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Cancellation of klystron-induced energy and arrival-time variations
in linear accelerators with arc-type bunch compressors
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We explain how the accelerating field amplitude and phase vary with modulator voltage in pulsed radio
frequency high-power amplifiers based on klystron tubes. Changes in modulator voltage give rise to
correlated changes of amplitude and phase, affecting the properties of the accelerated beam, in particular
energy, arrival time, and bunch duration. We show, both theoretically and experimentally, that there exists a
postcrest acceleration phase (the magic angle) where the changes of beam energy due to phase and
amplitude shifts caused by modulator-voltage variations cancel out. When accelerating at the magic angle,
the klystron modulator voltage jitter no longer contributes to energy and arrival-time jitter in the accelerator.
Off-crest operation at the magic angle can be implemented for bunch compression schemes in accelerators
with arc-type bunch compressors, which have positive momentum compaction. The experimental results,
obtained at the MAX IV laboratory, show the benefit of operating close to the magic angle in arc-type
bunch compressors. In a direct measurement of normalized electron-energy jitter, the energy jitter was
reduced by a factor of 1.8 down to 8.2 x 10™ when operating at the magic angle.
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I. INTRODUCTION

Linear accelerators used to drive free-electron lasers
(FELs) have already shown the capacity to produce short
electron bunches, down to sub-fs bunch duration [1]. At
best, the arrival time jitter at full energy is 1 order of
magnitude higher than the shortest produced bunches
[2-5]. To make use of a short electron bunch duration in
time-resolved experiments, the arrival time of the FEL light
relative to a pump laser must be measured shot-by-shot and
data sorted according to the arrival time [6,7]. A direct
consequence of the arrival time jitter is that only a small
fraction of the electron bunches arrives during the relevant
time window for the experiments. This significantly
reduces the effective repetition rate [8].

Advanced synchronization and radio frequency (rf)
distribution systems have been designed to minimize
energy and timing jitter [8—10]. High demands on klystron
modulator voltage stability were also defined with the same
goal [2]. Improved energy stability provides direct benefits
on the wavelength stability of the produced photons in the
following FEL.
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To correctly model how klystron modulator voltage
affects electron beam energy stability, a correlation of
amplitude and phase in klystron tubes [11,12] must be
considered. Assuming noncorrelated amplitude and phase
jitter can underestimate the calculated energy jitter for
acceleration phases precrest and overestimate the jitter for
postcrest acceleration. A consequence of the correlation is
that there exists an off-crest accelerating phase where the
energy and arrival time of the electron bunch become
insensitive to modulator high voltage (HV) jitter [11,12].

Electron energy and timing are connected through the
momentum compaction in bunch compressors (BCs) [13],

Ry AE

At ,
c E

(1)

where Rsg is the first-order momentum compaction and c is
the speed of light. Magnetic bunch compressors can be
divided into chicane and arclike types. Chicane types have
negative momentum compaction (Rsq < 0). In chicanes,
electron bunches are compressed in precrest acceleration
schemes. Arc types have positive momentum compaction
(Rs¢ > 0) and compress postcrest accelerated bunches [14].

In this work, we provide a theoretical background to the
contribution from klystron modulator voltage to variations
of the accelerating field amplitude and phase, which in turn
affect the electron beam energy and arrival time. The
theoretical description includes the off-crest accelerating
phase, the magic angle, where the electron bunch energy
and arrival time are insensitive to modulator HV
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fluctuations [11,12]. Compression of the electron bunch at
the magic angle is only possible in bunch compressors with
positive Rsq. The arc-type bunch compressors in the MAX
IV linac provide a unique opportunity to fully integrate
stable operation at the magic angle in the self-linearizing
bunch compression scheme. The theoretical predictions are
supported by experimental results including accelerating
phase and amplitude dependence on modulator voltage as
well as a verification of the magic angle. A direct
measurement of relative energy jitter shows almost a
twofold improvement in energy jitter when operating at
the magic angle.

II. AMPLITUDE AND PHASE JITTER IN
KLYSTRON TUBES

Klystron tubes are used to amplify rf signals in all high-
energy linear accelerators working in the S to X frequency
bands. The working principle of klystrons can be found in
Ref. [15]. Ensuring that the klystrons operate in saturation
with respect to the input rf power, the main contribution to
field amplitude jitter is the accelerating HV jitter in the
tube. As described below, the output field phase also varies
with the HV in correlation with the output amplitude.

