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ABSTRACT

Characterizing a Solenoid Lens for an Electron Beam LINAC

Christian Ratcliff
Department of Physics & Astronomy
Texas A&M University

Faculty Research Advisor: Dr. Peter Mclntyre
Department of Physics & Astronomy
Texas A&M University

Electron beam technology is a growing field with applications in industrial processes, the
medical field, and the physical sciences. To accelerate the electrons to the required energy, they are
sent through a linear accelerator, which electric fields to accelerate the charges, and uses magnetic
fields to channel them through the accelerator aperture. In order to effectively channel the electron
beam in its transport, solenoid magnets are used. A solenoid is an asymmetric winding of insulated
turns of copper foil strip, wound onto an insulating mandrel. When the current is driven through
the winding, it produces an asymmetric distribution of field that threads through the aperture and
returns it outside. The electrons are deflected in the gradient fields before and after the solenoid,
and are alternately focused and defocused as they move along the axis.

First a custom apparatus was constructed to measure the field flux and current pulse prop-
erties, were then analyzed to extract the central field strength for a given current and the spatial
distribution of magnetic fields along the axis. Next a prior derivation of the magnetic field flux
was adapted to fit the specifications of the solenoid, and compared to the data that was collected.
A numerical simulation code, COMSOL, was used to simulate the magnetic field flux, and the
results were compared to the measurements. Utilizing the principle of superposition, a beam line

containing 14 identical solenoid lenses was simulated using the data gathered from one solenoid.



The focal length of the solenoid was measured to be 1.31 m. Finally the path of an electron was
simulated though the beam tube in order to establish the focal properties of the beam transport. En-
suring the exact output location of the electron from the input location is of paramount importance

as it reduces the overall uncertainty in the final data.



ACKNOWLEDGMENTS

Contributors

I would like to thank my faculty advisor, Dr. Peter McIntyre, and my thesis advisor for this
project, and my research advisor for the past 3 years, for their guidance and support throughout the
course of this research.

I would also like to thank Gareth May, the graduate student in charge of this project, for
helping me with every step of this project, and guiding me to the best way to accomplish things,
while also giving me space to work through problems on my own. I would also like to thank Tim
Elliot, our lab’s Senior Scientific Instrument Maker, for helping me assemble all of the equipment
I used while undertaking this project, as well as helping me better understand the design process
of the solenoid. Thanks also go to Cannon Coats and John Rogers for always being willing to
be sounding boards for my ideas, as well as helping with any questions I may have had. Finally
thanks go to Connor Bowerman, my fellow undergraduate on this project, in helping me with data
collection and data processing.

The materials used for, Characterizing a solenoid of an electron beam tube, were provided
by Accelerator Research Laboratory (ARL) at Texas A&M.

All other work conducted for the thesis was completed by the student independently.
Funding Sources

Undergraduate research was supported by Accelerator Research Laboratory at Texas A&M
University and an additional help from Accelerator Technology Corp in College Station, Texas.

This work was made possible in part with funding from Lawerence Livermore National

Laboratory.



1. INTRODUCTION

When designing an electromagnet for a practical application, it is necessary to formulate
the magnetic field distribution that would provide the desired effect for the application, and then to
design an arrangement of current-carrying windings (and for some applications a steel flux return)
that can produce such a distribution. For the present application an array of pulsed solenoids will
be used to transport an energetic electron beam. The magnet field is produced by passing electric
current through a winding, which will transport the electrons throughout the array.

1.1 Magnetic field representation

The distribution of the magnet field produced due to a solenoid is traditionally approxi-
mated by the use of an infinite solenoid, but that is not helpful for this use. An infinite solenoid
is a useful first approximation as its infinite length allows for all edge effects to be ignored; that
is all the complicated and non-uniform at the end of the solenoid. It also means that the magnetic
fields are uniform across the circular cross-section of the solenoid. This is a helpful approximation
because it means that wherever the charge enters in solenoid, it will behave in exactly the same
way. Obviously this is an easier way to solve a problem, but it is much less realistic. The solenoid
that will be used is not a traditional solenoid, where a thin wire is wrapped in a coil, analagous to a
spring. Instead it is a wide and flat tape, whose width is the length of the solenoid, that is wrapped
in successive layers, in a fashion much like how a roll of tape looks. To theoretically calculate
the magnetic field of a similar solenoid, a group of engineers at NASA has developed a system
of equations for accurately describing the field utilizing Maxwell’s equations [1]. However this is
not exactly what is needed, as it only describes a single turn of solenoid, so their equation will be
modified to account of the loops of increasing radius.

