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1 ABSTRACT

Construction of the Linac Coherent Light Source II (LCLS-II) is underway for the world’s first hard X-
ray free-electron laser. A central part of the LCLS-II project is a 4 GeV superconducting radio frequency
(SCREF) electron linac that will operate in continuous wave (CW) mode. The linac is segmented into four
sections named as L0, L1, L2 and L3. The 3.9 GHz third harmonic cavities will be used in the section L1 of
the linac for linearizing the longitudinal beam profile [1]. In this paper, we present study of trapped high
order modes (HOM) excited by CW electron beam in the third harmonic cavities of LCLS-II linac. We apply
statistical analysis of the eigenmode spectrum for the estimation of the probability of resonant HOM losses
and influence of HOMs on beam dynamics. Furthermore, a detailed comparison of the original XFEL design
and the LCLS-II design with modified End Group is performed in order to estimate the effect of reduced
beam pipe aperture on the HOM damping in third harmonic cavities.

2 INTRODUCTION

A CW operation regime of the 3.9 GHz LCSL-II accelerating structure at maximum average beam
current of 0.3 mA and ~1 MHz bunch repetition rate might result in significant coherent RF losses in the
form of trapped HOMs [2]. Consequently, extra cryogenic losses, overheating of beam line components and
unstable beam dynamic are possible deteriorating effects of a resonant HOMs excitation. The LCLS-II 3™
harmonic cavity has several modifications including a reduced beam pipe aperture of 38 mm and a redesigned
HOM coupler [3]. Thus, we decided to verify the cavity performance to damp efficiently HOMs and make a
comparison with the original XFEL design.

In spite of the operating mode, which is tuned separately, the parameters of HOMs vary from one cavity
to another due to finite mechanical tolerances of cavities fabrication. In this paper, we use the method of
generating a random cavity geometry with imperfections while preserving operating mode frequency and
field flatness [4]. Based on the eigenmode spectrum calculation of series of randomly generated cavities we
can accumulate the data for the evaluation HOM statistics and, thus, probabilities of resonant HOM losses.
Similar procedure is described in [5] for the 1.3 GHz LCLS-II cavity, where only frequency variations are
used for the evaluation of power loss. While such an approach allows simplifying calculations, it might result
in a significant overestimation of resonant HOM losses, since all modes are taken for analysis with maximum
shunt impedances and quality factors. On the other part, analysis using full statistical data of HOM parameters
provides most accurate results but it is a time consuming operation. For that reason, for reducing a simulation
time we start the cavity eigenmode analysis with its nominal geometry in order to find out frequency
passbands containing HOMs with the largest shunt impedances or quality factors. Next, we proceed for
statistical calculations of random cavities but only for the HOM spectrum within the given passbands. Finally,
we evaluate mean and peak values of RF power radiated to the HOM couplers, estimate probable transverse
kick and compare results of a resonant HOMs excitation in both LCLS-II and XFEL 3™ harmonic cavities.

3 CALCULATION OF HOM SPECTRUM IN THE IDEAL 3.9 GHZ CAVITY.

Detailed analysis of the HOM spectrum up to 10 GHz in initial designs of the 3™ harmonic cavity is
presented in [6, 7] for a single resonator with perfect electric or magnetic boundary conditions at both ends.

Matched TEM Impedance Boundary

Matched TE,; mode
Impedance Boundary

Figure 1: ANSYS HFSS model for the eigenmode analysis of the chain of three 3.9 GHz cavities.
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Despite a single resonator model greatly saves eigenmodes computation time, it lacks of accuracy since
the HOM parameters depend on a combination of boundary conditions. Recently new results have been
published for the chain of XFEL 3.9 GHz cavities with matched boundary conditions on the coupler ports
[8, 9]. Authors use chains of four and eight cavities connected together, which gives a precise evaluation of
HOMs properties for propagating modes. In fact, the chain of three cavities is enough for proper calculation
of the HOM spectrum and further increase of number of resonators will result in unnecessary duplication of
eigenmodes and a longer simulation time. Therefore, we created the 3D model of three 3™ harmonic cavities
including main and HOM couplers and field pick-up probes. The middle cavity is rotated by 180 degree
according to the LCLS-II 3.9 GHz cryomodule specification. Fig. 1 shows the scheme of corresponding
ANSYS HFSS project with frequency dependent matched boundary conditions to calculate the HOM
spectrum up to 10 GHz.
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Figure 2: Distribution of electric field in the 2" monopole band of the 3.9 GHz LCLS-I cavity (log scale)

