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We introduce a new algorithm, which we call the cascaded parameter scan method, to efficiently carry
out the scan over magnet parameters in the safety analysis for top-off injection in synchrotron radiation
storage rings. In top-off safety analysis, one must track particles populating phase space through a beam
line containing magnets and apertures and clearly demonstrate that, for all possible magnet settings and
errors, all particles are lost on scrapers within the properly shielded region. In the usual approach, if one
considers m magnets and scans each magnet through n setpoints, then one must carry out n” tracking runs.
In the cascaded parameter scan method, the number of tracking runs is reduced to n X m. This reduction
of exponential to linear dependence on the number of setpoints n greatly reduces the required computation
time and allows one to more densely populate phase space and to increase the number n of setpoints

scanned for each magnet.
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I. INTRODUCTION

Many third-generation synchrotron light sources are run-
ning with top-off injection, which was first adopted by the
Advanced Photon Source at Argonne National Laboratory
[1]. In this operation mode, the stored beam current is
maintained at quasiconstant level through frequent injec-
tion. In the National Synchrotron Light Source II (NSLS-II)
[2], a 3 GeV high-brightness synchrotron radiation source
which is under construction at Brookhaven National
Laboratory, we plan to provide a 500 mA beam current
with 1% intensity stability for users by employing top-off
injection once per minute. An important safety issue is
raised here: during injection with user beam line safety
shutters open, injected beam must not be allowed to escape
past all physical apertures and pass beyond the shield wall.
One must assure that fault conditions, e.g., due to the shorts
of dipole magnets, or mismatch of injected beam energy
etc., cannot lead to an unsafe condition.

To assure the safety in top-off injection mode, detailed
simulation studies have been performed for existing and
under-construction machines [3—9]. In top-off safety analy-
sis, a complete parameter scan must cover: (1) the possible
permutations of magnet settings and errors (settings mean
magnets are at different excitations, and errors represent
magnets have some faults); (2) the particles populating the
area in phase space restricted by physical apertures; (3) the
range of beam energy deviation due to the mismatch
between injection system and storage ring. Based on the
simulation results, both sufficient fixed apertures (passive
protection) and hardware interlocks (active protection)
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need to be specified to prevent injected beam from escap-
ing through the open beam line safety shutters despite
possible machine equipment faults. Therefore an efficient
and conservative algorithm to scan parameters is needed
for top-off safety simulation.

This paper presents a new method, which we call cas-
caded parameter scan, for analyzing fault conditions. In
Sec. II, the usual method to scan parameters is discussed.
The cascaded parameter scan approach is introduced in
Sec. III. In Sec. IV we discuss a key aspect of the new
approach, repopulation in phase space, which plays an im-
portant role in dramatically shortening computation time.
The process of retracing unsafe particles, identifying unsafe
machine scenarios and particle trajectories, is presented in
Sec. V. An example of applying the cascaded parameter scan
method to study one of the NSLS-II beam lines is given in
Sec. VI. In Appendix A, we discuss how to include energy
scan by correspondingly extending magnet scan ranges.

II. TREE-SHAPED PARAMETER
SCAN AND ITS DIFFICULTIES

To assure safety, the parameter scan for top-off safety
tracking needs to be complete and conservative, covering
all the possible permutations of magnet settings and errors.
For example, if there exist totally k£ magnets (Fig. 1) in a
beam line from its radiation source point to the front-end
safety shutter, and for each magnet (i = 1, 2, ..., k) we use
n; discrete setpoints to cover its continuous full-range
excitations and errors, the number of magnet fault permu-
tations is [T5_, n;. A straightforward method is to perform
the parameter scan over the tree-shaped structure as shown
in Fig. 2. Typically there are about 10 to 12 magnets which
must be taken into account in analyzing a NSLS-II inser-
tion device beam line. If each magnet is chosen with ten
steps to represent its possible settings and errors, then the
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FIG. 1. Layout of a beam line with k magnets, each of which

has n;(i = 1,2, ..., k) setpoints to represent its different excita-
tions and shorts.
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FIG. 2. Diagram of permutations in the tree-shaped parameter
scan. Ay is the initial conditions in phase space. It evolves into n
areas after the first magnet with n; setpoints, and then n; X n,
after the second magnet, and so on. The number of permutations
increases exponentially with the number of magnet setpoints.

total number of permutations is 10'°-10'2. Although some
branches in the tree may not need to be scanned because no
particle can survive from their parent branches, still a huge
number of permutations remain.

