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The results of self-consistent beam dynamics simulation are presented for the linac of the NESTOR storage ring.

Consideration is given to the influence of particle energy change at the output of the electron gun during the current
pulse. The obtained data have formed the basis for the computation of the beam transport line for research in the

field of high energy physics.
PACS: 41.75.Ht, 41.85.Ja

INTRODUCTION

The NESTOR storage ring, designed to generate soft
X-rays [1], is under commissioning at NSC KIPT. It
was intended to use the linac [2] both as an injector into
the ring and for research in nuclear physics at a straight
section of a beamline. However, this straight section has
not yet been established. The aim of this work was more
extensive study by numerical simulation of self-
consistent particle dynamics in the linac to refine the
beam characteristics at its output and to develop the
straight section of the beamline for transporting this
beam to a goniometer installed at the entrance of a
“dog-leg” beamline section of the former LU-300 linac.

1. FORMULATION OF THE PROBLEM

The linac-injector of the NESTOR ring is shown
schematically in Fig. 1. It consists of a diode electron
gun 1, which accelerates a beam with a current of 0.2 A
to an energy of 25 keV, an injector on evanescent wave 2
[3] with a coaxial coupler 4, which accelerates particles to
an energy of 1 MeV and two traveling wave accelerating
sections 7 and 10, the first of which is the section
“Kharkiv-85” [4], and the second is the LU-60 section
[5]. These sections provide particle energy at the exit of
the accelerator up to 100 MeV. The beam transport con-
sists of two axially symmetric magnetic lenses 3 and 6
and two quadrupole lenses 8 and 9. A collimator 5 is
used to regulate the beam current at the accelerator exit.
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Fig. 1. Schematic representation of the accelerator-injector of the NESTOR ring

The linac operation has some features. First, it is not
possible to vary the delay of the microwave power
pulses feeding the accelerating sections relative to each
other to compensate the influence of transients on out-
put beam parameters because of the RF feeding scheme
peculiarities. In addition, the high-voltage power supply
of the electron gun has approximately 10% pulse over-
shoot. Therefore, to determine the output beam parame-
ters, it is necessary to simulate the self-consistent dy-
namics of particles in the linac in the time domain. Pre-
viously, we developed a technique for such simulation
[6], but it did not consider the change in energy of the
initial beam within a current pulse, which was generated
by the electron gun. Thus, it was necessary to develop
an addition to the method [6], to consider that change
and simulate the self-consistent particle dynamics in the
linac, schematically shown in Fig. 1 in the time domain,
taking into account the change in initial beam energy.
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2. SIMULATION OF SELF-CONSISTENT
PARTICLE DYNAMICS

To simulate the self-consistent particle dynamics
with the developed method [6], which uses, in particu-
lar, modeling of particle dynamics within the framework
of the PARMELA code [7], one needs to know a list of
electrodynamic characteristics of resonant systems, in-
cluding on-axis field distribution, magnetic characteris-
tics of axially symmetric magnetic lenses, and such pa-
rameters of the accelerating sections as group velocity,
attenuation and series impedance. These data for axially
symmetric resonant and magnetic systems were calcu-
lated using the SUPERFISF/POISON group of codes
[8]. The parameters of the accelerating sections were
calculated using the method [9].

2.1. PARAMETERS OF THE ACCELERATING
SYSTEM

The simulated characteristics of the injector resonant
system, which consists of five coupled cavities that are
excited in the stopband, are given in Table 1.
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Table 1

Electrodynamic characteristics of the injector
Parameter Value
Operating frequency f,, MHz 2797.15
Quality factor Q 12354
Shunt impedance, MQ/m 18.4
Power losses in the walls, kW 558
Maximum field on the axis, MW/m 394
The coupling coefficient of the
waveguide with the resonant system B | 3.8

