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Abstract

This paper presents an analytical calculation of the spatial power spectrum emitted from relativistic elec-
trons passing through a series of bend magnets. Using lattice files from the software Elegant, both the ideal
and missteered trajectories taken by the beam are considered in determination of the power profile. Calcu-
lations were performed for the Advanced Photon Source Upgrade multi-bend-achromat storage-ring. Results
were validated with Synrad, a monte-carlo based program designed at CERN. The power distribution and
integrated total power values are in agreement with Synrad’s results within one percent error. The analytic
solution used in this software gives a both quick and accurate tool for calculating the heat load on a pho-
ton absorber. The location and orientation can be optimized in order to reduce the peak intensity and thus
the maximum thermal stress. This can be used with any optimization or FEA software and gives rise to a
versatile set of uses for the developed program. [7]

1 Introduction

1.1 Problem Statement

When accelerated through a magnet field, relativistic electrons emit synchrotron radiation. This radiation
creates a spatial power distribution on intercepting surfaces which may be used to calculate the resultant
heat load. The problem may be broken up into several simpler steps. These involving computing the ideal
path that the bunch of electrons take; adding real orbital errors to this trajectory; ray tracing the emitted
photons; and determining the intensity of the power where each ray lands.

1.2 Solution

A parameterization of the ideal path is used, thus discrete time steps are chosen. Though it can be changed,
the program uses 100 equidistant time steps per dipole magnet that is analyzed. This will create 100 pho-
tons that impact the input photon absorber per bend magnet. For each of these, a vertical spread of 1000
points is created and the full power spectrum is calculated - this number may also be easily changed. This
gives a one-hundred-thousand-point mesh of varying density.

Many initial values such as the magnetic field strength, geometrical constants of the magnets, and beam
energies are taken from a lattice file created by the program Elegant. A lattice file from Elegant or of iden-
tical formatting must be used for the software to work properly. To simplify the equations that follow, the
general rotation matrix is given by Equation 1. Any parameterized function centered at the origin and
acted upon by the matrix Ry(6) is rotated counterclockwise about the vector @ by an angle 6. Figure 1
displays the global coordinate notation used by the program.
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Figure 1: An electron emitting radiation onto a planar surface. Each photon ray creates a vertical distribu-
tion. The global ZXY-coordinate system used is analogous to the more common XY Z-cartesian system.
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2 Theory and Method

2.1 Ideal Trajectory

In order to solve for the proper trajectory, values in the lattice files must be used. The bend magnet of
interest contains values denoted by subscript 1 while the element preceding it in the lattice file contains
values denoted by subscript 0. In a dipole field, the path taken by the electrons follows an arc of a circle.
This can be done using a parametrization with a radius of curvature given by Equation 2 [3].

m()e )

P= q.B

The values of which to parametrize the arc are contained in the set ¢ : (0,¢) where ¢; is the total time
spent in the dipole region given by Equation 3. As is the arc length of the curve.

As
ty = —

3
- 3)
In order to place the trajectory in the proper location in global ZXY-position space, the curve must be ori-
ented and translated properly. If 6, is the angle that the beam enters a dipole field at with respect to the
Z-axis, and if 7 is the initial position of the entering beam, the parametrization is given by the following
equation.

_ psin(7t)
T(t) = Ry (6o) | plcos(gt) —1)| +T1, t=0.15 (4)
0

The initial condition, 71, is given by Equation 5. ds is the effective drift length between the magnet of in-
terest and the preceding element.

Zy cos by
71 = |Xo| + s |sin Oy (5)
0 0
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2.2 Off Orbit Trajectories

In reality, there are orbital errors in the beam trajectory. The lattice files give Courant-Snyder (or Twiss)
parameters (8 and «) which can be used to define two phase space ellipses - one for errors along the local
x-axis and one for errors along the local y-axis. To achieve the values at the start of the magnet, they must
be taken from the previous element in the lattice file and translated across a drift if it is present. Given the
values contained within a transfer matrix, M (s, s,), between two points on the beam

= m m
W(spos0) = [t 72 ©)

one can use the following general translation matrix to solve for the Twiss parameters at the start of a
dipole:

ap m11Ma2 + M12Mo1  —M11M21  —M12M22 Qg
_ 2 2
Bo| = —2mi1miz m1 mia Ba (7)
2 2
Yo —2ma1ma2 myy mao Ya
where
1+ a?
T3 (8)

The transfer matrix for a drift is given by Equation 9.

M(s1,50) = {(1) (ﬂ

which leads to the following equations for the Twiss parameters at the start of the bend magnet [5] .

) = ag — VoS (10)
[31 = 50 — 20[055 + 70652 (11)
71 =7 (12)

The equations defining the phase space ellipses are given below [6].

Au = 7x,1x2 + le,lxx/ + 61‘,1-73/2 (13)
Au = 7y,1y2 + ay,lyy/ + ﬁy,lyl2 (14>
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Figure 2: The (x,2’) and (y,y’) phase space ellipses describing orbital errors
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To find a properly missteered path, one first selects a point on or within each ellipse corresponding to the
orbital errors. The trajectory then needs to be fixed to reflect the error. To do this transformation prop-
erly, the local x-axis must be known (denoted by Z;). This is orthogonal to the ideal direction of travel, 5,
and the vertical axis.

Ty =Y X S (15)

By definition, 2’ = ‘é—”sc and 3y’ = %. In order to apply the correct rotation matrices one should consider the
spherical coordinate system shown in Figure 3. Equations 16 through 18 give the off orbit coordinates in

terms of the angles 6 and ¢. If solved for in terms of ' and 3, rotation matrices may be used.

ik ®

X

Figure 3: The angles # and ¢ may solved for in terms of z’ and ¥/’

dx = cos 0 sin ¢ dy = sin 0 ds = cos 0 cos ¢ (16)
dx dy
e tan ¢ = tan 6 sec ¢ (17)
=1 =y (18)
_ —1/.7 - 1 Yy’
T(t)err = Rz,.,.,(—0) Ry, (¢) (r(t) =T1) + (z Ty + y G +71) (20)
Tnew = Eyz (qs)jl (2]')

As shown in Equation 20, the ideal trajectory must first be centered on the origin before using the rotation
matrices. After orienting the path to contain the z’ and 4’ errors, the parametrization may be translated
back to its initial position, 71, and then again along the 7; and ¥, axes by the z and y displacement values
obtained by each respective phase space ellipse. This should be done to the first magnet used in the analy-
sis. The orbital errors in the following magnets can be found by using transfer matrices.

2.3 Ray Tracing

Ray traces are calculated in two steps. A horizontal distribution of center rays are drawn out by consider-

ing each time step in the trajectory parametrization. For each time step, the rays follow in a straight path
tangent to the normalized velocity vector, t1(t), and start at the position of the particle, 7(¢). The distance
traveled is given in Equation 22 by the parameter d and determines the point, P(d,t).

