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Budker Institute of Nuclear Physics (BINP) is carrying out work with SKIF synchrotron of fourth generation.
Synchrotron buildings are reared now in the ground of Koltcovo. In BINP there is the stand for testing of first part
of SKIF injector (preinjector) that includes gridded thermionic cathode radiofrequency (RF) gun which is applying
for the first time in world practice. The main goal of the pre-injector is the forming of short electron bunches with
low energy spread and the accelerating up to relativistic energies. In the article the preinjector structure, principle
of operation and tuning are described. Specific features related with RF gun applying are checked. Numerically
calculated and measured beam characteristics in the preinjector are analyzed. Methods of preinjector characteristic

calibration and tuning are discussed.
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Introduction

In contrast to a SKIF injector [I1] with a high-
frequency (RF) gun, most synchrotrons use static guns
with a thermionic cathode controlled with the help of a
grid. In such guns the voltage pulse with duration of
1-2ns on the cathode unlocks the electron beam from
the cathode, which, passing through the grid, accelerates
in the electrostatic field of the gun to relatively low energy
of 50—100keV. Further the obtained bunches pass through
RF fields of buncher cavities and shortening in length to
tens of picoseconds to enable their further acceleration to
energy of 3—4MeV in a preliminary accelerator 2856 MHz
and further in a linear accelerator 2856 MHz to energy of
100—200 MeV. In injectors it is necessary to obtain beam
energy spread of at least 1%. This principle of operation is
used by injectors of DLS [2], SLS [3], NSLS [4], ESRF [5],
ALS [6] and many other synchrotrons. The same principle
is used in the described SKIF injector [7], only instead of
a static gun first time in the global practice a thermionic
cathode grid-controlled RF gun is used [8].

A disadvantage of electrostatic guns is low beam energy,
presence of ionic bombardment of the cathode from the
gas molecules positively ionized in vacuum and the need to
use a bulky high voltage equipment, which is dangerous
and inconvenient to operate. Such guns have higher
requirements to vacuum and, moreover, requirements to
reducing the longitudinal dimensions of the entire injector
to decrease the grouping time, when the beam emittance
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deteriorates fast because of relatively low energy under
impact of its spatial charge.

RF guns have no such disadvantages. In the RF field ionic
bombardment is almost absent, since massive ions have no
time to speed up in the RF field to the energies that may
damage the cathode. As a result of this the problem of the
cathode lifetime becomes irrelevant (not taking into account
the ageing), and requirements to vacuum in the injector
are substantially less strict [9,10]. A thermionic cathode
with grid control, principally the same as in ordinary static
guns, is placed in the RF field in the rear wall of a
special RF cavity. Then downstream the RF gun the beam
is grouped using the same principle as in injectors with
static guns, and is then accelerated first in the preliminary
accelerator and then in a linear accelerator 2856 MHz up
to 200 MeV.

The value of the RF gun accelerating voltage is not
limited by development of the ionic back bombardment
effect, as in static guns, therefore RF voltage and beam
energy of the RF gun may be increased up to 1MeV.
As a result of that the drift space of the preinjector
bunches grouping extends to 2—3m, and the necessary
diagnostic equipment is freely located thereon. Therefore,
use of the RF gun in the injector of the fourth generation
synchrotron SKIF simplifies and cheapens its design and
operation, and improves the quality of the electron beam.
Two similar (but not pulse) RF guns created in the Institute
of Nuclear Physics [9,10], in practice confirm the above
properties. Photocathode RF guns with a complex laser
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system, especially superconducting ones, are not considered
here since so far both quite reliable photocathodes have
not been designed yet for them, as well as the cheap
technology of RF superconductivity. Further descriptions
of other thermionic cathode RF guns used in the global
practice are provided for comparison.

RF guns 2856 MHz with a thermionic cathode and
without a control grid are world-wide, where the cathode
is installed on the rear wall of the RF cavity [11]. Electrons
are emitted from the cathode during the positive RF half-
period, and relatively long bunches produced in this manner
are accelerated in the RF field. Then bunches are grouped
in a special rotary a-magnet. By cost and complexity the
injectors of such design are practically the same as the
above injector with static guns [12]. Their disadvantage
is the presence of back accelerated electrons that bombard
the cathode and decrease its lifetime, and difficulties with
obtaining single electron bunches.