The pulsed HV applied between the cathode and anode in
the klystron tube is produced by a modulator, based on soft
or hard tube circuits [16], thyratrons, or solid-state tech-
nology [17]. The HV jitter is in the 0.1% range for
thyratrons and other vacuum tubes [18]. Feed-forward
circuits have been developed to reduce the thyratron HV
jitter [19]. In the latest technology solid-state modulators,
the jitter can be as low as 0.001% [2].

Using analytical formalism, one can show that the effect
of variations in HV, Upgy, is twofold [20] (1) changed

output power from the klystron, P o U f{/\% , corresponding

to a field amplitude change, Ay < U f{/\‘,‘ and (2) a phase shift
of the rf output due to the altered time of flight through the

klystron drift space, 6, « UI_{{,/ 2. For simplicity, the phase
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FIG. 1.

variation, described above in point 2, assumes a non-
relativistic electron beam inside the klystron tube. The
relativistic corrections can be found in [20]. When accel-
erating off-crest, the correlated amplitude and phase change
described above give rise to a combined shift in electron
beam energy.

The contributions to amplitude and phase jitter originat-
ing from modulator high voltage jitter are correlated and
they add up constructively if accelerating precrest or
destructively if accelerating postcrest. Consequently, inde-
pendent treatment of the phase and amplitude underesti-
mates the calculated energy and timing jitter for precrest
acceleration and overestimates the jitter for postcrest
acceleration. Furthermore, there is a postcrest phase (the
magic angle, 0;,,,0i.) Where the two effects cancel out, and
the energy and timing of the electron beam become
insensitive to modulator HV changes [11,12].

III. MAGIC ANGLE

The energy gain, E,, of an electron passing an accel-
erating structure with a phase angle 6 relative to the
accelerating field can be expressed as

E (A;0) = A cos(0), (2)
where A is the amplitude of the accelerating voltage. The
relative energy shift caused by small amplitude and phase
deviations can be calculated by taking the derivative of
Eq. (2) with respect to A and € and normalizing by E,. The
result is

—In—— — AQ tan(0).
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(3)
g

We introduce the constants a and f to describe how output
amplitude and phase depend on the HV in the klystron,
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Tlustrations based on analytical calculations. (a) The relative energy gain variation for the nominal HV (blue curve) and for 1%

lower HV (red curve). Both curves are normalized with respect to the crest energy for nominal HV. The curves intersect at a phase of
18.5°. (b) The difference between the gradient of the two curves in (a), i.e., the relative gradient change for a 1% difference in HV.
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The parameters o and f are klystron specific and can be
retrieved from data sheets, measured data, or analytical
calculations. Inserting the expressions from Eqs. (4) and (5)
into Eq. (3) gives

AE, ~ g 2Unv _ AUy

~ p tan(0). 6
, Uiy Ui ©) (6)
For an accelerating phase
a
Omacic = arctan|( — |, 7
: (5) @)

the energy gain variations due to HV changes cancel out. In
Fig. 1(a), the energy gain is plotted as a function of phase
for two HV settings. We used measured values for one of
the MAXIV linac klystrons, @ = 3.4 and f = 10.3 rad, to
calculate the energy gain. A description of the measurement
setup can be found in Sec. V. The magic angle is the
intersection point between the red and blue curves in
Fig. 1(a).

IV. GRADIENT AND COMPRESSION

By comparing the gradient of the blue and red curves in
Fig. 1(a), it is evident that the gradient also varies with HV.
The expected gradient jitter contribution from HV jitter can
be calculated in the following way:

dE, dE,
dtg (97 AIJHV) = 4 5UHV a A[]HV7 (8)
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where 0 is the bunch phase, 6Uyy is the small normalized
HV difference used for the discrete derivative, and AUpy is
the expected normalized modulator HV change or jitter.
The gradient sensitivity to HV changes is illustrated in
Fig. 1(b). The figure shows the difference in gradient of the
two curves in Fig. 1(a). Since the derivative is done with
respect to angle in radians, a scaling with the angular
frequency w is needed to calculate the energy chirp rate
with respect to time.

The ratio of the pulse durations C,, before and after a
bunch compressor depends on the energy gain gradient at
the bunch phase angle and Rsq [21].

1

R ©)
1+ G

Ccomp =
HV-induced gradient jitter will thus introduce bunch length
jitter.

V. EXPERIMENTAL RESULTS

A. rf phase and amplitude measurements

We have conducted direct amplitude and phase mea-
surements at the output of one klystron in the MAX IV
linac [22,23]. The measurements provide the coefficients
a and S, introduced in Eqs. (4) and (5). The amplitude of
the E-field was measured with a directional coupler [24]
and the phase was measured by mixing the klystron output
with the low-level signal feeding the klystron preamplifier.