COMSOL is software that is capable of numerically solving many coupled partial differ-
ential equations and simultaneous simulations of different physical systems. In this software a

3D replica of the solenoid will be created, including the material composition of the solenoid and



the physical dimensions of the winding. It is important to include the proper material as different
materials can have widely different magnetic characteristics, which will be demonstrated later in
Sec. 2.2.1.1. The reason the physical dimensions are imporant and not just the relative shape is
because not all physical processes scale linearly, and an observed effect at one size, will be double
in strength at double the size, instead it could be x4 the strength, or xv/2 the strength. Having the
correct dimensions allows us not only to do one-to-one comparisons with the measured data, it
also allows for the correct physics to be simulated. A group of researchers working on the Mu2e
experiment has shown that COMSOL is an effective means of modeling these magnetic fields of a
solenoid [2]. They generated these predictions in COMSOL, and then performed a similar process
of measuring the magnetic field with a Hall probe, and compared the two results. They found that
with the correct boundary conditions in a meshed 2D or 3D space, they were able to accurately
model the correct fields. COMSOL will be used in a similar fashion in this project, and results
will be plotted together to determine the difference between the theoretical calculations and the
COMSOL predictions.

Another method to do this is to collect data in relatively few spots, and the magnetic fields
can be recreated by utilizing the solutions to Maxwell’s equations in an helical coordinate system
[3]. This was done by a group at Northwestern, and they were able to recreate the magnetic fields
accurately. This will serve as an additional check of the fields found by NASA and COMSOL, as
they should all be generating the same result.

1.2 Solenoid Focusing

Solenoid focusing is when a solenoidal magnet is used to bend energy beams in a way
that is very similar to the way glasses refract the light going into the eye. Characterizing the
properties of this “lens” is what this study aims to do. Solenoid focusing is an explored area, with
equations already have been developed to model the flight of a charge through the magnetic field
of a solenoid [4]. These equations were solved generally, and must be altered to fit the parameters
of the apparatus, and a program must be developed to model the path of an electron. These focal

properties of the solenoids will then be used by researchers at Lawerence Livermore National Lab



(LLNL) to focus a beam of electrons into a single beam of a fixed radius and all in the same
direction. Careful measurement and calculation of these properties is paramount, as these the

precision of these parameters will effect the overall error of the completed experiment at LLNL.



2. METHODS

There are multiple phases to this experiment: designing of the measuring apparatus, map-
ping the magnetic field of the solenoid, development of the theoretical model, generation of COM-
SOL solutions, comparison of the three methods, and finally simulating the path of the electron
through the tubes and measurement of the lens factor.

2.1 Background Knowledge

Instrumental to the comprehension the contents of this investigation are knowledge and
understanding of magnetic fields, and how an electron interacts with it. A magnetic field is a region
that surrounds some sort of magnetic source that describes how charges, currents, or other magnetic
materials are influenced via the electromagnetic force. As the electron enters a magnetic field, the
electron experiences a force (Lorentz force), that is perpendicular to both the initial direction the
electron and the direction of the magnetic field. It is necessary to know that the magnetic field does
not accelerate the electron, it merely changes the direction. The electric field is what accelerates an
electron. The electric field lines start at an area of high charge, and point towards the area of low
charge. The electron moves perpendicularly to these electric field lines, but they are accelerated in
the direction opposite that the lines are pointing, because their charge is negative.

2.2 Development of the measuring apparatus

The measurement apparatus contains two main parts: the physical structure and the soft-

ware that captures the data. These two parts of the system were developed independently, and then

were finally assembled together, once both were independently tested.
2.2.1 Physical structure of measuring apparatus

The laboratory already possessed a Coordinate Measuring Machine (CMM), which allows
precise placement in each of the three cartesian dimensions. The probe that was used to measure
the field was the Senis Magnetic Field Transducer, Three-Axis, F3A type C [5]. This probe is

capable of measuring magnetic fields from O T to &= 2 T. The area of the probe which is capable



of sensing magnetic field is 0.00025 mm? in area, small enough so that it can be considered as a
single point, and this point is at a location specified in the manual. A custom mount was machined
that holds the probe in a specific location, while also protects it in case of accidental bumps with
the solenoid. The probe mount in connected to the CMM by a tube of brass; the brass allows a
sturdy connection while also not affecting any of the magnetics. The probe was placed such that
the observation point was placed at r=0 on one of the open faces of the solenoid. This starting
location was defined as (0,0).

