s µm compared to mm-scale).

Figure 2-14 Plots of the electron guiding center motion without radiation reaction
(solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl = 100
µm, and τpulse = 200 ns.
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2.5. Electron simulations on a 80 MA /100 ns NGPP with a 100 µm load

Since there are designs of NGPP which have peak currents in the 80 MA range, in this section we
expand our simulations to include the case Ipeak = 80 MA, rl = 100 µm, and τpulse = 100 ns.
Obviously, since the peak current is now 33% higher than for the 60 MA case, we expect that the
magnetic fields experienced by electrons will be increased by 33% as well. This implies that
electrons will reach magnetic fields ≈ 7,200 T even earlier than in previous simulations. The
result of this is that the magnetic moment, and hence kinetic energy, will be reduced even earlier
in time than in the 60 MA case.

Fig. 2-15 shows a faster percentage decrease in the magnetic moment compared to the 60MA case
shown in Fig. 2-2. Additionally, electrons can experience approximately 160,000 T near the load
as shown in Fig. 2-16, which is 33% higher than in the 60 MA case. However, the electron’s
magnetic moment is largely decreased by the time the electron reaches 40,000 T which also
occurred in Fig. 2-3.

The electron’s kinetic energy and trajectories are significantly affected due to radiation reaction in
similar ways as was shown in the 60 MA case. In particular, the peak kinetic energy with
radiation reaction only reaches 10% of the peak without radiation reaction. Moreover, the loss of
magnetic moment, and hence ∇B drift, causes mm-scale differences in the electron’s axial
position with and without radiation reaction.

Figure 2-15 Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 80 MA,
rl = 100 µm, and τpulse = 100 ns. The solid curve colors denote different initial electron
radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red), 7 × rl (cyan), 6 × rl (magenta), 5 × rl
(yellow), and 4 × rl (black).

2.6. Electron simulations on a 60 MA /100 ns NGPP with a 100 µm load and emission
at 5% peak current

As mentioned previously, we also examined the effects of radiation reaction when electrons are
emitted later in time, e.g. emission times when the current is 5%, 10%, 25%, and 50% of the peak
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Figure 2-16 Plots of the magnetic moment of an electron versus magnetic field with-
out radiation reaction (solid curves) and with radiation reaction (dashed curves) for
Ipeak = 80 MA, rl = 100 µm, and τpulse = 100 ns.

Figure 2-17 Plots of the total kinetic energy of an electron versus time without radia-
tion reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 80
MA, rl = 100 µm, and τpulse = 100 ns.
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Figure 2-18 Plots of the electron guiding center motion without radiation reaction
(solid curves) and with radiation reaction (dashed curves) for Ipeak = 80 MA, rl = 100
µm, and τpulse = 100 ns.

current. In this Section, we show the results of simulations when electron emission occurs at 5%
of peak current. We make the assumption in these simulations that the initial value of the
magnetic moment is given by µ = 2E2

th/mB3. This corresponds to the assumption that
space-charge fields due to the electrons already emitted from the cathode surface have maintained
the electric field at the cathode surface to be Eth. It is quite possible that the space-charge electric
field at the cathode surface computed in a fully electromagnetic manner results in an even lower
value of the electric field than Eth resulting in lower values of the initial magnetic moment. One
can therefore view these simulations as incorporating upper bound values of the magnetic
moment when electrons are emitted at 5% peak current.

Since the current, and hence the magnitude of the magnetic field, is larger when the current is at
5% of the peak current compared to previous simulations with emission occurring when the
electric field first reaches Eth, we expect that the initial magnetic moment is smaller than in
previous simulations. This is clearly seen when comparing Figs. 2-19 and 2-2 where the initial
magnetic moment is reduced by nearly 6 orders of magnitude. All of the radiation reaction effects
that were discussed previously, i.e. loss of magnetic moment, loss of kinetic energy, and reduction
of ∇B drift still apply to the present case. The only difference is that the absolute differences in
kinetic energy and axial displacement between electrons with and without radiation reaction
physics is significantly smaller by roughly 6 and 5 orders of magnitude, respectively.