Thermionic cathode RF guns with a built-in grid (without
external control), which are used in powerful industrial ILA
amplifiers, do not have such disadvantages [13]. Electrons
from the cathode are emitted by RF field of the gun,
penetrating through the grid during the positive half-period
of RF field. Owing to voltage induced by the beam on
the grid, the emission of the electron bunch from the
cathode is interrupted at the phase of RF field, after which
the emitted electrons are slowed down in the alternating
RF field that changed its sign and are accelerated in the
opposite direction, bombarding the cathode (as it happens
in the RF guns without a grid). The grid here is controlled
by voltage pulses induced by the bunch itself in the
capacitance of cathode—grid, phase-shifted by a special
short-circuiting coaxial loop of a certain length. Besides,
permanent bias offset is additionally supplied to the cathode
via the loop, which also controls the emission duration.
The average current of the beam in these amplifiers —
0.5—1.5A, and the cathode life time — up to 2000h,
which clearly demonstrates the advantage of RF guns vs
static guns. Such RF guns generate only a series of
bunches.

1. Structure and parameters of SKIF
preinjector

The preinjector (Fig. 1) comprises: modulator of
cathode-grid unit /, RF gun 178.5MHz 2, buncher cav-
ity 5355MHz 5, preliminary accelerator on a traveling
wave 2856 MHz 70 and the first of five multi-cell ac-
celerating sections on a traveling vave with accelerating
mode 2m/3 I1. For RF supply, the injector uses two
impulse solid-state amplifiers for 178.5MHz (700kW)
and 535.5MHz (10kW), and also one of three klystrons
2856 MHz (40 MW) with a derivation of RF capacity of
10 MW for a preliminary accelerator. A standard system
of control and synchronization from Libera is used. The
RF gun generates electron bunches with energy of up to

700keV and repetition frequency of 1Hz in two modes:
single bunches 1nC, or a series of 55 bunches of 0.3nC,
or any other combination of bunches with a total charge
of not more than 16 nC. (Time to tune/switch operation of
the injector from one mode to another is approximately half
an hour, if the method is finalized.) Bunches are grouped
in the preinjector from 1ns to 6—10ps (FWHM) as they
accelerate to energy of 2—3MeV in the preinjector and
accelerate further to 30—45MeV in the accelerating section.
The injector must provide the energy spread of bunches not
exceeding 1% (rms (root mean square)), time instability of
below 2 ps, normalized emittance of at least 607 mm-mrad
and energy of 200 MeV.

2. Dynamics of electron bunch
in preinjector

The source of electrons in the RF gun is a thermionic
cathode, controlled in the gap of cathode—grid by pulse
voltage with amplitude of up to 100 V with duration of 1ns.
The purpose of the preinjector is a longitudinal grouping
of nanosecond electron bunches from the RF gun to the
duration of less than 10ps with energy spread of up
to 1% (rms). This is achieved by creating the corresponding
distribution of the charge density and energy of particles
along the bunches. The principle of longitudinal grouping
of bunches in the RF gun and in the preinjector consists
in developing higher speed of particles in the tail portion
of the bunch, because of which the electrons in this part
of the bunch catch up with the particles in the front
edge of the bunch in a certain drift space. Then after
acceleration of the grouped bunch to relativistic energies,
grouping stops. Bunches from the RF gun have nonuniform
longitudinal distribution of energy already, which follows the
sine dependence of voltage on the RF gun and contributes
to the grouping effect. Solving a simple exercise on the
distance, at which the second particle catches up with the
first one, if its energy is higher than that of the first one at
this dependence, is expressed as follows:

S= = \/(E/me2+2) E/me? tgfg). (1)

where E — maximum energy of particles (or RF voltage
amplitude in [eV]), @ — RF circular frequency in the gun,
@ — RF phase, at which particles are emitted, ¢ — light
velocity, m — electron mass.