Accelerating sections are cylindrical waveguides
loaded with disks, consisting of several subsections with
constant impedance. Each homogeneous part is com-
bined with the next one by means of five transient cells.
The total number of cells in the “Kharkiv-85” section is
162, which are divided into four homogeneous subsec-
tions, and the LU-60 section has 102 cells, which are
divided into three homogeneous subsections. The wave
phase shift per a cell is 90°, at the operating frequency
of 2797.15 MHz, which corresponds to the structure
period of 2.679 cm. The disks thickness is 0.4 cm.
Therefore, the “Kharkiv-85" section has 19 disks with
different aperture, and the LU-60 section, respectively,
has 13 ones. According to the method [9], the 19 and 13
representative resonant stacks were modeled, respec-
tively. The eigen mode that corresponded to the travel-
ing wave with a phase shift per period of 90° was con-
sidered. Using the field distribution on the stack axis, Q-
factor and stored energy, the following parameters were
calculated: relative group velocity f,; attenuation a,
series impedance R,; shunt impedance Z. When model-
ing a spatially inhomogeneous section using the method
of [6], several assumptions are made, in particular,
about the locality of the inhomogeneity with a slow
change in the parameters along the section. It is as-
sumed that the parameters of the section on the period,
which includes a disk with a certain size of the aperture,
is determined exclusively by this aperture. Using the
same approach, the generalized characteristics of the
sections were calculated, which are given in Table 2.

2.2. INJECTION ENERGY CHANGE

In the PARMELA program, initial parameters of par-
ticles, including their energy, are specified in several
ways, depending on the selected type of generation of
initial array, which is specified by the keyword input in
the input file of the program. For input 0, the parameters
of each particle are written to the input file diout. For
input 3, the particles are generated according to the data
calculated using the EGUN program. Therefore, these
methods are not convenient for changing the energy of

particles during a current pulse. We used input 60 to
generate particles. In this case, the parameters of the
particles in the transverse plane are determined ran-
domly, to fill the given ellipses in the planes x-x' and y-
y', and in the longitudinal direction — evenly fill the
given intervals of phases and energies that are tied to
reference particle. The initial phase (actually, its posi-
tion) and the energy of the reference particle are given
by the keyword run. If the electron gun operates in the
mode of current limitation by the space charge, the gun
current is changed with a gun voltage in accordance
with the Child-Langmuir law (law “3/2”) while the
transverse characteristics of the beam remain un-
changed. Thus, finding the characteristics of the gun
beam at a known voltage using the EGUN program, we
can easily simulate the dynamics of the beam at any
voltage, changing only the initial position and energy of
the reference particle and the beam current.

Table 2
Characteristics of accelerating sections
Parameter “Kharkiv- | LU-60
85”
Operating frequency fo, MHz | 2797.15 | 2797.15
Phase shift per a period of the
structure, deg. 90 90
Length, m 4.31 3.22
The number of homogeneous
subsections 4 3
The maximum radius of the
aperture a, mm 12.72 10.91
The minimum radius of the
aperture a, mm 9.81 8.3
Filling time, ps 0.915 1.22
Attenuation, Neper 0.68 0.914
Average series impedance,
Q/cm? 1814 3495
Beam loading, MeV/A 65.6 64.5
Energy gain at a microwave
power of 16 MW and zero
current, MeV 54 51

The gun voltage pulse is characterized by the fol-
lowing parameters: ¢, is delay of pulse start, 7, is the

pulse risetime, 7,4, is duration of the pulse flat-top,

rise

T s pulse fall time, V,

is amplitude of the steady
part of the pulse and M is the pulse overshoot. The total

pulse duration is equal to 7., +7 4, + T, . The voltage

J(f) on the gun before the beginning of the pulse and
after the pulse end is zero while during the pulse it is
determined by the formula:
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The energy of the reference particle at each moment
of simulation is determined from (1) and is written to

ISSN 1562-6016. BAHT. 2021. Ne3(133)

the input file of the PARMELA. The corresponding
beam current is determined by the formula:
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I(t)=pV (1), )
where  is gun perveance.

During the simulation, it was found that at low ini-
tial energy of the beam, the particles do not reach the
end of the section, which led to a violation of the simu-
lation algorithm. It was found that simulation is only
possible for the gun voltage more than 20500 V. There-
fore, not the entire voltage pulse on the gun was simu-
lated, but only that part where the voltage exceeded
20500 V. In addition, for stable and faster operation of
the simulation algorithm, an application was developed
that allows one to read the binary output file of the
PARMELA code with the parameters of accelerated
particles. This greatly speeds up the algorithm and al-
lows one to simulate more particles, compared to read-
ing a text file, as was the case in the previous version.