Pd,t) = d * 1 () + 7(1) (22)



2.3 Ray Tracing 2 THEORY AND METHOD

The photon absorber lies along a plane specified by the user. This is given by a normal vector, 74, and
an arbitrary point lying on the plane, Py. Using the equation of a planar surface, the distance, d, can be
solved for by substituting in the equation for the ray. This gives the points, P(d*,t), that the rays impact
the absorber at at zero vertical angle.

fia- (P Py) =0 (23)
o (P =T (1))
) = (24)

From each center ray, a set of vertical rays may be drawn. Each one deviates vertically along the direc-
tion of the center ray that impacts at P(d*,t). A secondary plane with a normal vector, 7ig, orthogonal

to the vertical direction, Y, and the direction of the center ray, #;(t), is used. The line of intersection be-
tween this plane and the photon absorber contains the end points of all of the rays in the vertical spread at
time t. Figure 4 gives a visualization of the vertical spread while Equations 29 and 30 give expressions for
the X and Z values on the absorbing surface for a given parameterization of vertical distance, Y. The pro-
gram currently runs for Y = £5 [mm] (though this can be easily changed). Each vertical line is centered at
P(d*,t).

=
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Figure 4: A vertical set of rays may be found for each zero-angle ray located at P(d*,t). This is done using
a plane stretched vertically from the zero-angle ray (See the vertical transparent plane above).

0= s (P P() (25)
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2.4 Power Distributions

For each point P(d*,t) in the horizontal distribution, the vertical power distribution may be calculated by
using the angle, 6, between the zero-angle ray located at P(d*,t) and the vertical rays previously calcu-
lated [4]. The power, %, may be converted from an angular spread to a spatial spread by dividing it by
the square of the distance that a given ray travels, D2. The factor, f, is the projection of the power onto
the photon absorber and is found by dotting the planar normal vector and the unit vector describing each
vertical ray’s tangential direction together [1].

o?pP 1 5 1
900 :f*Pd’O(HQ?)% (H?(HQQ)) Q= oy
Py o(W/mrad?) = 5.421 x E(GeV)*I(A)B(T) (32)
9*P o 1 0%P
TR T .
f= |Rv,i 'ﬁA‘ (34)

3 Results and Discussion

3.1 Accuracy

To verify the accuracy of the program. An analysis was run for the M3.1, M3.2, M2.5, and M2.4 reverse
magnets and the planned B-crotch absorber for the APS-U at Argonne National Laboratory. The green fan
in Figure 5 in composed of the individual rays from the 400 time steps used in the trajectory parametriza-
tion. Figures 6 and 7 show a top down view and a side view of the resultant power spectrum respectively.
Numerical data from another distinguished program, Synrad, is overlaid on top of Figure 7 [2]. The total
integrated power calculated in Synrad was 2.84 kW while the integrated power given by this program was
2.8428 kW. As shown, the deviation in both the total power and the distribution shape are less than one
percent. This verifies the accuracy of the software.

Particle Trajectory

S0 M3
S { ,I,’ ‘:--.‘
M3.2 J
M2.5
M2.4

x-direction m]

z-direction [m]

Figure 5: Ray trace results for the M3.1, M3.2) M2.5, and M2.4 magnets radiating onto the B-crotch ab-
sorber.
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Figure 6: A top down view of the power load.
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Figure 7: Side view with Synrad data overlaid. Note: the Synrad data only ranges between 12 and 88 [mm]
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Figure 8: A 3D view of the distribution
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Figure 9: A 3D view of Synrad’s distribution. Note: the Synrad data only ranges between 12 and 88 [mm].

The transverse axis is also mislabeled.



3.2 Limitations 3 RESULTS AND DISCUSSION

3.2 Limitations

There a few limitations with the current state of the program. Five notable ones include (1) using multi-
ple photon absorbers, (2) having a photon absorber normal vector with a non-zero vertical component, (3)
using orbital errors with multiple bend magnets, (4) using downstream magnets that don’t emit onto the
input absorbing surface, and (5) using absorbing surfaces that are non-planar.

3.2.1 Multiple Photon Absorbers

The program applies the heat map to a single photon absorber that is given by the user. This is assumed
to be an infinite plane and all regions that intercept photons are plotted. If one wishes to analyze multiple
absorbers or an absorber with a gap, running separate simulations is recommended.

3.2.2 Normal Vectors of Non-Zero Y-component

When the code runs to completion, the results are accurate. As it is now, however, the code breaks down
when the vertical component of the input normal vector is non-zero. In order to see whether some of the
synchrotron radiation overlaps and thus superimposes, an interpolation method has to be used. Matlab’s
built-in function, interpn, requires a very strict monotonically increasing meshgrid to interpolate in space.
When the normal vector is titled upwards (or downwards) the mesh may no longer be monotonically in-
creasing and the code throws an error. To fix this, one could either (1) improve the interpolation method

or (2) comment it out and instead append the heatmaps together rather than interpolating and then adding.
This assumes that the ray traces never overlap however. Commenting out the interpolation code would not
show the user whether overlap occurs.

3.2.3 Missteering with Multiple Magnets

As it is now, the code that computes the orbital errors will solve for different possible trajectories of a
single magnet. The default creates 64 ’extreme’ paths that incorporate values such as the maximum x-
displacement or the maximum y’ value (and all permutations of these values). Unfortunately there is no
simple way to match up the missteered paths of one magnet with the missteered paths of the following
magnet. In theory, if one starts out with an orbital offset, the orbital errors down stream should be con-
tained on or within the phase space ellipse that corresponds to the location of interest. One may suggest
that the current code just start out with an initial position and orientation that reflects an orbital offset
and then send it through the rest of the code. The problem with this is that the current program does not
handle quadrupoles. If there is a non-zero y’ orbital error, the electron will move upwards until a focus-
ing quadrupole is reached. MATLAB’s function for reading in excel data (from the Lattice file) does not
handle strings and replaces them with 'NaN’. For this, even if the code could handle quadrupoles, there is
not a simple method for ’knowing’ that the next row of the lattice file to analyze is one. As a result of this
issue, the missteering code is currently commented out and set aside for further exploration.

3.2.4 Downstream Magnets

If some of the magnets input into the program for analysis are behind the photon absorber, then no rays
will be traced out as none of them land on the absorbing surface. Currently as the code is, the code will
break down for the same reason previously mentioned in Matlab’s interpn function. When the data sud-
denly cuts off, the mesh grid is no longer monotonically increasing and the interpolation breaks down. As
long as the input magnets are realistic in that they precede the photon absorber’s position, the code should
work well.
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3.2.5 Non-planar Absorbers

The program only allows for planar surfaces defined by the input normal vector and position. If special
curved surfaces are used, one method would be for the user to input a series of nodes and to write a code
that determines photon impact location. If the shape can be written using a 2-variable parameterization
(such as a sphere or toroid), that may also be a method for determining ray traces on curved surfaces.

4 Conclusion

This project began with the goal of determining the power distributions on arbitrarily placed planar sur-
faces. As shown, the program completes this with degrees of accuracy within one percent from the software
Synrad. The code is versatile in that it can handle any bend magnet that will emit radiation onto the in-
put absorbing surface. The functions are autonomous and set up the possibility of integrating into other
programs such as COMSOL or ANSYS. A particle trajectory created in another program may be used in
the functions created for this program. Additionally, the analytic method used gives rise to quick runtimes
that may be better suited for optimization processes. Though advantageous in some regard, it also has its
limitations. As discussed, the code would benefit from utilizing arbitrary surfaces, stable interpolation, and
incorporation of missteering effects. The code is easily adaptable however and this paper gives the user the
necessary information to improve the program to meet their needs.
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6.1 Code
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% CaloPower

% This function takes in a point, pd, That Lies on an absorting plane, np,
% the nomal vectar of That plane, and Lathows, 3 vector of numbers
% INd1C3TING WNLCH FOwS O the Imported lattice Tile “VersionGLatiice.xlsk’
% {WNLCh MUST be changed in the code below LT the name changes| want to be
% analyzed. WLTh This 17 Tinds the intensity distribution, the total
% Integrated power, and the peak pwer level on the specified plane.