The curve of dependence (1) is shown in Fig. 2,a.
From the curve one may see that for RF voltages of
700—800kV the length of the drift gap is around 2m.
This gap determines the dimensions of the grouping area.
For comparison, most static guns with beam energy of
50—100keV and the corresponding voltage of the buncher
cavity ~ 50kV this gap is only 20 cm.

The similar analysis shows that the grouping effect also
occurs in the cathode—grid gap, where the trigger voltage
also varies following the sinusoidal law with equivalent
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Figure 1. Preinjector of SKIF accelerator: / — modulator (inside the RF gun); 2 — RF gun, 3/1—3/9 — correctors; 4/1—4/3 —
FCT sensors s(Fast Current Transformer); 5/1—5/7 — solenoids; 6 — buncher cavity 535.5 MHz; 7/1— 7/4 — luminophores; 8/1—8/3 —
pickups; 9/1—9/4 — streak cameras; /0 — preinjector (inside the solenoid 5/6); /1 — accelerating section 2856 MHz; 12 — triplet;

13 — scanner; 14 — Faraday cylinder.
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Figure 2. Bunch grouping effect: @ — dependence of the focus distance of longitudinal grouping on the cavity voltage amplitude (see (1)
at ¢ = 45°), b — voltage shapes in the RF gun: Pulse Voltage — voltage pulse amplitude, Bias Voltage — bias offset, Trigger Voltage —

trigger voltage.

frequency 400 MHz and with amplitude around 50V
(Fig. 2,b). According to equation (1), this cathode
grouping occurs at the distance 2—6 mm from the cathode.
Calculations predict formation of a steep front in the
longitudinal distribution of bunch charge. Calculations also
predict (with account of the effect of the spike in current
in the area free of electrons upstream the cathode, where
at the initial triggering moment the Langmuir 3/2 law does
not work), that the peak current of the cathode at the front
edge of bunches may exceed the emission current dozens
of times.

During further analysis of the grouping processes it is
taken into account that the principle of maintaining the
transverse emittance, according to the Liouville’s theorem,
here, in the grouping section, may not be applied because of
a relatively long lengths and energy spread of nonrelativistic
bunches [12], since different parts of the long bunch
are accelerated and focused by the alternating RF field
differently. Besides, the mentioned known law 3/2 is not
applicable when calculating the current of emission from
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the cathode, as it is made for the stationary conditions of
an infinitely long beam. Here, in fast-alternating RF fields,
numerical modeling of electron beam is used, which takes
into account the inertial dynamics of electron motion.

When developing the numerical model of the preinjector,
ASTRA [14] package was widely used, where the inter-
action of the electron beam with RF fields and between
each other is modelled by their equivalent macroparticles.
Besides, electronic bunches are represented in the form
of array of several dozens of thousands of macroparticles.
Numerical models of bunch dynamics in the cathode-grid
unit [15], and also distribution of electromagnetic fields in
cavities of RF gun, buncher and accelerating cavities, were
created using software suites SLANS, CLANS, SAM [16]
and CST [17].

Electronic beam calculations were carried out sequentially
in all parts of the preinjector, starting from the cathode-grid
unit with longitudinal dimensions of the order of 80um.
Then follows the accelerating gap of the RF gun with size
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of 80 mm and grouping and acceleration with total length
of 8m (fig. 1).

The origin in all calculations is the center of the
cathode, the position of which is controlled by the system
of geographical indicators on the body of the RF gun.
For further analysis it is necessary to determine the concept
of the phase of RF field not only in RF gun, but in all
cavities of the injector and the entire synchrotron. An
RF phase is generally called the phase of RF voltage in
any cavity that is in effect at the moment of escape of the
central part of the bunch from the cathode (fig. 2,b). Let
us emphasize that these are not those RF phases, which
operate in the cavities in the moment of bunches flying
through them.