In Fig. 2(a), the measured amplitude (blue markers) and
phase (red markers) are plotted, while the klystron HV was
changed in steps of 1 V. Each data point is averaged over
200 shots. The constants for amplitude () and phase ()
changes can be extracted from the derivatives in Fig. 2(a).
The dashed lines show the linear fits to the measured data
points.
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(a) Averaged amplitude and phase data plotted for a nominal HV setting of 1160V. During the measurement, the HV settings

were changed as described in Sec. V B. Amplitude data are plotted in blue, and phase is plotted in red. The marker sizes indicate the
vertical standard deviation of the raw data. (b) Scatterplot representation of the same data, where each blue point corresponds to the
measured amplitude and phase for one rf pulse. The dashed red line is a linear fit to the data points.
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FIG. 3. Photocathode gun (PG) electron bunches are accelerated up to ~100 MeV electron energy in the first linac (Lyg). In the
following accelerating structure pair Ly, and Lg;p, the beam is further accelerated up to a nominal energy of 250 MeV. In the
measurement described in Sec. V B, the 1f phase was varied and the sensitivity of energy to modulator high voltage was measured. For
each phase, the KO1 modulator high voltage was varied between 1180 and 1168 V, and the beam energy variations were recorded with

the first BPM at maximum dispersion in BC1.

For anominal HV of 1160 V, the derivatives give a = 2.2
and f = 7.2 rad. Increasing the nominal HV to 1180 V
gives a = 3.4 and f = 10.3 rad.

In Fig. 2(b), the correlation of amplitude and phase is
verified by a scatterplot. Each blue data point corresponds
to one 1f pulse during which amplitude and phase were
measured. A linear fit to the data is plotted in dashed red.
The slope of the plot in Fig. 2(b) gives the ratio
a/f = 0.0054, corresponding to Opeic = 17.2°, that is,
the magic angle is 1.3° closer to crest for an HV of
1160 V, compared to 1180 V.

Our measured amplitude variations show a higher order
dependence on voltage compared to the analytically
derived expression in Sec. II (Ay o Uny®, ®anayiica =

5/4 < ameasured)-

B. HV sensitivity

In this section, we demonstrate the HV jitter compensa-
tion described in Sec. III. We varied the rf phase to klystron
KO1, 8o, see illustration in Fig. 3. At each phase setting,
the electron beam energy was varied through a change in
modulator HV. The energy was measured with a beam
position monitor (BPM) in the first dispersive maximum in
the following bunch compressor 1 (BC1). The electron

energy difference between two modulator HV settings,
nominal (1180 V) and nominal minus 12 V, was calculated
for each phase. The relative energy difference,

AE,(0) _ Ey=1180v(0) = Ey—1168v(0) (10)
E,(0) Ey,=1150v(0) ’

is plotted in Fig. 4. The results show that the electron beam
energy is insensitive to HV changes at the magic angle of
18.5°. As a comparison, the measured relative energy shift
at —18.5% is 0.07.

Figure 4 also shows in dashed red the calculated relative
energy shift given by Eq. (6) for a voltage change
of dUyy/Uyy = 1%. The values for a=3.4 and
p = 10.3 rad were experimentally retrieved, see Sec. VA.

A linear fit (thin dotted blue) of the experimental data can
be used to retrieve @ = 3.4 from the crossing with the
y axis and f = 9.9 rad from the slope. There is good agree-
ment among all our independent measurements of « and f3.

The expected contribution of a given modulator voltage
jitter to the electron beam energy jitter can be calculated by
scaling the data in Fig. 4. The energy jitter corresponding to
dUpy/Ugy = 2 x 1073 is thus a factor of 500 lower than
what is shown in the figure.
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FIG. 4. Normalized energy shift as a function of rf phase, when varying KO1 modulator high voltage between 1180 and 1168 V.

Measured data plotted with blue dots, linear fit to measured data plotted with a thin dotted line, and calculated values using Eq. (6) are
plotted with a red dashed line.
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FIG.5. Measured normalized energy jitter operating KO1 at two
phases, 6 = O is plotted in red and 6 = —0p,4ic is plotted
in blue.