¥ function otlntvecs, TotalPower, Peak) = CalcPoweripd, no, 13RS |
close 3

HatTice = xlsread| "Vers1onGLattice.x1sx');

Latrice = xlsread] ‘NoVF.uls 13

n= 188;
W = 1808
m= 2418°-3;

13tHWS = 13RS - 33

SBQTENts = lengn{ Lathows|;

TOT. = 2eros|3,nesegnents);

TOTV = 2Er0sid,nesegrents);
Totlent = zerns|3,n+segments);
HeatMaps = zernsiy,n,d, segnents);
PrevientCls = @;

tigure

B for 1ter = 1:segrents

row = Lathows { 1ter];
prev = getPravirow, Latiicel;

ds = Lattice{row, 21 - ...
Lattice{row, 113

L = Lattice(row, 513

Thetad = Latticeiprev, 813

thetaF = Latticedrow, 813

Zprev = Latticeiprev, 713

¥ prev = Latticelprev, 613

drift = Lattice{row, 1) - Latticelprev, 213

rd = [Z prev + drift+cosithetad)
¥_prev + driftssin{therad)
al:

betadd = Latticelprev, 913
petdvd = Latticelprev, 1al;
alpnaxd = Larticeiprev, 1313
alpnaye = Larticeiprev, 1413
gamaEd = | 14alpnaxatz) sBetase;
gamaye = {l+alphaverzl Betave;

betaxl = Detadd - Z4AlphasBedrifi+...

QAMEXBIrLTT2;
1phaxl = 3LpnaXE-gamEXEHIriTT;

a
betayl = Deta@ - Z+alphavesdrifi+...

qEAMEBHIFLTL2;
alphavl = 3lphave-gamaerite;

[r,v,B] = DipaleTrajectoryil, ...
thetad, thetaF, rd, ds, n
TOMW 1, (1 Lter-1lenel) 2 1tern) )

oz, il ier-1lanal) s 1merenl | = w3
%  [rs,vs] = Missteerir,v, betaxl, ...
% petavl, alphaxl, alpnavl, ...
% Datatype, USerxs BN, ...
% userys, nl;
[centers, rays, np, T2, countl = ...
FayTraceir, v, pd, ng, nl;
1f count > @
INtensity = SPECTruT CEnters, ...
rays 12, B, W, ml;
HeatHaps 1,1t8r] = Intensity;
and
‘ToTCent|:,PravientCls+li.
FrevientCls+oount) =
centers;
PrevientCls = ...
PrevientCls+oount;
and

totlent = totCenti:, LiPrevientCls);
Totlnt = InterpMapsiHeatdaps);
[TotalPower, Peak] = ...
TotalP{TotInt, totCent, npl;
Toyntvecs = vectorize{TotInt);

% Read in the lattice Tiles.
% Read in the lattice files.

% Number O pOiNts T0 plOT per seguent in the horizontal angle.
% Number Of poAnts 0 ploT In the vertical direction.
% 581 range of vertical vallies to consider in the intensity profile {in [mll.

% The TIrst 3 rows Of the 1aTtice T1l8s are non-numeric. This COFTeCTs for user Lnput.

% Determdng the number of Segments being used.

% Defing matris containing khe cumulative path.

% Defing matris containing cumulative velocltles.

% Defing matrls containing Cumulative Center points.

% Defing matris containing @ heammap Trom €3ch segment.

% Determang the number of v@lues 1n the "Centers Matrix’ - totCent 50 far {(start at zerol.

% NOTE That 'roW — 2° 15 USed T0 COFTECTly chose the row
% That the user asked 0 analyze. The are oTTset by 2
% Consider the CUrTent row.

% AQUire the previgus row a8 Well.

% The arc length 15 sumply SEnd - sStart.

% The effective magnetic lehgtn.

% The angle coming in.

% The angle leaving the segrent.

% The end Z value O the last mamber

% The end X valug O the last mamber

% The drift distance betwesh the CUFTENT and Previgus members
% The 1n1T13l pasition of the beam in the Current member

% Calculate the TWiss parameters Trom the end of the Erevious segrent
% The beta¥d Twiss parameter.

% The betavd Twiss parameter.

% The 3lphavd TWiss parameter.

% The alphavd TWiss parameter.

% The Qamaxd TWiss parameter.

% The gamave Twiss parameter.

% Translate the betax value along the drift 1t present

% Translate the alphax valug alang the drift 1f present
% Translate the betay value along the drift 1t present

% Translate the alphar valug alang the drift 1f present

% Calculate the trajectory pf the current segment
% Add The path o the CumUlETive matriy

% AOd The veloClty To the Umulatlve matrix
% Calculate missteerad paths.

% Calculate ray traces.

% Find the power distribution.

% AOd The CUrTent INTensitles 0 the matrix of heamaps.

% AOd The Centers 1o the Cumulative matrix.

% Update the mOsST previous index value of the "Centers Matrix'

% Calculate the SUPErpositibn of heamaps by interpolating

% Integrate the d1sTributioh
% Put Int0 fomm easily read by other programs (see “Vectorize' scriptl.