2.2.1.1 Designing the Mandrel

Initially a bronze mandrel was used to wind the magnet around. A problem arose when this
inner bronze ring was essentially functioning as a single loop coil, which was inside of the copper
tapes that made up the solenoid. The initial flux density measurements revealed that the value was
much lower than expected, and an investigation was undertaken to determine the cause.

The first thing that was tested was accuracy of the Hall Probe. By taking a simple copper
wire and wrapping it around a PVC pipe of approximately the same diameter of the solenoid the
rough approximation of the solenoid’s fields could be recreated. It was found that fields matched
what they were expected to be, so the Hall Probe could confidently said to be in working order.

This left only the solenoid itself and its structure as the only remaining cause of the issue.
It was then when a member of the group raised the point that since this is a pulsed solenoid, not a
DC solenoid, the bronze ring inside is acting like a second coil. A pulsed solenoid means that the
current delivered to the solenoid was in the form of a pulse; it increased from a zero-point, reached
a max, and then descended, much like how a hill on a roller coaster functions. A DC solenoid
means that the current delivered is direct current (DC), meaning it was at a constant value in a
constant direction, in contrast to alternating coil (AC) where the current direction rapidly changes
directions back and forth, hundreds to thousands of times a second. As it uses a pulsed current,
this generates a number of complications which were not immediately seen.

Arising from Maxwell’s Equations, Eq. 1 is Faraday’s Law of Induction, Eq. 4, in which

is contained Lenz’s Law. Lenz’s Law states, “Nature abhors a change in flux. The induced current



will flow in such a direction that the flux it produces tends to cancel the change” [6]. Flux is the
rate of flow of anything through a specified surface or area. The amount of magnetic field lines

passing through a cross-sectional area is the magnetic flux of that object.
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In other words, the induced current will create a new magnetic field that points in the op-
posite direction of the original magnetic field. The current was passing over the solenoid’s copper
rings and generating a magnetic field as it was supposed to do, but this field was inducing a current
in the inner bronze ring, which in turn created a magnetic field, pointing in the opposite direction
of the copper coil’s field. It is a principle of superposition that any field can be decomposed into
many different fields that all sum to the original, and that is what is happening here. The main field
is pointing in one direction, and the induced field is in the opposite direction, and when they sum
together, their total field is roughly half of the intended.

These induced fields are a problem with pulse magnets as it is a nature of a pulse to have one
big change, so the induced fields can be quite large. Traditionally this is mitigated by introducing
an air gap in the inner coil, preventing it from creating a circuit and allowing current to flow. This
is one of the options that the group explored; the other being changing the inner coil to be made
of a non-magnetic material. After protoyping an air gap mandrel, ultimately the group decided for
ease of fabrication that the mandrel material would be switched to G10, a fiberglass resin laminate.

Fiberglass has no magnetic properties, therefore eliminating the prior issues.



2.2.2  Software for the recording of the field data

The SENIS Hall Probe outputs eight channels of data; +=5,,+85,, 5., and two channels
for temperature data. These later two channels were disregarded as they are not necessary to the
experiment [5]. The probe streams data up to 25 kHz, and that sampling rate that was chosen,
meaning data was taken 25000 times per second. Initially the plan was to use a data acquisition
device (DAQ), and specifically the LabView T7 was in consideration, but an issue was discovered
with the allocation of sampling rate that necessitated alternate solutions. If this device were to
be used, the theoretical maximum of the sampling rate would be used, but in a realistic scenario,
100% of the sampling rate was not available, and significant data loss would have occurred. A
lesser sample rate was not feasible since the entire width of the pulse is milliseconds in length, and
the length of the plateau is on the scale of hundreds microseconds. If we wanted to get enough
samples of the plateau, the 25 kHz sampling rate was needed.

In order to mitigate this issue, the method of data collection changed. A RIGOL DS1054Z
Oscilloscope was used as the instrument for data collection, with differential amplifiers on all of
the input channels. These differential amplifiers took the difference between the two signals and
recorded that value as the measured field. The data stream mode was open, and a collection of
values at 1200 time steps were taken, at 10 us intervals. These data points were then manually
saved to a CSV file on a USB drive, and then transferred to a storage drive. A new file was made
for each observation point.