The shape of the RF power pulse was given by a
formula similar to (1), with the difference that the peak
of the pulse is flat with amplitude Py, without over-
shoot. During the pulse, only the RF power changed, but
the phase @, remained constant for the whole pulse.

If a simulated system has two or more microwave
power sources, such as an injector and a first section the
time parameters of the RF power pulses will be the
same, but the amplitudes and phases may be different.

2.3. SIMULATION RESULTS

During the simulations we investigated some de-
pendencies that have operational significance. They are
following: the dependence of the output current at the
first section exit on the injector solenoid field; the de-
pendence of the output beam parameters of the first sec-
tion on the phase of its RF power supply; the depend-
ence of the output beam parameters of the linac on RF
power supply phases of the first and the second sections.
Taking into account the age of the klystron amplifiers
used to power the accelerator sections, we used rather
moderate values of the RF power of the power supply
sections equal to 12 MW, which corresponds to the ex-
perimental data.

The simulation parameters of the first section with
the injector were as follows. Voltage on the gun and
perveance were 24000 V and 6.3-10™, respectively. The
pulse parameters of the gun 7, 7., Ty » Ty and M

were 1.07, 0.50, 1.29, 0.50 us and 1.1, respectively. The
time parameters of the microwave pulse 74, , 7

T were 2.50, 0.50, 0.50 ps, respectively. The pa-

rameters of the microwave power of the injector Py, @y,
B were 1 MW, 45 degree and 5, respectively. The pa-
rameters of the microwave power supply of the first
section Py, and @, were 12 MW and 45 degree through
115 degree, respectively. The microwave phase of the
first section from 45 to 115 degrees corresponds to the
achievement of the minimum phase length of the
bunches and the maximum energy gain of particles,
respectively. Results obtained are listed in Table 3.

In Table 3: I, is the current of the output beam, W,
is the average energy of the beam particles, W, is en-
ergy of the particles in the energy spectrum peak,
AW/W 7944 is the relative width of the energy range that
includes 70% of the beam particles, AW/Wgymy is the
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relative width of the energy spectrum at half the distri-
bution height, A®,, is the width of the phase spec-
trum, which includes 70% of the beam particles, AxX(70%)
is the beam size in the transverse coordinate x, which
includes 70% of the beam particles, Ay, is a similar
value for the coordinate y, Ax,,s and Ay, are the root
mean square (rms) dimensions of the beam in the trans-
verse direction x and y, respectively, & , yms and &, 4 s
are the normalized rms emittances in the transverse
planes, @,/ ; seer. OF Dy 2 50c, phases of the first or the sec-
ond section RF power supply. Solenoid multiplier is the
coefficient by which the solenoid field calculated by the
POISSON program is multiplied at the PARMELA
code simulation. Carried out simulation of beam pa-
rameters at the exit of the first section on the solenoid
multiplier has shown that the output current and the
beam size are weakly dependent on the solenoid field.
Therefore, at further simulation the multiplier of the
solenoid field was set to 1.

Table 3
Dependence of beam parameters on microwave phase
of the first section
Dy 1 secrr deg. 45 55 75 95 115
I, mA 52 70 97 99 99
W..,, MeV 36 35 36 40 | 42
Wpir, MeV 35 34 37 40 | 41

AW/ Wiy, % 46 |7 |87 |68 |43
AW/ Wiy, % | 1 39 |87 [63 |05

A(p(m%), deg 1.4 2.8 5.6 8.9 11
AX,y (702, cm 0.98 | 0.95|0.69| 035 0.17
AX,Y s, CM 0.43 | 042|034 | 0.19 | 0.09