In the numerical model of the cathode-grid unit, con-
tinuous emission of charged macroparticles is carried out
with emission current of 2.0A and energy of 0.1-0.5eV.
They develop electric field of space charge directed against
movement. Because of this some emitted particles return to
the cathode, and some of them, depending on the applied
voltage, reach the grid and either settle on it, or fly through
cells and the grid outside, into the cavity of the RF gun —
as it happens in the real case with electrons. A voltage pulse
from the modulator arriving to the gap of cathode—grid is
modelled in the shape of the half cosine wave with width at
the base 1.2ns (400 MHz) and amplitude 100V (Fig. 2, b).
Besides, constant bias voltage 0—100V is applied to the
gap. The difference between one and the other is trigger
voltage. FElectric fields from these voltages and RF field
penetrating through the grid from the cavity, and also fields
of the space charge are summed up in the gap according to
the superposition principle.

Upon impact of this combination of electric fields at
each charged particle emitted from the cathode, a beam
is formed as a bunch with duration of less then 1 ns, which,
reaching the accelerating phase of RF voltage in the cavity
is accelerated by its RF field. Since each of particles in the
bunch gets into its determined RF phase in the cavity, at the
outlet from the cavity the particles receive each their certain
energy, therefore the bunch from the RF gun has a specific
non-linear longitudinal distribution of particle energies close
to harmonic dependence. This distribution depends on
RF phase, which was present at the moment of gate impulse
middle arrival. Fig 3,a shows these estimated distributions
for three different RF phases in the gun — 30°, 50° and 70°.

The value of the bunch charge and its length are
formed by the top of the voltage pulse determined by
the difference of its amplitude and the value of the bias
offset (Fig. 2,b). The least short bunches are produced
at the maximum amplitude of the voltage pulse, i.e. at
its shortest top. Because of this the amplitude of this
impulse is fixed by 100V, and the charge is controlled by
the bias offset. Thus, charge of 0.3nC is produced by bias
offset 100 V mostly due to the electric RF field from the
cavity penetrating through the grid. Besides, the estimated
length of the bunch is 45 mm (FWHM). To generate charge
of 1.2nC in the bunch, bias offset 30V is required, and the

estimated length of the bunch is 138 mm, i.e. three times
more.

Minimum turn-off bias must be 20V, otherwise, in the
idle mode, when there are no voltage pulses, dark current
is emitted from the cathode by RF field penetrating through
the grid in the form of bunches with charge of up to 0.3nC
and frequency of 178.5MHz. Nevertheless, even with
the cathode biased, there is dark current of several tens
of uA observed from the RF gun, which is caused by
autoemission of the grid and multipactor discharge on it.
On the background of peak current of several amperes in the
bunches, such dark current practically has no effect on beam
quality.

For the injector the initial phases are important up
to 55°, since distributions of particle energy at these phases
contribute to grouping of bunches, when tail particles move
faster than the front ones. The optimal phase in the SKIF
injector is phase ¢ = 40°. At phases below 30° some head
particles of bunches are cut, falling into negative phases of
RF field. In phase 55° the particles in the beginning and
in the end of the longitudinal distribution of bunch charge
have the same energy, and the entire bunch in average has
minimum energy spread. In this phase the bunches have
maximum average energy ~ 98% of the amplitude voltage
of the cavity. At phases higher than 55°, the particles in
the front edge of the bunch have more energy and speed,
compared to the tail, and the bunch elongates because of
that in the drift space, and the bunch energy reduces.

Another specific phase is ¢ = 90°, when the bunch con-
tains the maximum charge since at this phase the maximum
RF field in the cavity is reached, which, penetrating to the
cathode through the grid, pulls additional particles. This
effect was used to calibrate RF phase by measured depen-
dence of bunch charge on phase. At phases above 120°
the particles in the tail portion of the bunches fail to fly
till the end, since they are weakly accelerated by RF field
that decreases after phase 90°. After the field sign changes
(¢ > 180°), these particles start accelerating in the opposite
direction and reach the cathode with quite high energy, of
the order of 1/2 from the RF amplitude in the gun.