Although we only need to track particles through a
limited number of magnets to analyze a beam line’s top-
off safety, it is still a very time-consuming computation
process even with parallel computation. To be complete
and conservative, if it is found to be necessary to increase
the number of considered setpoints of magnet settings and
errors, the number of permutations increases exponentially,
and the whole scan process becomes very complex. To
overcome these difficulties, we propose a new and more
efficient approach, cascaded parameter scan, which can
shorten the computation time dramatically without loss
of completeness.

III. CASCADED PARAMETER SCAN

In this and the next sections, we explain the process of
cascaded parameter scan and repopulation, and discuss
why it is more efficient than the usual method. Consider
the same beam line as in the previous section. After track-
ing initial particles to arrive at the first magnet entrance, we
get a closed phase space area A|” composed of an assembly
of phase space points (see Fig. 3). The first magnet is
assumed to have n; setpoints covering all the possible
errors and excitations. We then track A, through the

(i+1)th magnet
with N setpoints

ith magnet with
n. setpoints
! subsets

superset

initial

— —_—
aAr_ea SET track scan
i magnet thl_-ou9 nagne
setpoints drifts setpoints

FIG. 3. Combination of subsets into a superset. We scan all the
ith magnet setpoints separately for the same initial input A;,
then combine them into a superset A;". Next we track A; to the
entrance of the next magnet to get A, |, and then repeat the same
process.

magnet for each of its n; setpoints, and obtain n; closed
areas Affi(i =1,2,...,n;) at the magnet exit. We archive
the coordinates x, x’ of all of the particles in each subset
Af Ay . AL, for the purpose of retracing (as ex-
plained in detail in Sec. V). Next we combine all the
subsets into a superset A; using a repopulation technique
in phase space (see Sec. IV). After obtaining the repopu-
lated superset at the magnet exit, we use it as the input for
subsequent tracking. The process of combining the subsets
into a superset and repopulating it in phase space is re-
peated for the next magnets until the end of the beam line is
reached, or all particles are stopped by the defined physical
apertures. The process of obtaining the superset for the ith
magnet is illustrated in Fig. 3.

During tracking, if particle amplitudes exceed beam line
physical apertures, they will be removed from the data pool
and considered as safe. If there is no particle surviving
through all the physical apertures, the beam line is safe.
But if there are some particles going through all physical
apertures, this beam line is potentially unsafe. We need to
retrace these unsafe particles back into the magnet subsets
in the opposite sequence of the cascade parameter scan to
find out the corresponding magnet settings. Interlocks can
then be designed to restrict magnet ranges to avoid unsafe
conditions. The detailed retracing process will be ad-
dressed in Sec. V.

IV. REPOPULATION OF PARTICLES
IN PHASE SPACE

In the cascaded parameter scan, if we simply combine all
the particles in subsets into a superset, the number of
particles will increase exponentially with the number of
magnet setpoints, and the amount of computation scales
the same as for the usual tree-shaped scan. For a given initial
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area in phase space at the magnet entrance, the correspond-
ing subsets for different excitations or errors at the magnet
exit will usually have some overlaps, because we use
discrete setpoints to approximate a continuously variable
magnetic field. It is easy to see that, in the overlapped
region, the density of particles becomes very high after
many overlaps, and the distance in phase space between
some particles becomes very small. These overdensely
distributed particles represent conditions which are very
close in phase space. Since we are studying a symplectic
system, the area in phase space evolving under magnetic
field is continuous and conserved. Therefore, overdense
points will not provide more useful information, but just
waste computation time. In a word, the purpose of adopting
a repopulation technique is to avoid redundant tracking.
The implementation of repopulation is as follows: First,
we combine all subsets at the magnet exit into a superset
and define an area (usually it is a rectangle, see the largest
rectangle in dash line in Fig. 4) which can cover all the
points in the superset. Then, we divide this area with a
sufficiently small mesh grid. Next, all the particles in the
superset are projected onto this mesh grid according this
rule: if there are any particles located within a grid
(including on its borders), we will use the four points at
the surrounding grid vertices to represent them. In the
overlapping region of subsets, although the density inside
a small rectangle can be very high, after repopulation four
particles at the grid corners will adequately represent them.
The schematic process of the repopulation technique is
shown in Fig. 4. After the repopulation, the number of
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FIG. 4. Tllustration of repopulation technique in phase space.