For emission times that are later than 5% of the peak current, e.g. 10%, 25%, and 50% of the peak
current, the magnetic field is even larger yielding even smaller initial magnetic moments. More
specifically, the initial magnetic moments for emission at 10%, 25%, and 50% of the peak current
cases, are 12.5 %, 0.8 %, and 0.1 % of those for emission at 5% of the peak current. Therefore the
overall differences in kinetic energy and axial displacement between electron simulations with
and without radiation reaction is reduced by these percentages, as well.
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Figure 2-19 Plots of the magnetic moment of an electron versus time without radiation
reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA,
rl = 100 µm, τpulse = 100 ns, and electron emission at 5% peak current. The solid curve
colors denote different initial electron radii: 10 × rl (blue), 9 × rl (green), 8 × rl (red),
7 × rl (cyan), 6 × rl (magenta), 5 × rl (yellow), and 4 × rl (black).

Figure 2-20 Plots of the magnetic moment of an electron versus magnetic field with-
out radiation reaction (solid curves) and with radiation reaction (dashed curves) for
Ipeak = 60 MA, rl = 100 µm, τpulse = 100 ns, and electron emission at 5% peak current.
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Figure 2-21 Plots of the total kinetic energy of an electron versus time without radia-
tion reaction (solid curves) and with radiation reaction (dashed curves) for Ipeak = 60
MA, rl = 100 µm, τpulse = 100 ns, and electron emission at 5% peak current.

Figure 2-22 Plots of the electron guiding center motion without radiation reaction
(solid curves) and with radiation reaction (dashed curves) for Ipeak = 60 MA, rl = 100
µm, τpulse = 100 ns, and electron emission at 5% peak current.
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2.7. Summary of Significant Differences in Electron Simulations Due to Radiation
Reaction

In this Section, we provide a summary of the significant differences between MITL electron
simulations with or without radiation reaction physics. As we mentioned previously, the inclusion
of radiation reaction physics causes significant changes in both the electron kinetic energy and its
axial displacement. The following figures illustrate both of these effects as a function of peak
MITL current. More specifically, the figures in Sections 2.2, 2.3, and 2.5 illustrate these
differences for electrons at an initial radius 10 × rl with rl = 100 µm and τpulse = 100 ns for the
cases of 60 MA and 80 MA peak currents.

In Fig. 2-23, we see that the difference in peak kinetic energies with and without radiation reaction
physics for the 10 × rl electron grows roughly linearly as a function of peak current. In this
regard, the radiation reaction effect becomes increasingly important as the peak current increases.
From a relative peak energy reduction standpoint, the difference is even more striking. Fig. 2-24
shows the percentage reduction in the peak kinetic energy when radiation reaction is enabled. It is
clearly seen that some fraction of electrons will have approximately 90% peak kinetic energy
reduction when radiation reaction is included compared to when it is not included. We should
emphasize again that this reduction is due in part to the electrons radiated energy as well as its
loss of magnetic moment that prevents it from gaining more kinetic energy at the load.

Since the electrons experience a loss of magnetic moment due to radiation reaction physics, the
∇B drift in the axial direction is also reduced. This can lead to mm-scale differences in the axial
displacement of the electrons. Fig. 2-25, which plots the difference in the axial displacement for
electrons at an initial radius 10 × rl , illustrates this point clearly. For all NGPP current pulse
lengths, we expect that some fraction of electrons will experience differences in axial
displacement greater than 1 mm with and without radiation reaction physics near the load. As
seen in Fig. 2-25, the absolute size of these differences can grow as a function of the peak
current.

3. CONCLUSION

In this report, we have shown the results of electron simulations in radial NGPP MITLs with and
without radiation reaction physics. We have found that radiation reaction physics becomes
important when the magnetic fields that an electron experiences causes significant damping on
time scales that are relevant to the MITL system. For MITL current pulse lengths of 100 ns and
200 ns, the relevant magnetic field strengths are B > 7,200 T and B > 5,100 T, respectively.
These magnetic field strengths are readily achieved on a 60 MA NGPP MITL with load radii < 1
mm. Hence, we expect that radiation reaction can be important in modeling electrons in NGPP
MITLs near a 1 mm load.

We have found that the magnetic moment, which is a conserved quantity without radiation
reaction physics, is significantly decreased when radiation reaction physics is enabled for all
NGPP conditions that we studied. The reduction of the magnetic moment causes an immediate
loss of cycloidal kinetic energy, but also prevents the electron from gaining more kinetic energy
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Figure 2-23 Plot of the difference in the peak kinetic energy for electrons at an initial
radius 10 × rl with rl = 100 µm and τpulse = 100 ns.