2.3 Mapping of the magnetic field of the solenoid
2.3.1 Physically Mapping the Field

As one of the primary points of this project is to verify that the fields match those generated
in simulation, every single point in the solenoid will not be mapped; instead a selection of points
are chosen. Setting 2=0 at one face of the solenoid, points were taken from z = -85 mmto z = 85
mm, at three radii, » =0, 10, and 20 mm. Most of the points taken at » =10 and 20 mm were taken
on one side of the solenoid, but additional points were at the same radius, 180° offset to verify that

there were no asymmetries in the field. These additional points were taken in 25mm increments
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not 5 mm. All data points were collected within the same two hour bloc, in an effort to keep any
external factors consistent.

There are two configurations of the solenoid that were measured: with the physical beam
tube inside the solenoid, and without the beam tube. As the beam tube is made of metal, it is
expected that it will have some effect on the fields, so it is important to characterize this difference.
The same data points were taken with both configurations, and these were also taken within the
same two hour bloc.

2.3.2 Translating Data into Readable Charts

The first step in the data processing portion of this project was taking the thousands of data
points for the magnetic field in each of the three dimensions, isolating the plateau at the peak of the
pulse, averaging over the entire plateau, and outputting that single, averaged field value for each
of the three dimensions, at each location point. The size of the pulse plateau was already known,
200 ps, so the finding the peak is the priority. First each file is input into Python, and each column
of data is isolated and appropriately sorted. By looking at the plot of the magnetic flux density vs
time data, there was consistently a range where the peaks fell, such as in Fig 1.

To make the computational time faster, a narrow range was chosen instead of the entire
1200 data points, seen in Fig 1. Then both the B, and the current narrowed data were put through
a Savitzky-Golay (Savgol) Filter to help reduce the noise, as it was initially extremely turbulent. A
Savgol Filter takes subsets of data points that are adjacent to one another, and uses a least squares fit
(a type of approximation) to approximate data point locations. When each data point is equidistant
from its two adjacent points, the least square fit equations can be solved to get a set of convulation
coefficients. These coefficients can then be applied to each subset of data points, passing the entire
set of data through this filter, smoothing out the data [7]. This comparison can be seen in Figs. 2
and 3. The narrowed and smoothed data now closely resembled a parabolic curve. A program
was written to trace the parabolic curve and identify the peak, average a range of 21 data points

centered at the peak, and that value was what was given as the magnetic flux value.
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Sim and Measured Magnetic Flux Density (G) and Current (A) at (0,0.003), w/ Beam Tube
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Figure 1: Graphical representation of the data collected at a single current pulse, when the probe was

located at 0.005 m into the solenoid. The black box is meant to emphasize the region that will be utilized to

find the peak of the current.
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Post-Savgol Filter for (0,0,10mm)
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Figure 3: This is the exact same data from Fig. 2 except the measured data has been processed through a

Savgol filter and a new best fit line has been drawn.

2.4 Development of the theoretical model

Development of a theoretical model begins with an ideal case, and from there becomes
more and more general. The general case is that of an infinite solenoid, which is a solenoid that is
so long, the edge effects do not exist, and the field is uniform across the cross section of the bore
axis, and the field only points in the direction of the bore axis. From here on, the coordinate system
will be redefined for simplicity. No longer is z = 0 at the face of the solenoid, instead z = 0 lies

in the middle of the solenoid. Its magnetic field equation can be seen in Eq. 5

ol z+L/2 B z—L/2
2L |\ /GHLRP+ R \J(z-L2°+R?

B, (r=0,z) = By (2)

(&)

This field was adapted first by taking the equations by NASA, and modifying them to
account for the changing radius. Each turn of the solenoid meant that the outer radius of the
solenoid increased by the thickness of the copper. For one turn this might not seem like much of a
difference, but stack up 54 turns, that is a significant difference in radius. There are two methods

of treating this. The first is simply picking the middle point, and treating it as a single radius. The
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other way is to design the field equation to be dependent on the number of turns, and after iterating
over each turn, summing all the values together. The former method is easier, but the later is more
accurate, so that is what will be used. This is just a starting point, used to compare the measured
values to the simulated and the predicted values. When it comes time to model the path of the
electron through the solenoid, a more rigorous treatment of the fields must occur.
2.5 Generating COMSOL solutions