Blue points are original points in the superset, which may have
high density in reality; red crosses are the points after repopu-
lation; gray dashed lines show the mesh grid.

populated particles is proportional to the actual occupied
area in phase space instead of the number of the magnet
setpoints. In this way, we reduce the dependence of the
number of tracking runs on the number of magnet setpoints
from exponential to linear.

Special care has to be taken when applying the repopu-
lation technique, because some unphysical particles have
been introduced into the superset at its borders. For ex-
ample, consider the original particle P, located within a
grid and its four vertices P, P,, P;, and P, (see Fig. 4).
After repopulation, the border of the original area is ex-
tended approximately by the order of the mesh grid dimen-
sion. Since we are studying a nonlinear dynamic system
(the magnetic field profile is nonlinear), this area expansion
could become quite large after passing through enough
magnets. Thus, unphysical particles can be introduced
into subsequent tracking by employing a series of repopu-
lations. This method is not good for a long-term tracking,
because the area in phase space will expand exponentially
even for small grid dimensions. But in the top-off safety
simulation, we only need to track particles through a small
number of magnets. Once we choose the mesh grid fine
enough, the area expansion in phase space is limited and
controllable. In applying this method, we choose the suit-
able dimension of the mesh grid by decreasing it step by
step until a convergent area is obtained after tracking
through the whole beam line. Here convergence means
the variation of boundaries are controlled under 0.2 mm
and 0.1 mrad, which are much smaller than the whole arca
occupied by the potentially unsafe particles, and also the
2 mm tolerance on aperture position. In Fig. 5, two areas
closed by red and blue lines, obtained by tracking the
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FIG. 5. Two areas are obtained by tracking the repopulated
supersets with two different dimension mesh grids through the
same beam line. The blue one is for the bigger dimension grid,
and the red one for the smaller grid. With the decrease of mesh
grid dimension step by step, two areas can be seen to be well
overlapped (convergent), and then the further decrease of grid
dimension becomes unnecessary.
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repopulated supersets with two different dimension mesh
grids, are seen to be well overlapped. Only in this case do
we regard the mesh grid dimension is fine enough for the
purpose of controlling the unphysical area expansion.
Otherwise, it is necessary to further decrease the mesh
grid dimension until convergence is reached.

V. RETRACING UNSAFE TRAJECTORIES

As we discussed in Sec. III, if some particles can pass
through all the physical apertures in the cascaded parame-
ter scan, this beam line is potentially unsafe. So in this
section, we explain how we can identify the corresponding
unsafe range of magnet settings and determine the unsafe
particle trajectories by retracing the unsafe particles back
into the initial conditions. Interlocks can then be employed
to assure that magnet excitations are kept in a range for
which there are no unsafe particles.

We use the ith magnet as an example to explain the
process of retracing (see Fig. 6). We start from the coordi-
nates of the unsafe particles in A, at the entrance of the
(i + 1)th magnet, and retrace them into the superset A;" at
the exit of the ith magnet. Then we check what particle
coordinates lie within each unsafe mesh grid in A", and
determine to which subset AZLk(k =1,2,...,n;) these par-
ticles belong. This tells us what values of the excitation
(or what kinds of short) of the ith magnet can lead to unsafe
particles. The coordinates x, x' of particles in subsets
Afp .. .,A;fnl_ corresponding to all magnet setpoints were
archived for this purpose when we performed the cascaded

ith magnet with n, (i+1 )th magnet
subsets with n., settings

settings superset

-—

retraci

entrance

FIG. 6. Retracing unsafe phase space area to identify the
unsafe magnet settings. The retracing is carried out in the
opposite direction of the cascaded parameter scan. If the unsafe
particles (area in red) at the ith magnet exit is found to belong to
certain subsets (A, and A7), it means unsafe particles can pass
through this magnet under the corresponding setpoints (1st and
2nd). Next we retrace the unsafe area from the magnet exit to its
entrance under the corresponding setpoints to obtain the unsafe
area in A; . We iterate this procedure from one end of the beam
line to the other.

parameter scan (see Sec. III). Next we track the unsafe
particles back through the ith magnet at the corresponding
excitations (or shorts) and find the unsafe particle coordi-
natesin A; atthe entrance of the ith magnet. This procedure
is iterated to take us from one end of the beam line to the
other.