&y nrms, Mm-mrad | 43 46 29 11 6

Solenoid multi-
plier 1 1 1 1 1

Let us analyze data in Table 3. It can be seen that the
energy of the beam increases almost monotonically with
increasing phase shift of the section, while the width of
the energy spread behaves differently. At the maximum
energy gain, the spread width is the smallest, but at the
minimum phase width of the bunches, it is also quite
small, having a maximum within the interval. It is
known that the minimum energy spread in the resonant
accelerator is observed when accelerating bunches at the
crest of an electromagnetic wave. It was shown, for ex-
ample, in [10, 11], there are two cases when accelerated
bunches became at the wave crest at the exit of the sec-
tion. The first one is when bunches injected into the
section near the crest of accelerating wave. In this case
particles of bunch core obtain maximum energy gain,
but phase motion of particles is small, so bunch phase
length is almost unchanged during acceleration. In an-
other case bunches are injected almost 90° ahead of the
wave crest and particles of bunch core obtain phase de-
pendent longitudinal kicks. Because wave velocity is
higher than particle velocities bunches slip to the wave
crest at some distance, then phase motion of particles
almost stop, but during this slippage bunches undergo
strong phase compression. Such behavior is so-called
velocity bunching of particles.
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It seems from Table 3 that the phase length of the
bunches in the mode of velocity bunching is an order of
magnitude smaller than in the mode of maximum en-
ergy gain. However, the mode of velocity bunching
leads to loss of particles (beam current is almost twice
less). At the velocity bunching particles obtain phase-
dependent increments of both longitudinal and trans-
verse momentum that increases transverse beam emit-
tance and, therefore, leads to beam particle losses.
Comparison of images of particles in the transverse
phase plane at the output of the first section at the
maximum energy gain mode and the mode of minimum
phase length of the bunches are shown in Fig. 2. It can
be seen that in the last case the particles occupy the en-
tire aperture of the diaphragms (see Table 2), and the
shape of the transverse emittance has the form of a so-
called “open fan” caused by phase-dependent incre-

ments of transverse momentums.
0.3
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Fig. 2. Image of particles on the transverse phase plane
at the exit of the first section at the maximum set
of energy (blue dots) and the minimum phase length
of the clots (green dots)

It should also be noted that a significant reduction in
the accelerated current in the velocity bunching mode
compensates the reduction in the energy gain of the par-
ticles as these accelerating sections have a significant
beam loading of approximately 6.5 MeV per 100 mA of
current (see Table 2).
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Fig. 3. Pulse current pulses at the output of the first
section at the maximum energy set (blue curve) and

the minimum phase length of the clots (green curve)

Comparison of current pulses for the cases of the
largest energy gain and the minimal phase length of
bunches is shown in Fig. 3. One can see that the pulses
differ not only in amplitude but also in shape. It should
be noted that simulated pulses are similar to the experi-
mentally measured ones.
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Comparison of the beam energy spectra at the output
of the first section in the maximum energy gain mode
and the mode of minimum phase length of the bunches,
is shown in Fig. 4. As it can be seen, the maximum en-
ergy of the particles in both cases is the same, but the
shape of the spectra is quite different. In the case of the
minimum phase length of the bunches, a small second
peak in the high-energy region is clearly visible on the
spectrum. It corresponds to the particles that receive the
maximum increase in energy in the steady state. In this
case the main part (core) of the bunch has an energy
lower than the maximum value due to the specific mo-
tion of the particles in the longitudinal phase space as it
was mentioned above. This movement leads to the for-
mation of short bunches, as seen in Fig. 5, on which the
phase spectra of the beam for the two modes are pre-
sented.
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Fig. 4. Energy spectra of the beam at the output
of the first section at the maximum energy gain
(blue curve) and the minimum phase length
of the bunches (green curve)
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Fig. 5. Phase spectra of the beam at the output
of the first section at the maximum energy gain
(blue curve) and the minimum phase length
of the bunches (green curve)
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From Fig. 6 we can get an additional explanation of
the behavior of the energy spectra shown in Fig. 5 in the
region of energies above the main peak. The presence of
particles there is also due to the influence of the tran-
sient process caused by the beam loading of the section.
It is seen that the average energy of the beam is only set
on the second half of the pulse, while in the first half it
changes significantly. It should be noted that in the
mode of maximum energy gain, the energy spread width
at initial part of the current pulse is much smaller than
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that in the case of the minimum phase length of the
bunches. This explains the fact that the maximum en-
ergy of the particles in both cases is the same.

There are many combinations of microwave power
phases of the two sections of the accelerator. However,
below we present only the results for the two main
modes of microwave power supply of the first section
when changing the phase of the microwave power sup-
ply of the second section in the range close to 100 de-
grees at a power of its microwave power supply of
12 MW. Quadrupole lenses mounted between the sec-
tions were used to guide the beam through the second
section. Lens modes were set to obtain approximately
the same beam size in the vertical and horizontal planes.