Within COMSOL a 3D mock-up of the solenoid was made, and many of the experiment
parameters are input into the system. This parameters include the material composition, the physi-
cal dimensions, and the value of the current. The current value that was input came from the value
that was measured at the peak field at each point. Another important factor when designing these
simulations is the mesh size. The mesh is how the computer breaks up the system into little parts,
and its those parts that the software uses to simulate the physics. The finer the mesh, the more
accurate results, but there is a point where diminishing returns are reached. If the value only gets
0.0001% more accurate, but it takes 10 hours to run, that is much less useful that an number accu-
rate to 0.1%, but only takes 30 minutes to run. One of the points of this project is to verify that the
simulations are correct, so a very high degree of accuracy is not needed. Therefore a less fine mesh
was chosen, and the simulations ran, on average, for 20 minutes. Then the output parameters are
set, so that it knows what exactly it is trying to solve for, and then it numerically solves for them.
These results are then output into a CSV file, which is then input into the same graphing program
as the measured data.
2.6 Comparison of measured field, COMSOL fields, and theoretical fields

The three sets of field data: measured, simulated, and predicted, all used the same current,
the current collected during the gathering of the measured data. This allows for a strict comparison
of the B fields and nothing else. The simulated values that were exported from COMSOL and
the values predicted and output from the program are plotted on the same graph as the measured
values, so that an easy comparison can be made. It is expected that all three fields will be very

close in values to each other.
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2.7 Simulating path of electron and measuring lens factor

This derivation in this section was performed in [4].

An important term in solenoid focusing, and accelerator physics as a whole, is rigidity [Bp)].
Rigidity is a measure of the stiffness of a beam, or measuring how much angular deflection results

when a particle travels through a given magnetic field [8]. In equation form it is [4]:

p  mvy mc mc &N\’ £
[Bp] = = = =—bBr=—"—=7) t2(=—>5 (©)
q q q

q mc? mc?

First, the world of the infinite solenoid approximation must be left behind, and more realis-
tic field must be found. The solenoid approximation will not be completely left behind, it instead
be the field only along the bore axis, where » = (. Now the radial field must be found, and that

derivation is:

B=B,(rz)f+B.(rz):2 (7)
S 10 0B,
-B=0=-—(rB,)+——=0 8
\Y :>7°8r(r ) + ER ®)
. 0B, 0B.\ -
B=0= S )0=0 9
VX (8z 67") ®
B,=B.(r=0,z)+---=~B,(r=0,z2) (10)
1 1
BT:—§B; (r:O,z)+---%—§B; (r=0,z) (11)

By assuming that the particles enter from a region where B =0, the system is rotationally
symmetric, so the canonical momentum (P) is conserved, meaning that it is constant. Canonical
momentum is made up of two different momentums; the kinetic and the potential momentums.
The kinetic momentum is the momentum that is clearly visible in everyday life; a baseball that is
thrown at given velocity, the momentum is equal to the mass of the baseball times the velocity it
was thrown at. The potential momentum is harder to describe as it really does not have an everyday
analogue. It is similar to the scalar electric potential, where the scalar field is related to the electric

field. The magnetic vector potential is similar, except it is a vector field that is related to the
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magnetic field. So the potential momentum is the momentum imparted upon the electron by this
vector potential. Canonical momentum is the total momentum, summing the kinetic momentum,
and the potential momentum. If the beam is initially magnetized then P = 0. Using Ay = %Bz(r =

0, z) and the fact that B =V x A it can be shown that:

rB.(r=0,z)
2
qrB.(r =0, z2)
2

Py = myrvg + 4 = constant (12)

Po=0= vy = (13)

Now the radial equation of motion can be developed, starting from the Lorentz force law [6].

do —
d_]t) =qUx B (14)
mAi = qif x B (3
. oA 1
= my (r - r02> —q (M + 760 + zz) X (—537% 1 Bzé) 7 (16)
i = 4 <r9) B.(r=0,z) (17)
ym
. (qu(r_O,Z)) = _9 (M) r (18)
2mey 2myy
B,(r=0,2)\>
f+(q (r ,2)) =0 (19)
2mry

Then the equation is then parameterized in terms of z, rather than ¢, and using the prior defini-

tion for rigidity:
d dz d d d
_ = = rUZ_ ~ UV—
dt dt dz dz dz
muy
[Bp| =
q
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Implementing these changes into Eq. 19 becomes:

d? B.(r=0,2)\"
2 z ) —
v —dzzr + (q—va > r=20 (20)
d2 B.(r=0,2)\"
= 7 =0 21
dZZH( 2[Bp] > ' el

Eq. 21 is in the form of Hill’s Equation, which is a second order differential equation that has
a periodic coefficient. This periodic coefficient is why the magnetic field causes the electron to
spiral around the z-axis [4].