After retracing through the whole beam line, two im-
portant results can be obtained: First, we can determine the
unsafe magnet setting ranges for which particles can pass
through all the physical apertures. The unsafe magnet
setting ranges can guide us to specify the necessary inter-
lock requirements on magnet power supplies. Second, we
can get the unsafe particle trajectories by connecting their
coordinates between magnet entrances and exits. The tra-
jectory information can be used to check the possibility to
implement additional physical apertures to prevent them
from passing through the beam line.

Thanks to the existence of physical apertures, in most
cases, only part of the area of phase space at the entrance can
pass through the exit apertures. Usually we perform two
runs. In the first run, we do cascaded parameter scan, and
then retracing to find potentially unsafe ranges. In the second
run, we adopt sufficient interlocks or apertures, then redo
parameter scan to confirm that no unsafe scenario can exist
any longer. For the second run, the retracing process is not
needed, because no particles can survive through all aper-
tures once interlocks and apertures are sufficient.

VI. APPLICATION IN NSLS-II TOP-OFF
SAFETY ANALYSIS

Here we use one of the NSLS-II baseline beam lines,
x-ray powder diffraction (XPD) with its radiation source
from a 7 m long damping wiggler, as an example to show
how to apply our approach to detect unsafe scenarios and
specify magnet power supply interlock requirements. The
layout of the beam line is shown as Fig. 7. We want to
prevent the injected beam from escaping through the pho-
ton shutter during the top-off injection.

We use the backward tracking approach [3,5], i.e., the
cascaded parameter scan is performed by tracking particles
from the photon shutter in the user beam line front-end
back into the storage ring. The trajectory of an electron
going from one point to another point in a pure magnetic
field is the same as the trajectory of a positron moving in
the opposite direction. Thus, if we can prove that no
positron starting from the photon shutter in the front-end
can enter the ring chamber acceptance with the existence of
all physical apertures, we have proven that no electron
starting from the ring acceptance can travel through the
photon shutter under the same conditions.

One important assumption we adopted in our simulation
is to perform the tracking study only in the midplane.
In principle, we need to track particle trajectories in a 4D
x —x" —y— 7y phase space. It turns out to be time
consuming. So in order to simplify calculation, we only
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FIG. 7. The layout of XPD beam line with its source point
from the damping wiggler at the long straight section. The cyan
line is the stored beam orbit, which is used as a reference
coordinate in tracking. The colored blocks centered along the
stored beam orbit are magnets. The black lines with various
openings represent the horizontal physical apertures restricted by
machine vacuum enclosure and radiation collimators. The red
lines are potentially unsafe trajectories under the magnet settings
shown as Table 1.

simulate particle motions in the midplane, but extend the
scan range of quadrupole and sextupole field by an extra
7% to include the particle’s vertical offsets [4].

Particle tracking also depends on the initial coordinates
(positions and angles). Since there are no magnets in the
beam line front end, it is easy to choose some physical
apertures there to define the initial coordinates for tracking.
In our simulation, we choose two physical apertures, the
fixed mask and the photon shutter, to uniquely define a
closed diamond area (Fig. 8) in phase space to contain all
possible incident beam coordinates. Compared with the
area occupied by the potentially unsafe particles, the dia-
mond can be quite large. To assure the unsafe particles can
be detected by parameter scan, the diamond must be uni-
formly populated with highly dense particles. Considering
incident particles may have a certain range of energy
deviation, the incident particle initial coordinates for track-
ing actually form a closed 3D volume in the phase space of
x—x'— 8. Here d = E;—f"is particle energy deviation. We

Aperture 1 Aperture2 A

|
~

FIG. 8. Four rays determined by two physical apertures within
a magnetic field free region uniquely define a diamond-shaped
area in phase space at the initial tracking point.
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FIG. 9. Normalized transverse field profiles in the midplane for
quadrupole (solid) and sextupole (dashed) without shorts. In the
case of magnet shorts, the profiles do not have symmetry.

limit the range of energy deviation within 6 = *3%, and
scan it with the fixed 1% step size. In Appendix A, we
discuss an alternative method to scan energy by corre-
spondingly extending magnet scan ranges.