The dependence of the beam parameters at the out-
put of the second section for the case of the minimum
length of bunches on the microwave phase of the power
supply of this section within 90 degrees was studied.
The results showed that the phase change has almost no
effect on the beam current and its transverse emittance
in this case. The phase length of the bunches and the
width of the energy spread of the particles do not
change much, while the energy of the beam varies by
about 30 MeV. Due to the change in the energy of the
beam, its dimensions and shape in the transverse plane
change somewhat.
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Fig. 6. The average energy of the beam (blue curve)
and the width of the energy spectrum (red curve) during
the pulse at the output of the first section at the maxi-
mum energy gain (top graph) and at the minimum phase
length of the bunches (lower graph)

For the case of the maximum energy gain in the first
section, the dependence of the beam parameter at the
output of the second section on the microwave phase of
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the power supply of this section was investigated within
80 degrees. Studies have shown that the beam current
and its transverse emittance also practically do not
change. A smaller change in the energy of the beam
occurs in this case, and a change in the width of the en-
ergy spread, on the contrary, is greater. Also, a smaller
change in the beam dimensions is observed, which is
due to a smaller range of changes in the beam energy.

The dependence of the beam energy and the width of
the energy spectrum on the phase of the RF power sup-
ply of the second section for the two modes of operation
of the first section are presented in Fig. 7. The figure
shows that for the first mode (the mode of the minimum
phase length of bunches), the change in the width of the
energy spread of particles is almost an order of magni-
tude smaller than that for the second mode (maximum
energy gain in the first section). In addition, when
changing the phase of the microwave power supply of
the second section by 20 degrees (from 140 to 160 de-
grees), the energy of the particles does not change for
the first mode.
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Fig. 7. From above — the dependence of the beam
energy (circles) and the beam energy spread (triangles)
at the output of the second section on the phase
of its microwave power at the minimum phase length
of the bunches at the output of the first section.
Below are the same at the maximum energy gain
at the output of the first section

A comparison of the energy spectra of the beam at
the output of the second section for the cases that corre-
sponds to the maximum energy of the beam at the out-
put of the accelerator for two modes of operation of the
first section is shown in Fig. 8.
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Fig. 8. Energy spectra of the beam at the output
of the second section at the maximum energy gain
(red curve) and at the minimum phase length
of the bunches (blue curve)

As can be seen from the figure, the energy spectrum
for the first mode of operation of the first section has a
more compact shape, even though the beam energy is
slightly lower.

Thus, in our opinion, the mode of operation of the ac-
celerator with a minimum phase length of the bunches at
the output of the first section is more suitable in terms of
operation of the facility, because it provides both beam
energy stability with relatively moderate requirements for
microwave phase stability. and changing the energy of
the beam in a wide range while maintaining its other pa-
rameters, while ensuring more stringent requirements
for the stability of the microwave power phase.

3. SIMULATION OF TRANSPORT LINE

Based on the obtained results of the self-consistent
simulation of particle dynamics in the linac, as well as
from the experience of operation of such facilities, we
established the following characteristic parameters of
the beam at the entrance to the transport line: normal-
ized transverse emittance €y n rms = 60 mm-mrad; beam
diameter equals to 3.6 mm; geometric divergence of the
beam equals to 0.2 mrad. As quadruple lenses, we have
chosen wide-aperture lenses, developed at NSC KIPT.
Estimates show that their effective length is 315 mm,
the field gradient is 35 G/cm/A, and the winding resis-
tance is 13 Q.

Based on this data, a transportation line model was
created for the MAD-X program [12], which is sup-
ported free of charge by CERN.

For the convenience of the transport line modeling,
the parameters of the quadrupoles were expressed
through the excitation currents of their windings and the
energy of the beam. We used intrinsic MATCH proce-
dure that automatically adjusts the quadrupole currents
for a given energy and the initial transverse parameters
of the beam. Restrictive conditions re21 = 0, rel2 = 0,
re34 = 0, re43 = 0 provide the transformation of a circu-
lar diverging initial beam into a circular beam converg-
ing on the target. Fig. 9 shows the result of the transpor-
tation line modeling, which confirms this statement.
Thus, the transport line can be rearranged for other ini-
tial parameters of the beam.