Eq. 21 can also be reached in another way, by considering the geometry of the solenoid.
Even though it reaches the same conclusions, seeing the system as a geometrical one instead of
an approach that requires reparamertizing radius to vary with position than with radius can be
beneficial as the later is much harder to visualize without a more formal knowledge of differential
equations. It is assumed the particle enters at a radius, 7y, with no initial angle. Then it will
oscillate with a frequency:

w=-———") (22)

which means that the angular velocity is given in Eq. 13 with » = 7. The radius that the particle

will remain at, called the radius of gyration, is:

m’Y’“e’ To

= 7 = 23
T qB.(r=0,z) 2 )
Utilizing the law of sines it is found that:

B,(r=0,z -

T(Z) = rycos (q (7' z ZO)) 24)
2mury

d? B.(r=0,2)\"
- —=r 7 =0 25
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where again Hill’s Equation is reached. Renaming the coefficient to x(z), a matrix analysis can be

performed that allows for the transformation of both the radial position, and the rate of change of
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radial position with respect to the axial coordinate.

T 1 0 T

~ (26)
dr -1 dr
dz f dz

Zi

The left side of Eq. 26 is the transformed coordinates, at any z, and the right side is the transfor-
mation matrix multiplying the original coordinates, at z = 2.

It was mentioned earlier that the solenoid acts as a lens for the electron, much like a pair of
glasses bends light into the eye. A property of an optical lens is the focal length. The focal length
is the point where light converges, measured from the center of the lens. It can also be thought as a
measure of how much the lens bends light; the shorter the focal length, the sharper the lens bends

the light. The same characteristics can be applied to the solenoid. The solenoid’s focal length is:

1 (B.(r=02=0)\" .

From this relationship a very important conclusion can be drawn, and it arises due to the
rigidity in the denominator. From Eq. 6, the rigidity is equivalent to the ratio of momentum to
charge. That means if the momentum is small or the charge is very large, the lensing effects will
be much greater. The latter is a bit harder to visualize, but fact that the lower the momentum the
higher the lensing effects is easier to understand. It can be thought of in a system of two soccer
balls. Ball 1 is rolling across the field at a given speed, when Ball 2 is kicked into the path of Ball
1 resulting in a collision, and it is assumed that all of the energy of Ball 1 in transferred into Ball
2. If Ball 1'’s velocity was low compared to Ball 2’s, then overall Ball 2’s path will not be change
that much. If Ball 1’s velocity is much higher, then Ball 2’s path changes much more. The more
the path changes the stronger it is lensed.

The focal length in Eq. 27 will be utilized with Eq. 26 to simulate the path of an electron
through the solenoid. The starting coordinates will be input into the right side of Eq. 26, and the

coordinates on the left side are the coordinates of the electron after it exits the solenoid. Later,

18



this matrix will be used in 14 successive iterations, showing the path evolution of the electron It is

more useful for calculations if Eq. 26 is resolved into x and y coordinates. Taking directly from

Dr. Lund’s presentation on this topic [4], and setting kK = k:%, the transform matrix is:

0
ki

0 0
—kr, O
1 0
0 1

—Sln(Qk:LL)
cos(2ky L)
—sm *(kr L)
—sin(2k. L)

ésirﬁ(kLL)
sin(2k. L)

—sm(2kLL)
cos(2k L)

0
—k;

(28)

The previous equation gives the transformation matrix in three parts: the thin lens kicks at the

entrance and exit of the solenoid, and the rotation in the central region of the solenoid.
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3. RESULTS

3.1 Single Pulse

At each location, 1200 time steps were calculated, collecting a B,, By, B, and current
value at each time step. This constituted the data collection for one pulse. A single pulse can be
seen in Fig. 4. The B, and B, values are constant, and constant at a low value, which is what is

expected for a solenoid’s field.