The magnetic field data to describe all magnet settings
and errors have been calculated with the code OPERA [10]
in advance. Within the allowed range of power supply
capacities, the magnetic fields are proportional to their
excitation currents, and the profiles are approximately
unchanged [11]. We calculate the magnetic field maps at
a certain excitation, then normalize them with the corre-
sponding gradient value to get the profiles. Figure 9 shows
the profiles of quadrupole and sextupole without shorts.
The field profiles should be wide enough in the midplane to
cover the vacuum chamber dimension, because mis-
steering injected beam can result in very large horizontal
amplitudes. As seen in Fig. 9, the quadrupole (sextupole)
field is far from linear (quadratic) and turns over as one gets
beyond the poles of the magnet. Therefore the fast sym-
plectic integrator used in dynamic aperture simulation, like
in [12], which assumes magnet field can be expressed in a
simple polynomial form, does not always apply to top-off
safety tracking. Some general but slow numerical integra-
tors, e.g., classic Runge-Kutta integrator, accompanied by
the numerical interpolations [13] have to be implemented
to simulate particle trajectories. In order to obtain accurate
particle trajectories, the step size of numerical integrations
must also be small enough in the integration direction.

The initial cascaded parameter scan result shows there
are some potentially unsafe trajectories for this beam line,
if we let magnets vary within the ranges as shown in the
second column of Table I. By retracing the unsafe particle
trajectories back into the starting point, we identify
the unsafe magnet setting ranges as shown in Table I.
The unsafe particle trajectories are illustrated in Fig. 7
and their locations in phase space are illustrated in
Fig. 10. The beam line is unsafe only when all the
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TABLE I. Scan range and unsafe range for NSLS-II XPD beam line.
Scan range Unsafe range®
0=—-3% 6 =0% 6 =3%
Magnet ER?* ST® ER ST ER ST ER ST
SH1 0-1.07° 1-6 0-1.07 1-6 0-0.60 1-6
QH1 0-1.07 1-4 0-0.10 2 0
QH2 0-1.07 1-4 = 1.07 = 1.07
SH3 0-1.07 1-6 0.50-1.07 3 0.80-1.07
QH3 0-1.07 14 0-0.30 2 0-0.10 Safe
SH4 0-1.07 1-6 0-1.07 1-6 0-1.07 1-6
B1 0.87-1.03¢ 0.87-0.93 0.87-0.89
SM1 0-1.07 1-6 0-1.07 1-6 0-1.07 1-6
QM1 0-1.07 14 0-1.07 1-4 0-1.07 14

“ER (excitation ratio) is defined as the ratio of setpoint to the maximum allowed excitation value.
ST (short type) is the index of magnet errors. Here we assume both quadrupoles and sextupoles
can have one partially (50%) or fully (100%) shorted pole. There are four short types for
quadrupoles, and six short types for sextupoles [14].

“The scan ranges of quadrupole and sextupole are extended by an additional 7% to include
garticle vertical offsets.

Dipole field scan range is chosen to be above 90% its nominal value, another 3% comes from
the maximum contribution of its back leg winding. NSLS-II dipoles are separated function
dipoles. Therefore the field variations at different vertical offsets are negligible. For general
cases, e.g., combined function dipoles, different field profiles may be needed for each different
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vertical offset.

“Here we only list the retracing results for three different energy deviations.

conditions in the “‘unsafe range” column in Table I hold
simultaneously. This means, if we interlock any one of the
magnets to avoid its unsafe range, the beam line will

-90 T T T T T T T
initial area by FM and PS
- unsafe particles
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g -105f
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-110}

-115

-120 . . . . L L L
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x(mm)

FIG. 10. The potentially unsafe particles (red points) location
inside the initial diamond (light blue) defined by the fixed mask
and the photon shutter. The unsafe particles only occupy a small
area inside the diamond, so we need to populate enough particles
inside the diamond in order to detect them. For this beam line,
we use a mesh grid with the dimensions of 126 um X 16 wrad.
Therefore totally 160000 particles are populated inside this
diamond. We have tried some even smaller mesh grid, and got
the same unsafe area. Interlocks are introduced to avoid unsafe
parameter ranges.

become safe. Since the dipole B1 is the most critical
element and has a fixed field strength, we plan to interlock
its total field to be above 98% of its nominal value, and also
interlock the injected beam energy deviation to be less than
+3%. This eliminates unsafe conditions. Detailed specifi-
cations on interlock requirements and aperture limitations
will be implemented according to the actual hardware
conditions.