There are some effects related to impact of the grid
at formation of bunches, not taken into account in the
numerical model of the cathode-grid unit. The grid must
partially screen the cathode from the electric field of the
space charge of bunch having the length of the order of
50—150 mm. Calculations made with the inserted beam
absorber behind the grid demonstrate that such screening
results in charge growth in the bunches by 14% and
reduction of time for particles flight in the cathode—grid gap
by several degrees of RF phase in the cavity for bunches
with charge of the order of 1nC. Besides, here the axial
asymmetry of halo beam is not taken into account as well,
since the grid of the parquet type unit is presented by a
model in the form of its equivalent axially symmetric grid
made of 27 concentric rings [14]. Halo is caused by the
edge effect from transverse focusing of the beam both on
the edges of rectangular cells in the grid and the edges of
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Figure 3. a — distribution of energy of particles along bunches depending on the phase of RF gun; b5 — change of rms length 1nC of
bunches downstream the buncher cavity depending on their coordinate for the pair of optimal phases (535.5 MHz) and phase 40° in the

RF gun (estimate).

the rings in the equivalent grid. Halo intensity must depend
on the total length of edges in all holes of the grid. In the
numerical model with the circular grid this length of edges
turned out to be twice larger than in the real grid of parquet
type. Besides, the bias voltage is not taken into account,
which is induced by the beam itself in the capacitance of the
cathode—grid gap (12 pF), shunted with resistance 50 Q. It
is suggested that the modulator will compensate this voltage
fully.

The critical role in the grouping of bunches is played
by the buncher cavity for the third harmonic (535.5MHz),
located in the injector right after the RF gun (6 in Fig. 1).
RF phase in this cavity is opted as close to the phase when
the bunches flying through it cut off the maximum energy
(~ 150keV). If tuning is accurate, electromagnetic RF field
of cavity with optimal phase and amplitude must linearize
the energy spread in the bunch so that in the end of the drift
space, right upstream the preliminary accelerator or inside
of it, all particles are grouped into a bunch of minimum size
2—3mm (rms).

Calculations demonstrate that there are pairs of optimal
cavity phases 535.5MHz, which differ from each other
in a pair by 10—15°. One of them suggests maximum
grouping of bunches in coordinate ~ 200 mm upstream the
preliminary accelerator, and the other one — inside of it.
Fig. 3,b shows estimated variation of bunch lengths in the
grouping area of the injector for one of such phase pairs.
To determine the phase of the grouping cavity 535.5 MHz
two Cherenkov sensors are used (CLS1, CLS2), located
in coordinates 1.7 and 22m. The first phase of the
above pair must provide for the ratio of bunch lengths
2 4+ 0.5 measured by streak cameras, and the second one —
1.5+0.5.
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Estimated dependences of length variation in coordi-
nate 1.7 m for 0.3 nC bunches are given in Fig. 4, a. Fig. 4,b
shows estimated ratios of bunch lengths in coordinates 1.7
and 2.2 m, where horizontal blurred lines indicate levels 1.5
and 2. Crossing of these levels with curves defines optimal
phases of the buncher cavity 535.5 MHz. From Fig. 4 one
may see how much the tuning parameters change depending
on the phase of the RF gun, which means high requirements
to stability and to accuracy of its phase setting.

As calculations and experiments demonstrate, it is possi-
ble to determine grouping modes for a wide range of ampli-
tudes of RF voltages in RF cavities. In particular, modes 750
and 870keV are researched in the RF gun, 100—200 keV
in the buncher cavity, and also 1/3 of RF power from
the nominal one in the preliminary accelerator and 1/2
of RF power in the accelerating section [18]. As a rule,
it is always possible to find optimal values of phases
in these RF devices providing for nominal grouping of
bunches (10ps). Hereinafter the set of precisely tuned
phases means phases, deviation of which to a certain side
causes linac exit bunch length or energy spread gaining in
proportion to the squared phase deviation.