C. Beam energy stability

The result of a direct measurement of energy jitter in
BCl is plotted in Fig. 5. The same experimental setup that
was presented in Fig. 3 was used for the measurement. The
low-level rf (LLRF) feeding all rf stations along the linac
was generated from the photocathode gun (PG) laser
oscillator via direct conversion using a fast photodiode.
The LLRF was amplified in several steps up to kW peak
power to feed the klystrons in saturation. More information
on the rf system can be found in Refs. [25] and [26]. A
conservative assumption that all position jitter measured by
the BPM can be attributed to energy jitter has been made.

Electron energy data were acquired for two-phase set-
tings of klystron KO1. At the first phase setting, 6 = 0,,4ic
HV jitter in KO1 does not contribute to the energy jitter.
Normalized electron energy data for 6 = 6,4 is plotted in
red. The measured rms energy jitter dE,/E, of 8.2 x 1073
is caused by sources other than modulator HV. The jitter
can be explained by 0.015° rms phase jitter caused by the
direct rf conversion, phase noise in the LLRF amplifiers, or
effects in the gun that was not operating at the magic angle.
No feedforward or feedback was running during the acquis-
ition to actively stabilize the beam energy. Measured data for
the second phase setting, @ = —0y,,ic, are plotted in blue.
At this setting, the energy jitter contribution from HV
in KO1 increases the normalized rms energy jitter to
1.5 x 1074,

VI. CONCLUSION AND OUTLOOK

The theory and experimental results verify a correlated
shift of the amplitude and phase of accelerating fields
caused by HV variations in klystron tubes.

The contribution from HV variations to beam energy and
arrival time can be minimized by operating close to the
magic angle. Operating the klystrons in saturation mini-
mizes amplitude jitter generated by klystron input signal
amplitude noise, which leaves the remaining demands
mainly on phase stability in the accelerator, or more

precisely, the stability of the low power rf distribution
and amplification to feed the klystron tubes.

Linear accelerators used for short-electron-bunch pro-
duction compress the bunches, usually in several steps.
Either in chicane-type compressors, Rsq < 0, or in arclike,
Rsq > 0. The compensation of electron beam energy and
timing jitter close to the magic angle can only be imple-
mented for arclike compressors.

The following example indicates the gain of operating at
the magic angle. We compare accelerating precrest at a
phase angle of —18.5° and compression in a chicane with
Rss = —0.0455 m to acceleration postcrest close to the
magic angle at a phase of 18.5° and compression in an arc
with Rsq = 0.0455 m. A state-of-the-art HV jitter of
0.002% rms is assumed. The normalized energy and timing
jitter were calculated using Egs. (1) and (6). The result is
1.4 x 107* and 21 fs precrest, and for a postcrest phase
range, |6 — Opgic| < 1.0° the energy jitter is <4 x 107°
and the timing jitter after the bunch compressor is < 0.6 fs.
Allowing the phase to be adjusted +1° gives tunability of
the compression factor between 10 and 1000 for a fixed
Rs¢. The HV jitter also affects the compression ratio. In this
example, the nominal compression ratio is 18 for both sides
of the crest. The calculated compression jitter using Egs. (8)
and (9) is 1.2% at —18.5° and 1.3% at 18.5°. The bunch
length jitter is thus comparable but slightly better for
precrest acceleration. The contribution from other 1f phase
and amplitude jitter sources must be added to calculate the
total energy, arrival time, and compression jitter. Only
modulator HV is included in the example above.

Accelerating phases and electron beam optics (in par-
ticular the compressor Rsq) must be selected and tuned
consistently to achieve the desired compression and beam
parameters important for the FEL output. Having the magic
angle advantage in mind already at the design stage enables
parameter choices that make FEL operation fully compat-
ible with running close to the magic angle. Although there
are presently no operating FELs driven by linacs with
arclike compressors that can benefit from the increased
stability offered by operating close to the magic angle, a
design for a soft x-ray FEL at MAX IV (SXL) that does
operate close to the magic angle was presented in [26].

The Femtomax beamline at MAX 1V is used to measure
ultrafast processes with hard x-ray photons, produced by
spontaneous undulator emission [27]. The beamline sci-
ence benefits from the increased stability achieved by
operating the linac close to the magic angle, with a resulting
normalized rms energy jitter of 1074,

Recent developments at MAX IV show how the mea-
sured energy jitter in BC1 is reduced by almost a factor of
2, down to 8.2 x 1073 by operating at the magic angle.
Further research and development aim at reducing the
phase jitter well below 0.01° to bring the arrival time jitter
toward 1 fs rms, which is comparable to the duration of the
short bunches that are simulated for SXL at MAX IV [28].
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