11
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—r
1 %% DpoleTrajectory
2 % This code takes 1n initial conditions and Tinds The ideal path
3 % that bunches of electron would travel through.
4 ¥ _function [r,v,8] = DipoleTrajectoryil, thetad, thetaf, rd, ds, n)
5 % Define Global Farameters & Constantis
i = = (@@l % Global y-direction (verticall.
7 = C = 2. 99792458+18"8; % Speed of Light in [m¢s].
i = KE = 6+18"3; % inetic Energy in [Mev].
. 0= me = @.511; % 5ingle Electron mass in [Mevec2].
w = m_e51 = 9, 1ea3a356+ 18 -31; % Single Electron mass in SI in [kgl.
1= q e = -1.68217662+18"-19; % 5ingle Electron charge in [C].
1727 = E = KE + m_£; % Total Energy in [MeV].
13 = gma = E/m_e; % Relativisitc gamma in [ ].
ETI B = sqrT{E"2-m_e~2]; % Momentum in [MeVic].
15 0= W = cesqrif1-{ Legmal=21; % Welocity in [mes].
15 = Bp = ps30a; % Beam rigidity in [T-m].
17
1w = r = zeras{i,nl; % Time Dependent FOsition Vectors.
1w - v = zeros{3,n); % Time Dependent \elocity Vectors.
4 %% Calculated Parameters
o= dTh = thetaf - thetad; % Kick given by the dipale [rad].
12 0= B = {dTh/Ll+8p; % Magnetic field strength [T].
13 = rha = {gmasm esIv)Sg e ; % Bending radius of the beam in a dipole in [ml.
[T W = \Virhog % Eguivelent dipole frequency in [5-1].
= Té=d % Initial start time in [s].
1w = T_1 = ds/v; % End Time of the particle in the dipole in [s].
n = T = linspace{T @&, T_T, nl; % Time step wector.
24
w o= ril,1] = rhossin{wet] % 71 Forward component, 2 (note that this is the x-value
T % 1n MATLAB's plotting function and different from
a1 % fthe electron's longitudinal companent, s).
2 = ri2,1] = rhosl cos{wet]-1]; % ¥: Transverse companent, x (note that| this is the
13 % y-value in METLAE's plotting function).
3y - 3,11 = zerns{1,n); % Y1 Assume the ideal y-companent 1s @.
15
15 = wil, 1] = \Beoos{wet]; % Wz: z-component of welocity in [mes].
17 = wiZ, 1] = AEsiniwet); % W2 x-component of velocity in [mes].
1w = w3, 1] = zeros{1,n|; % Wyt assume the veloclty in y is 3lso perd.
1 ¥ Rotatlon and Translation from inltial conditlons
da = Az = Rotatedfxis{thatad, ¥); % ROTaTion Matrix about tThe vertical akis.
“H o= T = makeGridird,nl; % Translation matrix.
2 0= F=Rz4r + T3 % Aotate and Translate the path.
43 = v = Az % Adust the welocity To the rotation.
44, %% Flotring
45 = hald on
44 - lﬂﬂﬁ‘ﬂlu:]a ”-El:]i r‘ji:]l IHI]
47 = Title{{ 'Farticle Trajectory'}, 'Fontsize’, 15, 'Fontdame', ‘Arial’)
48 = x#label| 'z=direction [m]', 'Fontsize’, 15, 'Fontdame’, ‘“Arial’)
40 = ylabel{ 'x-direction [m]', 'Fontsize’, 15, 'Fonthame’, 'Arial')
50 0= zlabel{ 'y-direction [m]‘, 'Fomisize’, 15, ‘Fomiame', ‘Arial')
51 %% Aditional Flotting {uncomment 1f desired]
52 % %% Caloulate the Tull circle that the trajectory 15 a part of
53 EX ST H % Use more points to keep 3 similarly dense circle
54 % T_{ = linspace{d, 2+plM, ml; % repeat the above STeps T0 Obtaln The trajectory
55 % % { = rhofcosiwer_C)-113
54 %y L = zerosilml;
57 % 2_{ = rhesin{wt )}
58 wrl= [z =0 vLCl:
54 BrL=Rzr L+ T;
LT *
it % %% Caloulate nalve path of APS based so0lely on it's effective radius
&2 % R_APS = -351. 183723 % radius of APS-U
43 % T_AFS = linspace{d,2«pl, 1ldwml; % repeat steps on the parameterization
4 % %_APS = A_APSH|Cos|T_APS)+1];
65 % Z_AFS = A_AFSesin|T_iFS);
(1] % plotir i1, 20, rfi2 ), =)
7 W plotiz_APS, % APS, '-')
58 % legend| "Extrapolated’, 'Trajectory’, ‘Nalve AFS-U')
i = hold off
" - -

12
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1 o Mlssteer

2 % If used, this function Takes in Twiss parameters and calculates desired

3 % missteered paths. The user must input ‘extrema’ if they want orbital

4 % rros that include the extreme points on the phase space ellipses such as

5 % ¥ _Max Or y'_max and whatnot. IT the user Types ‘distribution’ they must

[ % input a3 number N o choose N points an the phase space ellipse. IT the

7 % USEr WANTS T0 1Nput their own 581 of errors they must Type 'CusTom.

a ¥_function [rs,vs] = Missteerir,v, DET3X, Detdy¥, alpnax, alphay, DSTaType, USErXs OA M, Userys, n

q % Define Global Parameters & Constants

w = T = [@e;ll; % Global Y-direction {werticall.

i o= b _max = B.137; % The maximum value of the beta function at the limiting aperature in ¥ [m]

12 = a_x = Bel@"-3; % The chamber half-aperturel in x [m]

FER Aoxo= |3 x2) o maxl; % The motion im@ariant for @ll beams in {x,x') [m]

14

15 = by_max = 5.898; % The maximum value of the beta function at the limiting aperature in y [m]

1§ = a_y = 3+le"-3; % The chamber half-aperturel in y [m]

7 o= = {a 2141 13 % The motion imvariant for all beams in {yy') (m]

18 W AP T.

7w = gammay = {l+alphas~2) sbetax; % Defing the gama wwiss paramter in x [me-1]

m = gamay = | l+alphav2) Abetay; % Defing the gama twiss paramter in vy [me-1]

21

2 = M = sqruis_sebetax); % The maximum Transverse erfor in (x,x') [m

FER 2 #H = —alphaesgrl A betay) % The corresponding 2' value [rad]

M = =M = sqrTid_egammaxl ; % The maximum angular deflartion error in {x,x') [rad]

3 = 3 %M = —alphaesgrla_x qammax ; % The corresponding x value [m]

26

n = W = sqruls yhetay); % The maximum transverse erfor in {y,y') [m]

m o= YR = —alpharesgril Ay betar); % The corresponding y' valug [rad]

m = WM = sOrTiA yeRgammayl % The maximum angular deflsrtion error in {y,y') [rad]

w = Y_yEH = —alphatesqrla_ysgammay] ; % The corresponding y value [m]

1t

2 0= =0 @ = sqroia_xsbetal; % The deflection at % = @ [m] given in [rad]

13 o= Vi@ = sqrolA_ysbetayl; % The deflection at y = @ [m] given in [rad]

4 = =8 = sOrT{A_skgamma ; % The displacement error in % given in [m] for %' =@ [rad]
-

Va = ﬁrtllg! % i % The displacament error in|y given in |E for y' =@ [ra_d]
16 o

1 1T stromp{DataType, 'extrana’)

14 % 8 Edge Case Points in

w = s o= [[3M, xp_ad]i... %= X max

44 [8,%p 813..a % %= 8 with 42" (@l

4 [t I % % =@ with -x'{al

42 =[3H, =p_#l;... % the negated point of (x,%') at x = ¥ max
43 [ xpH, xpH];... % X COFFESpONGS T0 %' = X'_flax

44 [x@, @]3aaa % ¥ COFTespands to X' =@

45 [=x@, @]3... % ¥ correspands to %' = @ Ut negated

44 =[x _xpM, =m]; % the negated point of (x,%°) at x' = X'_max
47

43 % B Edge Case Points in y

0 o= 15 o= [, vpowlie.. %y =Y max

54 [a,vp 8l5... %y = @ with #y'ial

51 [8,~ym 8l5... %y = @ with =y (@l

52 =4, ypwlia.. % The negated point of {y, %] at y = Y max
53 [y vpH, ¥pMl:... % Y COPTESpONGS T0 y' = ¥'_fax

54 [y, @)3... % y correspands to y' = @

55 [, @l3.aa % Y COFFESpONds ©0 y' = @ Ut negated

56 =[y_ymM, yoell: % The negated point of (y, %) at y' = _max
57

8 0= elseif strompiDataType, 'distribution’)

5 = 1T {1stloatiuserss A N) && ... % ‘Check that the user input a float value and
T {ramiuserys_0F_N,1] = @) % that it is an integer fo the number of points, N
g1 0= N = userxs_OR_N;

61 = else

6 = arror| 'The Bth argument must be an integer');

61 = end

5

T ] ¥5 = zeros|2N,2];

8 = count = 13

= [ ] tar 1= linspaced-aM,3H,N) % Generate Z+W points on the (x,x'] ellipse
1 = % il = ...

b1 {-2ealphavel + SQrol(2ealphasied] “2-. ..

i HnETEH gATTEEL“2-A_3] 1) M 2ebeta) )

n o= %12 = ...