Therefore, the tuning of the preliminary injector is
reduced to, at first, setting the phase in the RF gun 40°,
then to setting one of two phases of the cavity 535.5 MHz in
the pair, measured by streak cameras. Then the preliminary
accelerator phase is tuned using minimum length of bunches
at its output, measured there by a streak camera. Then the
phase of the accelerating section is opted by maximum of
bunch energy at its output or by minimum energy spread
measured in the bend magnet of the scanner. Phases
tuned in this manner are then confirmed by fine tuning
within small limits +(1—10°), based on the readings of
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Figure 4. Estimated dependences on phases of RF cavities and phase 535 MHz: a — lengths of bunches in coordinate 1.7 m, b — ratio

of lengths of these bunches in coordinates 1.7 and 2.2 m.

the streak camera at the output of the accelerating section
or scanner in the bend magnet. Final phases of the
preliminary accelerator and the accelerating section may be
tuned simultaneously by changing the klystron phase.

As noted above, the tuned phases must be rather accurate
and stable. Thus, the phase limits for all four RF devices of
the preinjector, which provide the nominal energy spread
of 1%, are shown for 0.3nC bunches in Fig. 5 (inside
dark bands). Calculations were made with account of
potential losses of the bunch particles on the walls of the
beam line with aperture 35mm and on apertures in the
preliminary accelerator and the accelerating section with
diameter of 25.9mm. In the curves one may see that
beyond these bands all characteristics of bunches (energy
spread, duration, emittance) start growing exponentially.
Nevertheless, in all phase ranges on horizontal scales of
curves the bunch travels without particle loss. This means
that 100% passage of the bunch does not guarantee accurate
tuning of the preinjector, since the energy rms spread at the
same time may reach 20%, rms duration of bunches - 8 mm,
emittance - 1107 mm-mrad and energy drop - 20%.

It should be specifically emphasized how important it
is to accurately set the phase of the RF gun, having the
narrowest band of permissible phases 5—6°. Especially that
for 1 nC bunches this band is two times narrower. Besides,
the mode with series of 55 bunches (0.3 nCk) still requires
additional research for stability, since its provision is related
to features of modulator operation in multi-bunch mode.

It is noticed that the RF phase in the gun changes
with time. Thus, for the summer period of vacations this
phase changed by ~ 50°. After each switching of cables
on the modulator blocks the phase goes to +(1-20°).
Therefore, it was decided to check the tuning of the RF gun
phase every time prior to start of operation with the
accelerator. For this purpose the automated calibration
system is developed.

To achieve precision characteristics of the beam, it is
necessary to provide high stability of RF supply character-
istics in the accelerating cavities of the injector. For this
purpose SKIF complex includes a system of frequency
distribution, which generates and distributes within the
complex a set of sinusoidal signals with frequencies 178.5,
357, 535.5, 2856 MHz with phase stability, including phase
noise at the level of 2—4ps. Measurements demonstrated
the value of phase jitter in cavities of the RF gun and
buncher cavity, and the beam jitter from two FCT sensors,
around Sps from a peak to a peak (phase jitter Ag
is related to time jitter Ar as Ap = wAr, where v —
circular frequency of RF cavity). But this value also
includes the added jitter of the measuring device, which
is not known yet. For measurements the pulse shape and
phase meter ADC4x250-FPM, was used, which receives
the reference frequency signal 178.5MHz as a timing
one.

Stability of phases and amplitudes mainly depends on the
stability of generators and quality of phase and amplitude
systems of feedbacks regulating resonance frequencies of
RF cavities and their RF amplitudes, and quality of RF cav-
ities, preventing multipactor discharges and high voltage
breakdowns. High quality of cavities was maintained by
using the corresponding technology in their manufacturing
and applying RF tests described in a separate article [19].

Section 3 considers methods of calibration of RF phases
and voltages.

3. Calibration of phases and voltages of
RF devices in preinjector

To improve accuracy of calibrations, the principle of
averaging the maximum number of measurements was
further used everywhere.