VII. CONCLUSION

A new cascaded parameter scan algorithm, which can
more efficiently carry out the parameter scan for top-off
safety analysis, is proposed. This approach is illustrated by
applying it to analyze a NSLS-II beam line. By converting
the number of tracking runs from exponential to linear
dependence on the number of magnet setpoints, the
required computation time for a complete and conservative
parameter scan is greatly reduced. This allows one to more
densely populate phase space and to increase the number of
setpoints scanned for each magnet.
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APPENDIX A: SCAN OF PARTICLE
ENERGY DEVIATIONS

As mentioned in Sec. I, the injected beam can have a
certain range of energy deviation relative to the stored
beam. In our simulation, we must scan over a range of
particle energy deviations to define a safe window for the
interlock requirements of the booster extraction system.
A usual method to perform the energy scan is to use a
few discrete values to represent the continuous range
of injected beam energy deviation [5], and then perform
a parameter scan for the fixed energy deviations
independently.

It is possible to include the energy scan by increasing
magnet scan ranges [6]. By observing the charged particle
motion equation (A1) in a pure magnetic field,

dv B

Yomo—; = gV

X —
dt 1+86 Aab

where 7y, is the Lorentz factor for the nominal energy
particle E, = cPy, m, the particle mass at rest, v the
instantaneous velocity, ¢ the time variable, ¢ the charge,
B the magnetic induction, & = £ ;,f 0 =~ E;—f“ the relative
momentum deviation. Here the difference between energy
and momentum deviation is negligible because of high
particle energy. We note that the motion of an on-
momentum particle is the same as an off-momentum par-
ticle with energy deviation 6 moving in the same field
profile but scaled by a factor ﬁ . Therefore we can include
the energy scan into the magnet field scan by scaling the
field variation range with this factor. For example, the full
magnet excitation range is assumed as [a, b], with 0 =
a <b, and we want to scan the energy deviation & over
[—d, d], with d > 0. For particle with energy deviation
6 = —d, there exists an on-momentum particle, which
will have the exact same trajectories within the magnet
field scan range of [7%, t2;]; and for energy deviation
8 = d, the corresponding range becomes [, 72-]. That
is, an off-momentum particle motion can be represented by
an on-momentum particle with a scaled magnet scan range,
which is energy dependent. In order to cover the energy
deviation within [ —d, d], the union of all possible magnet
scan ranges for an equivalent on-momentum particle is
seen to be [1¢7, ﬁ].

The benefit of this approach is we can avoid some
redundant calculation in the cascaded parameter scan.
But a problem is also raised by extending the magnet
scan ranges: some unphysical trajectories are introduced
in the cascaded parameter scan. For example, a trajectory
represents a particle passing through one magnet with an
extended setpoint only for particles with positive energy
deviation (6 > 0), and then passes through another magnet

with a setpoint only for particles with negative energy
deviation (6 < 0). Such trajectories are unphysical since
the particle energy does not change during a single passing.
If the cascaded parameter scan shows that no particle
can pass through all the physical apertures even after we
extend the magnet scan range, the beam line will be safe,
because all realistic cases are included after we extend the
magnet scan range. If any trajectories are found to survive
from all the physical apertures, we must exclude the un-
physical trajectories from them. We found it is possible to
eliminate the unphysical trajectories by considering the
dependence of the magnet scan ranges on the particles
energy in the retracing process. For the potentially unsafe
trajectories obtained from the extended cascaded parame-
ter scan to cover energy deviations range of [—d, d], we
retrace them back into the starting point with fixed energy
deviation setpoints. Therefore we choose a series of set-
points 8 = d, (n = 1,2,...) within the energy deviation
[—d, d]. For each energy deviation setpoint d,,, the corre-
sponding energy-dependent magnet scan ranges are
lj:"dn , lf—"dn], i=1,2...,k (in the cascaded parameter
scan, the corresponding subsets for these magnet settings
are calculated and archived). In retracing unsafe particles,
we check whether the unsafe particles travel through each
magnet within its allowed energy-dependent scan range.
If not, then the particles are unphysical and are excluded. If
any unsafe particles can be retraced to reach the starting
point for a certain energy setpoint, then the beam line is
unsafe for the particles with this particular energy devia-
tion. Otherwise the beam line is safe for this energy devia-
tion. After scanning over all the energy deviation setpoints
§=d,(n=1,2,...), we will obtain the unsafe magnet
ranges for each energy deviation. An interlock must be
employed to assure that injected beam energy is kept in a
range for which there are no unsafe particles.
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