7 {-2ealphavel - sQrol(2+alphaiied] 2= ..

74 DBt gaTmEeL2-h % 1]/ 2ebeTax] 3

75 Xs{count,:) = [1, =p_11]; % hdd the pairs to the X5 matrix

8
kX
T

Xsicoumtai, 1) = [1, =p_12];
COUNT = COunt + 13

13
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= ¥5 = zeros{2,2);
o= count = 13
a2 = for 1 = linspaced-yH, w,N) % Generate 2+M points on the {y,y') ellipse
a3 = yil = ...
34 {=Zealpharsl + sqrij{2ealphared) 2-...
a5 debetaye gammael 2-4_y1 | 1A 2+4betar);
s = v_12 = ...
a7 {-2+alphatel - sqrod | 2ealphated)“2-...
aa detetare gammael2-A_y1 1 1. 2ebetay;
o= Ys{ocount,:) = [1, yp_11]: % Add the palrs o the s matrix
w o= Ys{countd, i) = [1, yp_12];
"n = COUNT = Count + 13
2 = end
']
4 = elseif strompDatalype, 'custom' )
5 o= 1t {ismatrixfuserss 0AN) &5 ... % (heck that the user put in 2 matrices
a6 1smatrix{userys) )
a7 - *s = userss_OA_N;
@ o= 5 = USBrvys;
a
e = [~, cHs] = sizeiXs);
1w - [~ cfs] = size{Ys);
12
13
w4 = AT {{{c¥s ~= 2] || {c¥s ~= 2]) || ... % Check that each matrix has anly 2 columns
105 {~isnumericiXs) || ~isnumericiysil]
s = error| 'The 8th and 9th arguments must be 2-column matrices.');
w = end
ws = else
w - error| ‘The 8th and 9th arguments must be 2-column matrices. ')
e = end
1w = else
1 = error|streatf...
113 sprintf{ 'Please input a Datalype for plotting missteered values. “i'l,...
114 sprintf{’' The options are: “extrema” {(plots all combinations of poifits Wn'l...
115 sprintf{’ including at least one extreme value on the phase spase ellipsel; Wn'l,...
116 sprintf{' “distribution” {uses a distribution of 2N equally spaced points wn'l,...
17 sprintf{’ in x-xp space and in y-yp space to Torm 4W2 combinations of Wn'l...
114 sprintf{’ points); and “custom” {user must input 2 matrices comtaimng Wn'l...
119 sprint™{ ' pairs of x-#p and y=4p points respectivelyl. )]
- end
121 e Find AL Desired Permutations
12 0= [Lx, ~] = sizei¥s);
121 = [Ly, ~] = size{Ys];
4 = Tot = Latly; % Aoquire the total mmber pf permutations
125 % of point-pairs. That is,|pairs of {x,x') with {y,y'l.
7 = ICs = zerosiTot,2,2); % There are Lx (x,x'] points and Ly (y,y')
127 % points. That leaves 'Tot combinations
124 # of Initial Conditions.
o= k=1; % Insert the initial conditlons into the matrix
e = for 1 = 1l
13 = for § = Liy
12 = ICsik, 1,:) = KsiL,:l;
133 0= ICs{k, 2,10 = ¥si],103
134 0= k=k+1;
135 = end
135 = end
117 % Find the correctly misteered paths
FECI rs = zeros{3,n,Tot+ll; % Frepare a matrix containipg all of the paths {including the ideal pathl.
13 = vs = zeros{3,n, Tot+ll; % Prepare a matrix containipg all of the welocities {including the ideal path's).
e = 1 =r; % Let the first layer of the matrix contain the ideal path, r.
H o= vsln, 1l =w % Let the Tirst layer of the matrix contain the ideal velocity, v.
142
141 = = riz,11; % The current initial displacement.
"4 = T8 = makeGrid{rd,nl; # Initial Translation matrik.
145
146 = r_temp = r - Té: % Subtract the offset to simplify rotations about the origin.
147
14s = vl = wiz,ll;
149
15 = H_True = ... % Use the initial velocity pector to determing the true x-transvere
154 cross{Y, vl norml cross{Y, wall; % direction in the particlg's frame of reference.
152
151 = hold an
154 = for 1 = L1Tot
155 = thetx = ICs(1,1,2); % The angle about which to fotate the path
156 % around y-axis {z-axis in| Cartesian].
157
158 = thety_true = ICs{1,2,2]; % The angle about which to fotate the path
159 % around x-axis {y-axis in|Cartesian].
164
151 = thety = atan{tan{thety_truelscos{thetx]]; % Define the actual angle that must be used
162 % 1in order to get the rotablon correctly.
163
164 = ¥ err = I0s{1,1,1); % The current displacement prror in .
%5 = y_err = ICs{1,2,1); % The current displacement prror in y.
166
18 = Rz = Aotatedsis|thet:, Y1: % Rotation Matrix about the vertical axis.
164