Technical Physics, 2024, Vol. 69, No. 6
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3.1. Calibration of RF gun phase

RF phase in the gun as defined above is a phase of
RF voltage in the gun at the moment of emission of
the bunch center from the cathode. This phase on the
control panel is set by a conventional number, the value
of which is proportionate to the phase in degrees, but
is shifted by an uncertain value. During calibration, this
conventional number is defined, corresponding to phase 90°,

Technical Physics, 2024, Vol. 69, No. 6

when the bunch charge is maximum due to maximum
RF field penetrating from the cavity through the grid and
emitting the charge from the cathode. For this purpose
FCT (Fast Current Transformer) sensor measures several
dependences of the charge values on the phase, differing by
different values of cathode trigger voltages. Fig. 6,a shows
an example of these measured dependences for trigger
voltages of cathode 0, 10, 30, 50 and 70V and new scale
of phases in degrees produced as a result of calibration.
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Automatic gain control

Table 1. Measured values of the phase set from a panel in charge maximum

Cathode trigger voltage, V 0 10 30 50 70
Reading on the panel at charge maximum 1193 120.2 1234 122.6 124.6
Rms spread of charge measurements, pC 1.02 0.46 0.79 1.19 218

These dependences are interpolated by sextic polynomial so
that all measured points participate in calibration. Then
in each dependence they define phases with maximum
charge of bunches, and mean average of these phases is
calculated. Table 1 shows the calibration results, from which
the calculated value of the average value corresponding to
phase 90°, is equal to 122.02 £+ 1.98.

Charges in bunches were calculated by integration of
curves of current distribution in bunches obtained in an
oscilloscope by ROHDE-SCHWARZ from the FCT sensor.
Fig. 6,b shows the typical appearance (Fig. 7,¢) of such
distribution indicated with a smooth (blue) curve. Dur-
ing integration, the negative values were taken into account
in the form of the measured pulse, and the averaged curve
was integrated by 10 pulses. Root-mean-square deviations of
measured charge values from the interpolation curve given
in Table 1 mean proper accuracy of these measurements.

Nevertheless, the resulting phases in the charge maximum
for each curve differ strongly (£2°). These differences
of the curves may be explained by bias voltage induced
by bunches that is proportionate to the charge value and
not compensated fully by the modulator of the cathode
and grid unit. Besides, the shape of curves depends on
accelerating of electron beam intensity in the cathode—grid
gap, specific for transition processes and depending on bias
voltage [9]. It should be noted that the absolute value of RF
gun phase 40° is not as critical for tuning of the preinjector
grouping modes (for example, phases 38, 40, 42°), but

its repetition is important every time during calibrations.

3.2. Voltage calibration in RF gun

Preliminary calibration of voltage in the RF gun was
carried out using measured coupling coefficients of mea-
suring loops, characteristics of RF gun cavity (Q factor,
characteristic impedance) and measured input RF power
from a directional coupler in the tract from the generator.
Besides, inconsistences contributed when measuring char-
acteristics of loops, RF gun and directional coupler. Most
precise calibration was carried out by measuring the time
of bunch passage between two FCT sensors. From the
calculations it follows that the maximum energy of particles
from the RF gun (at certain RF phase) is lower than voltage
on the gun by ~ 1%. Therefore, voltage on the RF gun may
be measured with good precision by maximum energy of
beam particles, specifically, the particles of the front edge
of bunches. This energy was measured by time of passage
between two FCT sensors with precision of 0.02%.

Measurements were carried out for some phases and
some voltages on the RF gun (600—900kV), which are set
by the levels of the AGC — Automatic Gain Control system:
AGC =6,6.5,7,7.5,8,8.5 and 9 (Fig. 7,a). These volt-
ages (&) are calculated using coefficient K (6 = K - AGG),
which must be set by calibration.

From the obtained seven dependences of delays on the
phase, the minimum values of delays were determined,
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which correspond to the maximum energy of particles
and are compared to estimated delays (7 ), obtained from
the relativistic dependence of speed 8 = v/C on particle

energy &
1
p= \/1 1+ &/me2)?’

where m — electron mass, ¢ — light velocity, & — particle
energy set by the AGC system.