Fig. 2 illustrates distributions of electric fields of HOMs in the 2" monopole band in the chain of three
ideal 3.9 GHz LCLS-II cavities. One can see that HOMs power is freely radiating through the coupler ports
and to the beam pipe. Results of HOM parameters calculations are presented in Fig. 3 for longitudinal and
transverse shunt impedances and external quality factors. We excluded spurious modes with Qex < 100, which
appeared in simulations due to a slightly mismatch of impedance boundary conditions.
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Figure 3: Parameters of HOMs, longitudinal (red), horizontal (blue), vertical (green) shunt impedances
(left) and external quality factors (right), in the ideal 3.9 GHz LCLS-II cavity.
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Here we use the accelerator definition of a cavity normalized longitudinal shunt impedance:

) 2
|ff°°o Ez(2)et*Zdz

(Ry/Q) = oW

where E: is the longitudinal component of the electric field along the cavity axis, W is the electromagnetic
stored energy and wy is the resonant angular frequency. Similarly, the normalized transverse shunt impedance
is defined as:

: (3.1)

_ |Ukickl?
(R./Q) = T (3.2)

where Uy is the transverse kick acquired by the charged particle passing through the cavity. Using the
Panofsky-Wenzel theorem and the paraxial approximation for the beam trajectory, we can find the transverse
kick as the transverse gradient of the longitudinal kick and, thus, calculate the transverse shunt impedance:

(R./Q) = |(VuRQ),_, | % 6

where k=w¢/c is a wave number. Notice that we calculate (R, /Q) at the offset of xy = 1 mm and the unity is
Ohm.

For the CW regime, when multiple bunches pass through the cavity, the resonant high order mode
excitation may occur if any of the HOM frequencies is in the synchronism with the beam harmonics. One
can show that the resonant excitation results in a sum of geometrical series of individual bunch signals [10]:

_ntp
Vi = S Voe v eilnestotoo) 64

where V|| is the HOM cavity voltage in the steady state regime, Vy =2k| g is the amplitude of HOM signal
excited by a single bunch, k| is the HOM loss factor, gy is the individual bunch charge, #; is the bunch spacing,
7 = 2Q1/wy is the HOM signal decay time, Q; is the HOM loaded quality factor and # is the bunch number.

For the steady state operation, the resonant gain of the HOM amplitude is expressed:

ea

Vil e = Vosas (3.5)

where a = #,/r. The average power loss due to HOM excitation can be evaluated as the energy left by the
single bunch in the steady state regime over the time between consecutive bunches:

(P) =i(Qo|Vu|9_a + kyqd), (3.6)

where | 4 | e is the HOM voltage seeing by the bunch passing through the cavity and kg’ is the energy
left the bunch itself. Finally, we can rewrite eq. (3.6) for a resonant case using the normalized longitudinal
shunt impedance defined in eq. (3.1):

(PYmax = (Ri/Q)woad (€“+1)’ 3.7)

4ty e%—1

Similarly, we can derive the steady state resonant amplitude of the HOM transverse voltage if the bunch
train passing the cavity off axis:

% |x=x0 _ (R1/Qwoqoxok (e%+1
llimax — 4 e®—1)’

(3.8)

Notice that both Egs. (3.7) and (3.8) represent a general case of HOMs excitation and lead to either a
non-resonant single bunch interaction regime, <P> = k| q°f; if £, >> 7, or to a resonance multi-bunch cavity
excitation, <P> = (R|/Q)Qcly, if t, << 1, where f;, = 1/1; is the bunch repetition rate and /y is the beam average
current. We also skipped here the exponential form-factor exp(-wo’c/’) since the bunch time length o, in the
L1 section of LCLS-II linac is about 3.3 ps and, hence, the bunch spectrum is much wider than the upper
frequency of 10 GHz set for the HOMs analysis.

Results of resonant HOMs excitation in the ideal 3.9 GHz cavity are presented in Fig. 4 for the 0.3 mA
average beam current. The most concerns cause the tens of watts of peak HOM power radiating through the
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cavity coupler ports in the first monopole passband. In the following chapter, we present the detailed
statistical analysis of the HOM spectrum excitation considering real cavity geometries with mechanical
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Figure 4: Resonant HOMs excitation, average power (right) and transverse voltage (left), of the ideal
3.9 GHz LCLSH-II cavity in the LCLS-II linac.