14
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164
164 axis = Az True; % Define the next axis that the trajectory will be
17 % rotated with respect to.
m
172 Ry_true = Aotatefxis|-thety, axisl; % Create the correspanding Fotation matrix.
17
174 T = [[x erre_true{ll,8,8];. % Translation matrix based off of the displacement errors.
175 [8,x_erre_trued2l, al;.
176 (2, & yerrll;
m
174 rei, 1,14 = ... % Aotate and translate to get the misstesred path.
17 | TFUSHAZEr_TEmD + ...
140 {T+T@l#anes{3,nl;
181
142 wsi1, 1,141 = Ry trueszeg % Apply the rotations on the velocity to correct it.
183
184
185 % Flot the missteered path.
186
147
184
189
100 end
1 % RayTrace
2 wr - the time-dependent position vector of a single particle: r= er,ry,rz=
a EX - the velocity of the particle
4 % pd ~ 3 point on the plane
5 % np - normal vector of the absorbing plane
[ % ot - the mmber of points in ror v {could also be found using the
u £ *‘length' or 'size' methods.
a ¥ _function [centers, rays, np, t2, mm]-n_mmm VIEIEI“m]
a %% Def. ‘Global Parameters & Constanmts
m = ¥ = [@al);
m = Ymat = [zeros{l,nTot);
12 zeros{1,nTotl;
11 anes{1,nTatl]; % populate a matrix of size nTot with the Y wectors
14
5% = wmags = {dotiv,vll. " 18513 % calculate the wectors tl, t2, and n {normall
"% - wMagat = [wmags; wmags; wmags); % 1n the moving frame of the particle.
7 = 11 = v, fubaghat; % Tangent vector 1.
u = niec = Viat; % The normal vector of the particle path.
1
m o= 12 = cross{ndec,tll; % Unit tangent Z.
7 - tamags = {dot{t2,t21)."18.5];
2 0= ‘tMagat = [tamags; tamags; tamags);
nm - 12 = 12./tMaghat; % Normalize 1t.
24
25 %% Flanar Gemmetry of the Absorbing Surface
% - Bp = cellinTot+{7/811; % Unless given by the user,| take the absorber
n % o0 be /85 through the particle's path.
- if {~exist|‘pa*, ‘var'll
u = pé = rizpel;
m = end
3 - if {=exist|‘np', ‘var'll
2 = pl = t2{:,ppl; % The transverse vector of fthe plane
13 = np = cross{Y, tpll; % The normal vector of the plane
4 =
15
EL npmags = {doting,npll. (@515
7 = npMaghat = [npmags; npmags; npmags);
= ng = np. fpMaghat; % Normalize the nomal vectpr in case not already done.
ET]
an % Caloulating The Ray Traces
“n o= hold an
a2 = rays = zeros|3,2,nTotl; % Rays are defined by 3 start and end point.
a9 o= centers = zerns|3,nTot); % Centers are defined by 3 foordinate {ray end pointl.
a4
a5 0= % Consider the rays at each iteration of time
5 =
on o= % Ind, the starting point of the ray, is guaranteed o be on the ray
a o= % M, the unit tangent of the ray, is the slope of the ray
A
50 0= 1T {dotiM,npl ~= 8] % Use the relation that {{F - F8] dot npl = & Plug in for F the equation
5 2= d = dot{{pd - Wndl, nplsdotiM,npl; % of the line dsb+ind, with parameter d. If dotiM,npl = @ then they are
52 % orthogonal and the ray won't hit the absorber. Otherwise, solve for d.
51 = i {d = @) % If d 15 negative it means the ray must travel backwards. Ignore these.
54 = centers|:,count+l] = deting; % The centers are glven at the value of d.
55 = {1,2,00unt+l] = ...
56 [ n@, centersi:,count+l]]; % The rays start at In@ and end at the center point
57
54 = % Flot the ray
54
Al
a1
a2 = % Increment the count.
=
4 =
a5 =
a6 = centers = centers|:,licount); % Truncate the matrices in fase some Fays weren't caught (if d -= @)
& - rays = raysi:,:,licount);
G - scatterdfcentersil,:),centersi2,: ], centers{3,: ] 1% Flot the center poinis
& - hold off
i)
n o= end
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1 W SpRCtFUm
2 % This function takes in the center points hit by the rays at zero werticall
E| % angle, the rays themselves, the nommal wector of the absorbing plane, the
4 % matrix of unit tangent wectors that are perpendicular to the particle
5 % path, 'y’ - the number of vertical points to plot Trom each ray, and 'm'
[ % the vertical distance to cover (plus and minus ‘'m' that is), and with
7 % these 1t finds the pmwer distribution alang the absorbing plane.
L] ¥ function Intensity = Spectrumicenters, rays, np, 12, B, wi, ml
[ % Define Global Farameters & Constants
w o= KE = 6+18°3; % Kinetic Energy in [Mev]
n = I = 288; % Storage Aing current in [ma]
12 0= me = #5113 % Single Electron mass in [Mevict2)
13 = E = KE + m.g; % Total Energy in [Mev]
M = gma = Efme; % Relativisitc gama in [ ]
LD Fod = 5,421+ E/ 10081 "3t . % Peak intensity value
16 I#d 1@"-31+abs i8]l

[~, cls] = size{centers);
nz = np{ll;

nx = npi2l;

my = mpd3);

y_rad = linspace{-m,m, N3
Intensity = zerosiyi,cls,4];

hold on

N for 1= l:icls

2z = 12{1,1);
2 = 12(2,1;
% 12y = 213,105

Cz = centers{1,1);

Cx = centersi{2,1];
Oy = centers{3, 1);

YR = y_rad + Oy

% Obtain the number of center polnts To consider

% SpLiT up the coordinates of the nprmal vector of The plane

% discretize the vertical direction with v points

% Create lntensity matrix meshgrid.| & column for each center point

% amd a row for each vertlcal pasitlion.

% Iterate over every cemter poilnt

% Break the second {outward] unit Tangent vectors of the rays Lnto COmpanents

% The y-companent 1s always zern

% Break the current ray center polnts Lnto COMpOnEnts

% Glven that one uses the vertical gistance, y, as a parameter, ang can solve for

% x and Z for which the vertical ‘Spray’ of radiation covers Trom 3 given ray.
% Have the vertical distribution centered around the center point.

s rad = (mpet2z) T2 z-neet2z el y_rad-Cyl+0g % The formula for the x-companent on the line intersected by the absorting plane
% and the plane created by the ray and the vertical direction, Y.

z_rad = (mpeta) flneer2e-t2eenz el y_rad-Cyl+iz; % and the plane treated by the ray and the wertical direction, Y.

Intensityl:,1,1) = 2_rad;
Intensityl:,1,2] = % _rad;
Intensityl:,1,3] = y_rad;

[z_radix_radiy_rad] ...

— makeGridiray{:, 11,

makaGridi rayl 1, 21-rayl 1, 1,90
vraags = ...

doti{vertiays, vertiays |, “8.5;
crayMags = ...

dot{ centiay, centhay) . “8.5;
CosTs = ...

dot{vertiays, centayl. ...

{vragags.+craydags)
thet = acos|cosTs);
X = thetwgma;

VIUNLT = VertRays. /...
[vrayags;vrayiags srayags]

namMat = makeGriding, yl;

T = absidot{vrinit, nomiat]);

Intensityl:, 1,4] = ...
o] | 14372015721 )t o
(1T 2 1072
{vrayiags. “2) .13

yorad =y rad - 0y

r end
hold aoff

= end

% First Layer: global Z values;

% Second Layer: glabal X values;

@ Third Layer: global ¥ values;

% Considar the 1th Fay.

% Find the 'yN' amount of rays deviating in the vertical angular direction.
% Credte a gl"l{l af the center line ray {one Tor each \‘Er'[ll:ﬂ'l'l}' deviated ra1_,-|
% Define the distance these Fays Travel

% Define the distance the center ray travels

% Find the cosine of the angle between the Two rays

% aloulate the angle

% Make a change of variables from theta == X where X 15 some variable

% Make tThe vertical rays InTo unit Wectors

% Create a grid of the wector nomal to the absorbing plane
% Find the projection fractlon of each ray onto the plans.