The measured delay between pulses on the oscilloscope
is equal to the sum of bunch delays between FCTI,
FCT2 sensors separated by distance S and in cables with
length difference L:

S L
N TR} )

Therefore, the delay is determined by three parameters:
K, S, L. All three parameters (Table 2) were found by the
least-square method for the difference of measured delays
with the ones calculated using equation (2). In Fig. 7, b the
measured dependence of delays is shown with a red curve
(Delay), and the difference between the measured curve and
the calculated one is shown as a brown curve (Difference —
the right scale in picoseconds). From the curve it follows
that rms accuracy of this precision is 0.02%.

During calibration, the oscilloscope by ROHDE-
SCHWARZ with band 4GHz and  sampling
rate 20 GSampl/s was used. Each measurement was
averaged by 10impulses. Limitation of the frequency band
causes specific distortion of the edge of impulses from
FCT sensors that also have their limited band. Fig. 6,5
shows as an example the result of limiting the spectrum

Technical Physics, 2024, Vol. 69, No. 6

Table 2. Results of RF gun voltage calibration

K,keV/V S m L,m
99.81952

2.12504 0.0229

of frequencies as broken down into Fourier series for
the estimated current pulse in the bunch. Such resulting
shape of the pulse complies with the typical images from
the oscilloscope screen (Fig. 7,c¢). It shows a dip wave
with positive values on the front edge (on the curve of
Fig. 7,c the signal from electron bunches is negative) and
accelerating in the tail portion. During calibration, the time
of edge arrival was measured at half maximum between
the positive levels of the dip wave and pulse minima. This
approach demonstrated good accuracy of measurements in
practice. By the way, limitation of the pulse spectrum does
not cause changes to the integral value from the current
pulse in time, i.e. pulse charge. Therefore, when measuring
the charge (Fig. 6) all values of the measured pulse shape
were integrated together with dips.

3.3. Calibration of phase of third harmonic
cavity (535.5 MHz)

Calibration of the third harmonic cavity phase must
be carried out individually for each operating phase of
the RF gun and the operating trigger voltage of the
cathode in it (for charge in the bunch 0.3 or 1nC). It is
related to the fact that the time of bunch exit from the
RF gun or their exit phase depend on these parameters,
as follows from Fig. 8,a. Fig. 8,a shows the results of
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measurements of the time of bunches passage between
two FCT sensors depending on the phase of the RF gun
and trigger voltage of the cathode. This dependence,
as the dependence of the phase in the maximum of
charge on the trigger voltage, arises according to the
above reasons.

During calibration the measurement of the transverse
deviation of bunches was used in the corrector (with fixed
deflecting field) due to the variable energy of bunches when
the phase of the cavity 535.5MHz varies. Bunch energy
varies within £150keV while the phase varies from 0
to 360°. The obtained dependence (as the estimated
one) is interpolated by first two members of the Fourier
series and is compared to the estimated one. From
the comparison of these two dependences, the calibration
phase shift is calculated, where the phase is set on the panel.
Fig. 8,b shows the results of calibration for one of the
grouping modes of the preinjector (Fig. 5), from which
it follows that the phases from the panel (au.) must
be adjusted by the value of the shift 1164, in order
to obtain the real phases in degrees of RF 535.5 MHz,
corresponding to the moment of bunch center exit from
the cathode.

Conclusion

The paper analyzes the dynamics of the beam in the
preinjector with the thermionic cathode RF gun for SKIF
fourth generation synchrotron. A brief review is given
for the globally existing thermionic cathode RF guns,
their properties and features of operation are specified.
Advantages of using the thermionic cathode RF gun are
described with the grid control.  The description and
design of the preinjector with the RF gun are provided,
as well as the principle of bunch grouping on the basis
of the preinjector RF system. Differences and features
of operation of this preinjector are analyzed compared
to the similar injectors based on static guns. Results of
numerical calculations and experimental data of the bunch
grouping process and features of the beam interaction with
the RF system are provided. The algorithm is developed for
tuning the grouping system. It is shown that 100% passage
will not yet guarantee the nominal 1% energy spread in the
beam. For precision tuning it is necessary to periodically
calibrate the RF system, which must be automated to the
maximum. Methods are developed to calibrate amplitudes
and phases of the RF gun and buncher cavity.
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