4 STATISTICAL ANALYSIS OF HOM SPECTRUM IN THE 3.9 GHZ CAVITY WITH
MECHANICAL ERRORS.

Conventional thin-walled niobium SRF cavities consist of multiple shell components welded together.
Mechanical forming of such components and further electron-beam welding introduce significant uncertainty
for the final cavity geometry. Typical deviations of cavity profiles in respect to the ideal shape are about
+200 um and £100 um for 1.3 GHz and 3.9 GHz cavities respectively [11,12]. Therefore, cavities are get
tuned for adjusting operating frequencies and preserving the field flatness in multicell cavities. Since each
cavity has a unique geometry, the HOM spectrums vary from cavity to cavity and, then, the beam to cavity
interaction has a probabilistic nature. For obtaining accurate results we apply the statistical analysis of HOM
spectrum in the 3.9 GHz cavity with mechanical errors. The procedure is based on preliminary calculations
of a frequency-dependent sensitivity for each of the cavity geometrical parameters [4]. Nominal geometrical
parameters of the 3.9 GHz LCLS-II cavity are presented in Fig. 5. The left and right end cells are identical.
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Figure 5 Nominal geometry of the 3.9 GHz LCLS-II cavity.

Calculated frequency-dependent sensitivities are shown in Table 1 for the middle and the end half-cells.
To preserve an operating mode field flatness frequencies of the half-cells are tuned by adjusting the cell
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lengths similarly as it happens with real cavities. The half-cell tuning frequency balance is described then:
of of
AL = — 3N, [rnd(own) 2. A1)

where 4L is the compensation of the half-cell length, 6f/0L and 0f/0P, are frequency-dependent sensitivities
of the half-cell length and varying geometrical parameters, oy,,= +/00 um is the mechanical tolerance of a
cavity fabrication. We assume here that small deviation of each parameter doesn’t influence on the sensitivity
of other parameters, all mechanical tolerances are the same and uncorrelated with each other.

Table 1 Frequency-dependent Sensitivities of Geometrical Parameters of the 3.9 GHz LCLS-II cavity

Frequency Sensitivity, [MHz/mm]

Parameter Name

Middle Half-Cell End Half-Cell
A -58.9 -44.5
B 19.7 16.7
a -39.5 -8.2
b 10.2 2.5
R -127.2 -115.9
T 51.6 18.2
L 26.2 13.1

Finally, we generated ten chains, each of three 3.9 GHz cavities with random mechanical errors. The
electromagnetic simulations were done at Fermilab high performance computing servers with the ANSYS
HFSS software [13,14]. Distributions of the electrical field in the chain of three cavities are illustrated in Fig.
6 for the operating monopole n-mode. Evidently the fields are split up between individual cavities due to
finite tuning of the operating mode frequencies. The average calculated field flatness of the operating mode
is 82%, which is close to the LCLS-II specification of minimal 90% field flatness for 9-cell cavities in the
cryomodule. Figure 7 shows frequency standard deviations for modes in the first monopole band. There is a
good agreement between calculations and measured 2 K data for the 3.9 GHz cavity developed for the XFEL
project [15].

Figure 6 Operating r-mode in the chain of three 3.9 GHz cavities with mechanical errors.

For reducing a simulation time, we selected ten frequency passbands containing HOMs with most high
shunt impedances and quality factors. This allows us to lower the overall number of analyzed HOMs to about
five hundred comparing to fifteen hundred modes in the full spectrum up to 10 GHz. Further we filter the
calculated HOM data and select only modes having more than 30% of stored energy in the middle cavity of
the chain. Comparisons of HOMs resonant losses and transverse kicks in the XFEL and LCLS-II 3.9 GHz
cavities are illustrated in Figure. 8. Both versions of the cavity demonstrate a similar behavior, indicating that
reduced beam pipe aperture doesn’t compromise the capability of HOMs damping.
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Figure 7 Frequency standard deviations for the 15t monopole band of the 3.9 GHz cavity.

The detailed analysis of resonant beam excitation of the first monopole band is presented in Figure 9,
where we compare radiations of RF power to the FPC and HOM coupler ports. We plot here the average data
for both upstream and downstream HOM couplers. The error bars correspond to a standard deviation of the
parameters spread. In a worst-case scenario, there is up to 10 W of peak RF power radiating mostly through
the FPC port. The HOM coupler ports see only a fraction of exited resonant RF power less than 0.5 W
maximum. Notice that the 87/9 mode leakage through the HOM port is heavily suppressed by the notch filter.
We also don’t count here the power leakage of the operating mode itself due to a finite accuracy of the notch
filter tuning, which is separately estimated in [3].