Fig. 10 shows the location of the quadrupoles along
the transport line and the beam diameter, calculated
from the beta functions for the normalized emittance of
60 mm-mrad and the beam energy of 70 MeV.
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Fig. 9. Beta functions of the beam along
the transport line

The convergence of the beam on the target is equal
to 0.1 mrad in the horizontal plane and 0.2 mrad in the
vertical with a beam diameter of 2 mm.
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Fig. 10. The position of the quadrupoles
and the diameter of the beam along the transport line

The distances from the beginning of the transport
line to the center of the quadrupoles and the approxi-
mate currents of their excitation are shown in Table 4. It
should be noted that at such beam energies, the field
gradients of quadrupoles will be proportional to the
beam energy to ensure the same beam dynamics. There-
fore, for the beam energy of the 80 MeV, the currents of
the quadrupole windings will be 14% higher.

At estimated quadrupole winding resistance of 13 Q
their supply voltage will not exceed 30 V, so it is possi-
ble to use a list of commercial power supplies with out-
put power of 100 W, for example, SPD3303X to excite
the quad-fields. Each of such power supply has two in-
dependent power supplies with output voltage up to
32 V and a current up to 3.2 A. The power supplies have
a remote control with a resolution of 1 mA, 1 mV.

Table 4
Quadrupole parameters
Quadrupole Distance to Quadrupole
number quadrupole, m current, A
Q1 8.097 1.512
Q2 8.752 -1.839
Q3 11.111 1.230
Q4 11.567 -0.538

To estimate the diameter of the pipe of the transport
line, we proceeded from a size equal to four-fold the
maximum dimensions of the beam. Since the maximum
beam size is approximately 12 mm, a stainless-steel pipe
with an outer diameter of 60 mm and the wall thickness
of 2 mm is suitable for the beamline. To increase reliabil-
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MPOEKT JINHUU TPAHCIIOPTUPOBKU ITYYKA YCKOPUTEJISA HAKOITUTEJIBHOI'O KOJIBIIA
HECTOP 1151 OBECHEYEHUS SIAEPHO-@U3NYECKUX UCCJIEJOBAHUI

B.B. Mumpouenxo, C.A. Ilepescozun, B.A. Kywinup, B.b. I'anenxo, H.H. Auzayxuii, I'./]. Kosanenko

IIpencraBneHsl pe3yabTaThl MOJIEIUPOBAHUS JUHAMUKHA CaMOCOTJIACOBAHHOTO MyYKa B JIMHEHHOM YCKOpHTENe
Hakonutenss HECTOP ¢ yyeTroM BIusSIHUS U3MEHEHHS! SHEPTMU YAaCTUIl HA BBIXOJIE DJIEKTPOHHON MYIIKHA BO BpEeMst
uMITysibca Toka. [lomyyeHHble JaHHbBIE JIETJIM B OCHOBY pacdeTa JUHUKM TPAHCIOPTUPOBKHU My4Ka JJIsl UCCIeI0OBaHUI
B 001aCTH (PU3MKH BHICOKHX YHEPTHUIL.

MPOEKT JIIHIi TPAHCIIOPTYBAHHSI TYUYKA IPUCKOPIOBAYA HAKOIIUYYBAJILHOI'O
KUUIBIA HECTOP JJIs BABE3INEYEHHS SAEPHO-®I3UYHUX JTOCJII)KEHb
B.B. Mumpouenxo, C.0O. Ilepescozin, B.A. Kywnip, B.b. I'anenxo, M.1. Aiizayvkuii, I'./]. Kosanenko

[pencTaBneHo pe3yabTaTH MOJIEIIOBAHHS CAMOY3TO/PKEHOT TMHAMIKH ITy4Ka B ITPUCKOPIOBaYl HAKOITMYYBaJILHO-
ro kbt HECTOP 3 ypaxyBaHHSM BIUIMBY 3MiHHM €HEprii YaCTWHOK Ha BHXOJI €JEKTPOHHOI rapMaTH il yac iM-
mynbcy ctpyMmy. OTpuMaHi JaHi JISTJIM B OCHOBY PO3paxyHKY JIiHIT TpaHCIIOPTYBaHHS Iy4Ka JJIs 3a0e3MeueHHs 10-
CITIJPKEHB y Tany3i (pi3MKu BUCOKHX €HEpPTii.
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