% Fourth Layer: Intensity values;

% subtract back of Cy T0 'zerd’ the y-values Tor The next iteration.
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1 e TotallP
2 % This code takes in the center points, the Vector namal to the absorbing
3 % plane and the intensity values and coordinates and integrates 3cross the
4 % surface o Tind the total power in [wl.
5 ¥ function [TotalPower, Peak] = TotalP{Intensity, centers, npl
i = ¥ = [@;ll; % The gloabl y-direction {verticall
7= [Pws, 18, ~] = size|Intensityl; % Obtain the number of center points o consider
]
0 = 1f {cls = @
w = 5= re{l:2,10; £ Tramverse distance covered on T
1 [centersil:2,end];a]);
12 - xPlane = | [centers|l:2,end]@] - ... % The unit wector ‘defining| this distance'
13 [centersil:2, 1138 1/5:
14 = yFlane = crossing,xPlane); % The gther transverse dirertion on the absorting plane
15 = yFac = L/abs{dot{yPlane, Y13 % The fraction that the 'vertical' distance on the plane changes by
15 - yome = mazx{max| Invensityl:, 1, 31003 % The maximum y-value,
7 - ymn = min{min{Intensityi:,:,3111; % The minimum y-value.
1w - dy = {y_me=y mnlsims - 1); % The differential y-value
1w = dyPlane = yFacwdy: % The new bigger differantial from tilting at an angle
2
1 = 08 = centers{:,1); % (@ 15 the Tirst center polnt coming Trom the ray from rd
FFI ] st = 2eros] mws, c1s); % Create a vector of values| representing the transverse
13 % distance alang the absorbing surface.
4 = tolnteg = zerns|2,clsl; % Create a vector of values| To integrate later.
25
% = [ ] for 1= 1:cls % Iterate dwer each center point
17 = 0 = nomd centersq:, 11-Ca); % The transverse distance Oof the absorting surface
FER wWisti:, 1] = D#ones|{nws,1]; % Flace into new 20 coordingte matrix
24
w = tolntegil, 1] = sumd {186 4. % Perform 3 trapezold sumation rule in the wertical direction
a1 {Intensity{2:end,1,4] + ... % 10 a collapse on 3 single [wim] value on 3 glven center point.
a2 Intensityl Liend-1, 1,4] ...
EE] {dyPlanes2]1;
34
EET ] tolntegi2, 1] =03 % Add the transverse distance this once-integrated value lies at.
LI i and
a7
3 = helghts = ... % Caloulate the heights of Ehe trapezodd rule rectangles for the 2nd integration
EL tolntegl,2:end] + tolnteg{l,l:end-1];
" o= bases = ... % {aloulate the bases of the trapezold rule rectangles for the 2nd integration
a1 tolntegi2,2:end] - tolntegi2, l:end-1);
42
43 = TotalPower = sumid. sHheights.+ases) ; % Sum the trapezold areas o0 achisve a total power in (W]
44 = Peak = max{max| Intensity{:,:, 41103 % The peak value 1s {ust the max intensi int.
45 e The Absorber
5 = hald an
FEI ] 1nl = -xPlane; % The transverse direction g1 the absorber
@ o= 1in2 = cross{linl, npl; % The vertical direction onl the absarber
0 o= planel = linlss+centers|:,end); % Approximate center point g1 the plane of absorbtion
s o= edl = s¢linl+planel; % Trace (Ut 10 Two edge poiits
54 2= ed? = -s+linl+planal;
52 = orl = —s+lin2+edl; % Trace Qut to Tour Cormer points
55 = or2 = selinZ+edl;
54 2= or3 = selinZ+ed?;
55 2= ord = —s¢lin+ed?;
56 2= comers = [crl, or2, cr3, crd]';
57 0= patchicomers{:, 1), ...
54 COmersi 2,2l jues
54 cormersi:, 3], 'k'] % Create the planar surface
£
6 0= hold off
62 % Flotting the Heat Map
g = figure
4 = surtace] 1888+liisT, ... % Comvert the transverse distances ta [mm]
&5 lagdsyFaceIntensityls, 1,30, % Comert the vertical distances to [mm]
&6 Intensityl:, 2,4) ...
&7 'Bdgelaloar', 'nane' )
= colorbar
o= colormap ' jet’)
n o= hald an
o= title{{'Fower Distribution [Wom'2]'}, 'Fontsize’, 15, 'Fonthame', ‘Arial']
7 = xlabel{ 'Transverse direction {on absorber planar surface)l [mm]', ‘Fontsize’, 15, 'Fonthame', ‘Arial’)
3 0= ylabel{ 'y-direction {verticall [mm]', 'Fontsize’, 15, 'Fontdame’, ‘Arial')
o= zlabel{'Intensity [wymm"2]', 'Fontsize’, 15, 'Fonthame', ‘Arial']
7% = hold aoff
-
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[ @ %% getPrev
2 % This function takes in the lattice file and the current row being
3 % considered and find the first row above it that isn't a vertex point.
4 [ function prev = getPrev(row, Lattice)
5 - count = 1; % Record how many rows are checked.
6 - [rws, ~] = size(Lattice); % Acquire the total and hence the number of the last row.
7 - prev = row — 1; % Set the previous row to be one before the current row.
8
9 - if (prev <= @) % If the current row is the first row, the previous loops
10 - prev = rws; % back and is the last row.
11 - end
12
13 - currPrev = Lattice(prev, :); % Acquire the information held in the previous row.
14
15 - [Lwhile (sum(abs(currPrev(9:16))) = 0) % If all parameters are zero one knows this is a VERTEX-POINT.
16 - if (count == rws) % If all rows have been considered and failed, there must be a
17 - error{'Bad Lattice Files or Row Input Numbers') % problem with the input or lattice file.
18 - end
19
20 - prev = prev — 1; % Otherwise decrement the previous row by 1.
21
22 - if (prev <= @) % If the current row is the first row, the previous loops
23 - prev = rws; % back and is the last row.
24 - end
25
26 - currPrev = Lattice(prev, :); % Reset the information of the previous row.
27 - count = count + 1; % Increment the count.
28 - end
29
30 - end
1 %% makeGrid
2 % This function takes in a vector, u, and a number, N, and creates a
3 % matrix containing N columns each of vector u.
4 [function G = makeGrid(u,N)
5 - rws = length(u); % Obtain the number of rows in the vecotr, u.
6 - 0 = ones(rws,N); % Create a 'rws by N' matrix of ones
7= T = zeros(rws); % create a 'rws by rws' matrix of zeros
8 - [for i=1:irws
9 - T(i,i) = u(i); % For every element in u, place it along the diagnol of T.
10 - end
11 - G = Tx0; % Multiply T and 0 to create a matrix of u's.
12 - end
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1 %% RotateAxis

2 % This code takes in an angle, theta, and a unit vector, u, about
3 % which to create a rotation matrix about.

4 function Ru = RotateAxis(theta, u)

5 % Normalize u if needed.

6 - u = u/normfu);

7 % Define the components of the rotation matrix, Ru.
8 - R11l = ...

9 cos(theta)+u(1)"2%(1-cos(theta));

10 - R12 = ...

11 u(1)*u(2)*(1-cos(theta))-u(3)*sin(theta);
12 - R13 = ...

13 u(1)*u(3)*(1-cos(theta) )+u(2)*sin(theta);
14 - R21 = ...

15 u(2)*u(1)*(1-cos(theta) )+u(3)*sin(theta);
16 - R22 = ...

17 cos(theta)+u(2)"2*(1-cos(theta));

18 - R23 = ...

19 u(2)*u(3)*(1-cos(theta) )-u(1)*sin(theta);
20 - R31 = ...

21 u(3)*u(1)*(1-cos(theta))-u(2)*sin(theta);
22 - R32 = ...

23 u(3)*u(2)*(1-cos(theta) )+u(1)*sin(theta);
24 - R33 = ...

25 cos(theta)+u(3)"2*(1-cos(theta));

26 % Rotation Matrix about axis u 1n Cartesian.
27 - Ru = ...

28 [[R11, R12, R13];...

29 [R21, R22, R23];...