1e+2 100

-] © @40 mm
" & ;
o H
1e+0 - Dg
Te-1 & —_
g & 2
S tle-2 4 % g
g °co 8¢ e &
1e-3 4 g 8 %%d
8 o
1e-4 - 2 o o
%30 %ﬁ 0.014 8
1e-5 o@ °
8 5 o
o
1e-6 T T T 0.001 T T
4 5 6 4 5
Frequency, [GHz] Frequency, [GHz]

Figure 8 Resonant HOMs losses (right) and transverse kick (left) in 3.9 GHz XFEL (938 mm) and LCLS-
Il (940 mm) cavities with mechanical errors.

The resonant HOM excitation is happened only when the HOM frequency is a harmonic of the beam
spectrum. The probability of such an event is very low especially in the LCLS-II linac, where the maximum
bunch repetition rate is much larger than the bandwidth of most trapped resonances in SC cavities. For an
accurate estimation of the probability of average HOM losses we selected 25 most dangerous HOM
resonances having either the resonant power loss above 10 mW or the resonant transverse kick larger than
10 V. After filtering those modes out of the full cavity HOM spectrum we calculated medium values and
standard deviations for HOMs frequencies, external couplings and shunt impedances. Results of HOMs
statistical parameters evaluation are presented in Fig. 10. The high-Q resonances nearby the 8 GHz frequency
are the quadruple modes. Since we don’t introduce the cavity bending along the axis, the cavity geometry
keeps its fully axial symmetry and these modes are trapped inside the individual cells. In reality, the cavity
banding breaks the symmetry and causes coupling between quadruple and dipole modes, which effectively
decreases external quality factors of quadruple modes below the 108 thresholds. The absence of HOMs from
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the second monopole passband around 7.5 GHz is explained by their very low quality factors (<10°) making
the input to the total HOM generation negligible despite high shunt impedances.
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Figure 9 Resonant excitation of the first monopole band in the 3.9 GHz LCLS-II cavity with 0.3 mA
average beam current.
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Figure 10 Spread of HOMs parameters for high-risk trapped modes in the 3.9 GHz LCLS-I cavity.

The off-response excitation of the cavity HOM spectrum is described by the same physical process
given in Eq. (3.4) and the HOM amplitude gain in the steady-state regime is:

etZ

il =

0 Je2@—2e% cos(wg/fp)+1° (4.2)

where wo/fs is the phase difference of the HOM and the nearby beam harmonic frequencies. Corresponding
average power loss and transverse kick caused by the off-resonance HOM excitation:

2
(py = L&t (43)
b
Ve, = SLLQ00%0E g (44)

where A,=2(e** —2e%cos(wo/fy)+1)% +1 is the resonant form-factor in the steady-state regime. Finally, we
seeded 10° random HOM spectrums and calculated the cumulative probability of HOMs losses [16] and
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transverse kick in the 3.9 GHz cavity. The results are presented in Fig. 11 for 0.3 mA average beam current
in the LCLS-II linac. The anticipated median value of HOMs power radiating to the FPC and HOM coupler
ports is below 0.1 mW. There is a low probability (<0.1%) that the pick HOMs power larger than 1 W will
be radiated to the FPC port and a negligible probability (<0.001%) of radiating power more than 0.1 W to
the HOM ports. The median HOMs transverse kick is expected to be less than 100 V per cavity, while the
peak value of a resonant transverse kick could be as large as 2-3 kV with the probability of ~ 0.01%.

TTT

[ ——FPC
—— HOM1

L R

Prabability
Probability
=

T T T T [HIIII“ [Illl-

=
L L

10° 10 1o 107 1 10 10

Figure 11 Cumulative probability of HOMs power loss (left) and HOMs transverse kick (right) in the
3.9 GHz LCLS-lI cavity for 0.3 mA average beam current.

Eventually, we conclude that the 3.9 GHz cavity with a reduced beam pipe aperture is capable of
efficiently damping the resonant excitation of HOMs spectrum by the continuous beam in the LCLS-II linac.

5. CONCLUSIONS

We performed the statistical analysis of the eigenmode spectrum up to 10 GHz in the 3.9 GHz LCLS-II
cavities with reduced beam pipe aperture. The analysis is done for the cavities with typical £100 pm surface
deviation due to mechanical fabrication errors. Cavities are expected to have a low average HOM power loss
and a transverse kick of 0.1 mW and 200 V respectively. Probabilities of high peak HOM losses or kicks are
below the 0.1% or less. Finally, we conclude that the 3.9 GHz LCLS-II cavity is capable of efficiently
damping the resonant excitation of HOMs spectrum by the continuous beam in the LCLS-II linac and, thus,
the cavity design satisfies to the LCLS-II requirements.
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