Magnetic Flux Density (G) and the Coil Current (A) at (0,0.003), with Beam Tube
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Figure 4: This is a graphical representation of all of the data points collected during a single current pulse.
It is the same data as Fig. 1, but without the black box, as in this case the emphasis is not on the peak, but
rather the figure as a whole. The B, and B, fields say constant at a very low level as expected, and there is

a slight delay between the peak of the B, and the current.

3.1.1 Beam Tube vs. No Beam Tube
The effect of the beam tube can best be seen in the plot of the single data point, as in Fig.5.
While the currents of each configuration line up very well, the fields are slightly offset. Without

the beam tube, the delay between the current peak and the field peak was consistently 40-60 us,
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but once the beam tube is introduced, this jumps to 120-140 ps. This delay was expected, but
the exact effects were not predicted. The increased delay is due to the diffusion of the magnetic
fields through the material. A good analogy is how a paper towel and a sponge absorb water.
Water quickly diffuses through to the other side of the paper towel, but with the sponge requires a
much longer time to completely diffuse through to the other side; the same thing is occurring here.
When the metal beam tube is in place, the magnetic fields must first diffuse through the beam tube
before it can reach its peak values, which is why the delay is seen. The derivation of this magnetic

diffusion time constant is not within the purview of this paper and will not be further discussed.

Effects of Beam Tube, Magnetic Flux Density (G) and the Coil Current (A) at (0,0.003)
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Figure 5: Comparing the single pulse graphical representations of a single pulse with the beam tube inserted
vs no beam tube. The B,andDB, fields were omitted as they have no impact on the interpretation of the graph
and would have only cluttered it. The current peaks occur at the same time regardless of the presence of the

beam tube, but the peak in the B, occurred later when the beam tube was inserted.

As is only adds a delay to the peak field, and does not change the magnitude of the peak
field, the plots of the B, for the beam tube and no beam tube are identical, which can be seen in

Fig. 6. This figure also shows how small B, is compared to B,. This can be used to justify the
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approximation found in Eq. 5.

Magnetic Field Flux along the z Axis
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Figure 6: Comparing the peak measured B values vs the COMSOL simulated values as the position on the
z axis change. The B, (simply a way of writing B, and B, together) stays consistent at a low level. In a
completely idealized world, B, would have been 0. The measured values were uniformly offset by a small

amount.

3.2 Atr=0, 10mm, and 20mm
In Fig. 7, the effects of the beam tube, or the lack thereof, can be seen. Not only is there no
discernible difference between the +z and —z, there is no difference between having a beam tube
and not having one. Additionally the peak field occurs in the center of the solenoid, which is what
should happen inside of a solenoid. This all aligns with the expected results.
3.3 Comparison Between Measured, Simulated, and Predicted Values
The values for the measured, simulated, and predicted fields are all plotted in Fig. 8. In
this field there are two significant results. First the predicted value is centered at z=0 mm, whereas
the measured and simulated values are slightly offset, centered at z=5 mm. All this means is that
when the =0 point was initially set, it was not set completely flush with the solenoid face as was
intended, instead it was set 5 mm into the solenoid. This is further confirmed by manually adding

a 5 mm offset in the z direction and replotting the results. This had no effect on the later analysis
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Magnetic Field Flux at a radius of 10 mm along the z axis
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Figure 7: Comparison of B, values at x = £10 mm, as well as the COMSOL simulation at v = 10 mm.
They are all the same shape with all of the experiementally measured values offset by the same amount from
the simulated values, the same as the result shown in Fig. 6. Because the x = 10 and x = —10 plots are the

same, it can be concluded that the solenoid is symmetric, as desired.

of the results, it just meant it was slightly offset.

The second significant result shown in Fig. 8 is the slight vertical offset in the measured
data and the simulated values, and a much larger offset between those two and the calculated
values. The difference between the simulated and the measured values can be much more easily
explained. During testing, it was found that the measured values had a uniform and constant offset
across all values. During data collection, there were many different current values were tested,
so there are more data sets than the one analyzed in this thesis. Different currents were tested
not because the improved the gathered data, but the parameters that LLNL wanted changed. As
there were different data sets, this mysterious offset was measured an compared with offsets from
different data sets. While the offset was not constant across all data sets, it was constant within
each set, which was an acceptable finding. As long as it was producing a uniform effect, it meant
that nothing was structurally wrong with the setup, and nothing needed to be adjusted.