30 [R31, R32, R331];

LJ
=

end
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6.1 Code 6 APPENDIX
1 %% InterpMaps
2 % This function takes in multiple heatmaps and linearly interpolates them
3 % so that they can be superimposed.
4 [ function HeatMap = InterpMaps(HeatMaps)
5
6 - [rws, cls, ~, segs] = size(HeatMaps); % Find the dimesnions of the intensity distributions
7 - qZ = zeros(rws, segskcls); % Create a new Z matrix to contain the new superimposed heatmap data
8 - gX = zeros(rws, segskcls); % Create a new X matrix to contain the new superimposed heatmap data
9 - qY = zeros(rws, segskcls); % Create a new Y matrix to contain the new superimposed heatmap data
10
11 - [for i = 1l:segs % Iterate over each map and fill the matrices with the coordinates
12 - qZ(:, ((i-1)*cls+1) rikcls) = ...
13 HeatMaps(:,:,1,1);
14
15 - aX(:, ((i-1)*cls+1) rikcls) = ...
16 HeatMaps(:,:,2,1);
17
18 - qv(:, ((i-1)*cls+1) rikcls) = ...
19 HeatMaps(:,:,3,1);
20 - end
21
22 - HeatMap = zeros(rws, segs*cls, 4); % Create the matrix for the entire combined final heatmap
23 - HeatMap(:,:,1) = qZ; % Add the coordinates previously achieved into it
24 - HeatMap(:,:,2) = gX;
25 - HeatMap(:,:,3) = qY;
26
27 - [for i = 1l:segs % Iterate over every heatmap
28 - Zs = HeatMaps(:,:,1,1);
29 - Ys = HeatMaps{(:,:,3,1);
30 - In = HeatMaps(:,:,4,1);
31 - IntIn = interpn(Zs',Ys',In',... % Given the data from the current heatmap, linearly interpolate
32 qZ, qY, 'linear', @); % the power level at the rest of the queried points.
33 - HeatMap(:,:,4) = ... % Add the values to the final cumulative heatmap so that they superimpose
34 HeatMap(:,:,4) + IntIn;
35 - end
36
37 - end
1 %% Vectorize
2 % This code takes in a heatmap composed of 4 meshgrids. 1 for Z values, 1
3 % for X values, 1 for Y values, and one for intensity values, and turns it
4 % into 4 column vectors of the ZXY-Intenisty data
5 [function TotIntVecs = Vectorize(TotInt)
6 - [rws, cls, ~] = size(TotInt);
7 - TotIntVecs = zeros(rwsxcls,4);
8 - [for 1= 1:cls
9 - TotIntVecs((rwskx(i-1)+1):(rwsxi),:) = TotInt(:,i,:);
10 - end
11
12 - end
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Figure 10: Lattice file rows containing Vertex-Points
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Lattice file rows with removed Vertex-Poi

Figure 11
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6.2 Help

e Don’t know how to run the program? Simply specify a point on the absorption plane, a normal unit
vector, and a vector containing which rows in the lattice file the analysis should be done on.

>>

Note: inputs are column vectors (spaced with ';' not ',')
[global Z value; global X value; global Y valuel all in meters
[global Z value; global X value; global Y value] all in meters
row numbers in the lattice file corresponding to each magnet

po = [18.7079; -0.8732; 0];
[0.9912; -0.1323; 0];

np
latRows = [46;48;51;52];

o° o of o°

[TotIntVecs, TotalPower, Peak] = CalcPower(p@, np, latRows);

e Always input SI units.

e Are there gaps in the ray trace fans? This means the path is not continuous. Either there is an er-
ror in the lattice file values; the number of each row that is input is incorrect (double check the row
numbers!), the wrong lattice file is being used (See the *CalcPower’ script above - lines 10 and 11.
Whatever is uncommented, it better be the lattice file being used), or finally perhaps the offset (see
the script for ’CalcPower’ line 17) is wrong. As shown in Figures 10 and 11, the first 3 rows are non-
numeric so they are not included in the matrix named ’Lattice’ in the code. 3 is thus subtracted from
the input values to correct for this. If there is a numerical value in one or more of the first few lines
then the number currently being subtracted (3) must be changed.

Want a different mesh size in the transverse direction? Change the value 'n’ in line 13 of the script
for ’CalcPower’. Note that this mesh is constant size for the particle’s trajectory but not for the heatmap.
On the heatmap it is more dense where the gradient is higher (often desirable as it is).

Want a different mesh size in the vertical direction? Change the value 'yN’ in line 14 of the script for
"CalcPower’. This is a constant sized mesh on the absorbing surface’s vertical axis.

Want to cover a greater vertical distance on the absorber? Change the value 'm’ in line 15 of the
script for *CalcPower’. Currently set at 2 [mm], this is the vertical range that the heatmap covers.
'yN’ is the number of points examined within this range.

If the full trajectory is desired, simply change the output to include the 'totR’ matrix defined on line
19 and updated on line 62 of ’CalcPower’.

Lines 64 through 67 of ’CalcPower’ calculate the missteered paths. If one examines the specific script
"Missteer’ she or he will see that it is possible for the user to specify specific missteered values rather
than just use the extreme errors. The script ’CalcPower’ will have to be edited to reflect this input
and to output the desired missteered paths.

e If one creates a more stable working interpolation function it would replace line 86 of ’CalcPower’.
The format of the input, '"HeatMaps’ currently in the code is this: it’s an 'yN by n by 4 by seg’ ma-
trix (4-dimensional). If ’seg’ is the number of rows/bend magnets being analyzed then imagine ’'seg’
3-dimensional matrices all contained within the 4-dimensional matrix, "HeatMaps’. As it appears,
each of these 3D matrices are a separate heatmap corresponding to each segment (element, bend
magnet, etc...). The structure of the individual heatmap is that they have a depth of 4 (or visual-
ized as 4 layers). The first is an [yN by n] matrix of all of the Z values on the absorbing plane, then
another of all the X values, then all of the Y values, and finally all of the intensity values. The third
layer containing the Y values will have 'n’ identical columns each with yN rows that span from ’-m’
to '+m’. Each column represents the vertical spread found from each zero-vertical-angle photon that
was initially traced out onto the absorber.
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Notice that in addition to the 'Missteer’ script, the 'RayTrace’ script also has default values in the
case that a normal vector and point were not specified. This doesn’t work with the code as it is but
just goes to show that these scripts are autonomous and can be used independently in other contexts.

Lines 47 through 64 of the 'RayTrace’ script are used to determine if the ray impacts the planar sur-
face and if so to plot it. If a code that handled arbitrary shapes were designed this is where it would

go.

Figure 10 shows a lattice file that contains Vertex-Points. As evident in Row 30, there are sometimes
mistakes in the lattice files. The length of the M2.3 magnet here is certainly not 0.02 meters. This
messes up the B-field calculation and thus the heat load is incorrect. Figure 11 shows a lattice file
with the Vertex-Points removed. Line 28 is the same M2.3 magnet but with a more realistic length of
0.557 meters. It’s good to check which lattice file is being used and if the values being input into the
code through the lattice files make physical sense.

The best way to debug or understand Matlab code is to just play around with it. I suggest using the
command window and just playing with the individual functions, checking the contents and sizes of
different variables by unsuppressing them in the code itself. This would be especially beneficial to
someone who plans to improve the project to include things like arbitrary absorbers, quadrupoles,
and more.
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