Figure 2-24 Plot of the percentage reduction of peak kinetic energy for electrons at
an initial radius 10 × rl with rl = 100 µm and τpulse = 100 ns.
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Figure 2-25 Plot of the difference in the axial displacement for electrons at an initial
radius 10 × rl with rl = 100 µm and τpulse = 100 ns

as it radially drifts closer to the load. Additionally, the loss of magnetic moment causes a
reduction of ∇B drift in the axial direction. Overall, the loss of magnetic moment can lead to
significant differences in the electron’s kinetic energy and axial displacement with and without
radiation reaction enabled. The magnitude of these differences is directly related to the magnitude
of the electron’s initial magnetic moment.

We have shown that the difference in peak kinetic energy for electrons with or without radiation
reaction is 100’s of keV for electrons at 10 × rl with rl = 100 µm, τpulse = 100 ns and peak
currents in the range of 60-80 MA. This reduction in the peak kinetic energy can be as much as
90% when radiation reaction is included. This reduction of electron kinetic energy in NGPP
MITLs is a significant finding and warrants further investigation into the effects of radiation
reaction physics in high-current power flow.

We should emphasize that the results of this study are based on a highly idealized single particle
model with simplified electric and magnetic fields and no particle collisions. Future modeling of
radiation reaction physics in power flow is needed to incorporate many particle physics, fully
electromagnetic fields with space-charge physics, and collisional physics. Fully electromagnetic
particle-in-cell codes that include radiation reaction physics are a possible tool for modeling this
physics.
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APPENDIX A. RADIATION REACTION FORCE IN A UNIFORM B-FIELD

In this Section, we derive the radiation reaction force and its effect on the kinetic energy of a
charged particle in a uniform B-field, i.e. B = Bey, given by Eq. (5). We assume that the particle
has its velocity and momenta in all three directions, i.e. v = vxex + vyey + vzez and
p = pxex + pyey + pzez. The Lorentz force acting on the particle is given by F = q(v×B).

From the Lorentz force, we find that the parallel component of the momentum remains constant
since it is unaffected by the magnetic field. However, since the motion of the particle
perpendicular to the magnetic field is a circular orbit, the perpendicular momentum at time t can
be derived from the momentum at t = 0, i.e. p0⊥, and is given by

p⊥ = p0⊥cos(
qBt
γm

)+p0⊥× eysin(
qBt
γm

), (28)

where γ =
√

1+ p2
0⊥/m2c2 + p2

‖/m2c2.

We can compute the radiation reaction force shown in Eq. (3) by taking time derivatives using
Eq. (28). The first term on the right hand side of Eq. (3) is given by

τγ
dF
dt

= τ
q
m

dp⊥
dt
×B =−τq2B2

m2γ
p⊥. (29)

The second term can be decomposed into two parts, namely

−τγ3

c2
dv
dt
× (v×F) =−τγ3

c2
dv
dt
× (v‖×F+v⊥×F). (30)

The first term on the right hand side Eq. (30) yields a contribution to the radiation reaction force
which is in the direction of the parallel momentum, i.e.

−τγ3

c2
dv
dt
× (v‖×F) =−τq2B2

m2
γv2
⊥

c2 p‖. (31)

Conversely, the second term on the right hand side Eq. (30) yields a contribution to the radiation
reaction force which is in the direction of the perpendicular momentum, i.e.

−τγ3

c2
dv
dt
× (v⊥×F) =−τq2B2

m2
γv2
⊥

c2 p⊥. (32)

Combining Eqs. (29), (31), and (32) yields the force shown in Eq. (5), i.e.

Frad =−
γv2
⊥/c2p‖
τdamp

−
γ(1− v2

‖/c2)p⊥
τdamp

. (33)

In order to complete the calculation for the case of a uniform B-field, we look at the kinetic
energy loss due to the radiation reaction force. The kinetic energy of the particle is given by
K = (γ−1)mc2. The rate of total kinetic energy loss is given by

dK
dt

=
dγ

dt
mc2 =

1
γm

p · dp
dt

=
1

γm
p ·Frad. (34)
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Using Eq. (33), we find that the rate of total kinetic energy due to the radiation reaction force is
given by

dK
dt

=−
(c2−v2

‖)p2
⊥+v2

⊥p2
‖

mτdampc2 =−
p2
⊥

mτdamp
. (35)

As shown in Eq. (35), the reduction of energy loss in the perpendicular direction due to the
presence of the parallel momentum is offset by energy loss in the parallel direction which is
coupled to the perpendicular momentum. Moreover, although the radiation force affects the
parallel and perpendicular components of the momentum as shown in Eq. (33), the total kinetic
energy loss of the particle only depends on the magnitude of the perpendicular momentum.
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