These results also held true at » = 10, which can be seen in Fig. 9. The beam tube made no
appreciable difference on the peak field value, which is why the red and blue lines overlap. The

offset is also still present at » = 10, which is why the yellow line is slightly lower. This is as
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Magnetic Field Flux Values along the Bore Axis, w/ Beam Tube
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Figure 8: Comparison between the measured values, calculated values, and the simulated values of B
as a function of z, along the bore axis. The calculated values are higher as expected because they were
calculated using idealized conditions and simplifications. There is a small horizontal offset between the
calculated values and the other two set of values. This is because when the zero point was intially set, it was

not perfectly on the face of the solenoid but rather slightly offset. This had no impact on any calculations.

expected, as what holds true for the bore axis should also hold true on the outer radii.

Magnetic Field Flux at a radius of 10 mm along the Z axis
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Figure 9: Comparison between the measured values, calculated values, and the simulated values of B as
a function of z, at r = 10 mm. The calculated values are higher as expected because they were calculated
using idealized conditions and simplifications. There is a small horizontal offset between the calculated
values and the other two set of values. This is because when the zero point was intially set, it was not

perfectly on the face of the solenoid but rather slightly offset. This had no impact on any calculations.
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3.4 Path Tracing

Using Eq. 28, the motion of the electron through the entire 14 solenoid beam tube is simu-
lated. Through each iteration of the simulation, the exit coordinates of one solenoid is entrance

coordinates of the next solenoid. This can be seen in Fig. 10.

Path of Electron Through System of Solenoids

(w) Z

Figure 10: The path of the electron (green) is shown as it traverses through a path of 14 solenoids. The

solenoids are the alternating red and blue cylinders.

The data in Fig. 10 can be further represented in a two dimensional format in Fig. 11. In this
plot, it can be seen that the x coordinates and the y coordinates are oscillating roughly out of phase
with each other, seen in the blue and the red respectively. When plotted as a radius, seen in green,
it slowly increases as the velocity of the electron increases.

Viewing Fig. 10 along the bore axis results in a view seen in Fig. 12. The particle starts at
(x,y) = (0,0), and they oscillate around the center axis, not quite circular fashion, but in a pattern

that appears to precess around the center axis. This result is the one that is expected, as when Fig.
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X, Y, and Radius Location as Function of Z
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Figure 11: Two-dimensional readout of the data shown in Fig. 10. The x and y (blue and red) alternate up

and down, where the radius as a whole generally trends upwards.

12 is compared to the result found in the USPAS presentation (seen in Fig. 13), they appear quite

similar, albeit a bit rougher as there were not as many points used.

Position of Particle, Viewed from Z-Axis
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Figure 12: Top down view of Fig. 10.
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Figure 13: This is what Fig. 12 should look like under ideal conditions and many data points. This was
taken from the USPAS Presentaion on Solenoid Focusing [4]

By using Eq. 27, the focal length is calculated to be f = 1.31m, which satisfies the

requirement that f >> [, meaning the result can be trusted.
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4. CONCLUSION

4.1 Field Mapping Results

The measured field closely aligned with the fields simulated in COMSOL and theoretically
predicted. The measured and predicted fields were consistently higher by a few gauss, but this
value was consistent for every value in the data set, and was deemed not of concern. By showing
that the field values on either side of the solenoid matched, it was also found that there were no
asymmetries, as expected. A slight delay in peak field was discovered when comparing results with
the beam tube and without, and this arose from the magnetic diffusion through the metal beam tube.
Additionally the results were all generated with the magnetic permeability of free space rather than
the magnetic permeability of the respective materials. That was just because it greatly simplified
the calculations and did not greatly impact the results.
4.2 Particle Path Simulation

The path of the electron was simulated using a simplified and approximated magnetic field,
giving results that show the general trend that the exact results would take. The path of the particle
was centered along bore axis, and in general the radius increased as it went further down the beam
tube. The result was compared to one that was produced in a prior paper, and the results were
comparable.
4.3 Further Study

The next steps for this project are to construct a second solenoid, and repeat the same
analysis. Those results would then be checked against the results found in this investigation. If
they match, the rest of the solenoids would be constructed and verified one final time, and would
then be implemented at LLNL. If they are different, a new investigation would be undertaken to
find out why these differences are occurring. If the difference was not due a simple error, and
it was related to a fundamental flaw, this problem would need to be fixed before any part of the

project can be moved forward.
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