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Abstract

The Linac Coherent Light Source (LCLS) is an x-ray
free electron laser facility. The proposed upgrade of the
LCLS facility is based on construction of a new 4 GeV su-
perconducting (SC) linac that will operate in continuous
wave (CW) mode. The major infrastructure investments
and the operating cost of a SC CW linac are outlined by its
cryogenic requirements. Thus, a detail understanding of
RF losses in the cryogenic environment is critical for the
entire project. In this paper we review RF losses in a 1.3
GHz accelerating cryomodule of the LCLS-II linac. RF
losses due to various sources such untrapped higher order
modes (HOMs), resonant losses etc. are addressed and pre-
sented here.

INTRODUCTION

The Linac Coherent Light Source -II (LCLS-II) [1] is a
proposed fourth generation x-ray light source facility under
construction at SLAC, California. The LCLS-II is primar-
ily based on construction of a new 4 GeV SC RF linear
accelerator (linac) that would operate in the CW regime
(see Fig. 1).
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Figure 1: Layout of the LCLS-II SC linac.

The LCLS-II SC linac is segment into several sections
which are named as L0, L1, HL, L2, L3 and Lf. All the
sections except L1 and HL are separated to each other by
intermediate warm sections which are designed for the spe-
cific purposes such as laser heating, diagnostic and bunch
compressions. Excluding HL, all sections are composed of
9-cell 1.3 GHz SC TESLA like cavities [2]. HL section
consists of 9-cell, 3.9 GHz SC cavities [3]. Number of ele-
ments and their nominal operational RF parameters in each
section are summarized in Table 1 and a detailed descrip-
tion of the LCLS-II SC linac is presented elsewhere [4].
The cryogenic efficiency is significantly lower at operating
temperature of 2 K [5]. Thus, operation of the SC linac in
CW mode keeps a stringent tolerance on the cryogenic load
of the machine. As, one can observe from Table 1 that ma-
jor portion of the LCLS-II SC linac is comprised of the
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1.3 GHz cryomodules and therefore, cryogenic budget of
the facility is largely outlined by the cryogenic loads in a
1.3 GHz cryomodule. In this paper, we discuss and present
contribution of different sources that result in the dynamic
RF losses at the operating temperature of 2 K ina 1.3 GHz
cryomodule in the LCLS-II SC linac.

Table 1: Configuration of Each Section in LCLS-II Linac

Phase Gradient No.of Avail.

(deg) (MV/m) CM’s cavities
LO ~0 16.3 1 8
L1 -12.7 13.6 2 16
HL  -150 12.5 2 16
L2 -21 15.5 12 96
L3 0 15.7 18 144
Lf  +/-34 15.7 2 18

1.3 GHZ CRYOMDOULE

Figure 2 shows a schematic of 1.3 GHz cryomodule. It
accommodates eight cavities, a magnet package that in-
cludes a quadrupole magnet, a beam position monitor
(BPM) and a dipole corrector and, a beam line absorber at
the end.
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Figure 2: 2D view of a 1.3 GHz cryomodule for the LCLS-
II SC linac.

Operating Mode RF Loss in Cavity

The major contribution to the dynamic RF losses in a
cryomodule comes from dissipation of the operating mode
fields on surface of the SC cavity. Power dissipated (Pq) on
surface of a SC cavity is estimated as:

2
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where E,.. is accelerating gradient, L.ris cavity effective
length and Qpis unloaded quality factor. For the 1.3 GHz,
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9-cell cavity, Ler and R/Q are 1.038 m and 1012 Q respec-
tively. In the LCLS-II linac, cavities are spaced [6] to be
operated with Oy =2.7x10'° at E,.. =16MV/m. Using these
values, estimated operating mode RF loss per cavity is
about 10.1 W.

Untrapped Wake Losses in 1.3 GHz Cryomodule

When beam is traversed through the cryomodule, it ra-
diates its wake energy into the higher order modes
(HOMs). Primary source of excitation of those modes in
the LCLS-II linac is irises in the nine-cell cavity. However,
interconnecting cavity bellows and beam pipe transitions
also contribute in this process. A frequency range of ex-
cited modes can be approximated as:

c
0x—;

o

: 2)
where ¢ is velocity of light and o, is bunch length. In the
LCLS-II linac, bunch length can be as short as 25 pm and
therefore, spectrum of HOMs frequency extends up to tera-
hertz. HOMs power deposited by beam is given as:

PHOM = Ql?frep’( ’ (3)

where Qy is bunch charge, fipis bunch repetition frequency
and « is loss factor. A detailed analysis presented elsewhere
[7] showed that maximum HOMs power deposited in a
1.3 GHz LCLS-II cryomodule is 13.8 W that corresponds
to bunch charge of 300 pC, bunch repetition rate of 1 MHz
and loss factor of 154 V/pC/CM. Loss factor is estimated
for bunch length of 25 pm. In order to estimate fraction of
HOMs power dissipating at 2 K in the cryomodule, one can
express the total HOMs power deposited as sum of two
parts i.e.,

tap Tap
Ptotal = J'%dw'i- J'%dwa (4)
0 ,

where first term is comprised of power below the cut-off
frequency (®.) and, this power is effectively extracted out
from the operating environment using HOMs couplers.
The second term in Eq. (4) corresponds to HOMs that have
frequencies above cut-off frequency. These modes can
propagates freely in the linac and make multiple reflections
to the beam line elements before they are completely ab-
sorbed. In this paper we will call them propagating or un-
trapped modes. One can evaluate HOMs power spectrum
using the following equation:

dP 1
%leffrep ZH(W)e ( j 5 (5)

where Z is longitudinal wake impedance estimated as:

1 T o, =

Z :ERe J.WH (s)e ¢ ds

0 (6)
w) is wake function. Figures 3 and 4 show differential and
integrated HOMs power spectrum in a 1.3 GHz and
3.9 GHz cryomodule of the LCLS-II linac. Integrated
HOMs power above cut-off frequency is 12.8 Wand 9.5 W
for 1.3 GHz and 3.9 GHz cryomodule respectively. It is
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worth to mention here that HOMs power spectrum of the
3.9 GHz cryomodule is presented just for the completeness
and a detailed discussion of the untrapped wake loss in the
3.9 GHz cryomodule is presented in this reference [8].
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Figure 3: Differential power spectrum in a 1.3 GHz (blue)
and 3.9 GHz (red) cryomodule of the LCLS-II SC linac.
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Figure 4: Integrated HOMs power spectrum in a 1.3 GHz
(blue) and 3.9 GHz (red) cryomodule of the LCLS-II SC
linac.

Because, frequency spectrum of the untrapped modes
spread over tera-hertz range, estimation of distribution of
their power dissipation in a cryomodule using the standard
numerical methods is unfeasible. Thus, a diffusion model
is developed which is based on the assumption that the
untrapped HOMs can be treated as the photon gas
distributed uniformly in the cryomodule. It is also assumed
that untrapped HOMs dissipate all their power inside a
cryomodule and therefore, no power leakage is anticipated
in this model. This assumption is reasonably valid in
presence of the long cryo-string (as in L2 and L3) where
power leaking out from a cryomodule is equal to power
coming in from its adjacent cryomodules in a steady state.
According to the diffusion model, power absorption is
proportional to the surface impedance and surface area of
elements. Thus, the beamline elements can be grouped by
type, for each of them the power absorption is
characterized by their absorption coefficient given as:

1 (@)~ n,s, dz(w) Re(Z(@)do; ()

i
w

where S; is surface area of i’ type element (such as cavity,
bellows, beam pipe etc.), n corresponds to number of i
type element in a cryomodule and Re(Z;(®w)) is real part of
the impedance at angular frequency of @. The beam line
absorber (BLA) in the LCLS-II linac is made from
STL-150D aluminium nitride ceramic. The loss tangent
and real part of the relative electrical permittivity for this
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material are > 0.4 and &, <30. Figure 5 shows variation in
the surface impedances of elements in the cryomodule with
a wide range of frequency.
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Figure 5: Variation in impedances of elements with fre-
quency. FPC and HOMC correspond to fundamental
power coupler and HOMs coupler respectively.

Using Eq. (7), dependence of surface impedance on fre-
quency and HOMs differential power spectrum, one can
estimate dissipation of untrapped HOMs power in a group
of particular type of the element from equation shown be-
low

°°dP I'abs
= [ o ®
wcda) zli (@)
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Figure 6: Distribution of untrapped HOMs power in the 1.3
GHz LCLS-II cryomodule.

Figure 6 shows distribution of the untrapped-HOM
power in the 1.3GHz LCLS-II cryomodule. It can be
observed that most of the power is deposited to the beam
line absorber placed outside the operating temperature of
2K and only a small fraction (less than a Watt) out of
12.8 W is dissipated at 2K which is distributed among
different elements (such as cavity, flanges, bellows). A
thorough analysis is presented in [9].

RF Losses in Bellows

In the cryomodule two successive cavities are connected
to each other through a stainless steel bellows (as shown in
Fig. 2) having an inner copper coating of 15 pm +/- 5 um.
In some cases, propagating modes are reflected from ends
of cavities and form a standing wave in the interconnecting
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cavity beam pipe, and therefore, are trapped there. Figure 7
shows a scenario when a mode is trapped in the intercon-
necting cavity beam pipe. Resulting RF loss can be esti-
mated as:

Pbt = [2 [EJQext (9)

0

Figure 7: Trapped mode in interconnecting cavity beam
pipe.

Beam current / of 0.3mA, (R/Q) =1002and Q.., =10’ re-
sult in a maximum beam loss of 0.1W. Furthermore, pass-
ing modes also result in the incoherent RF losses that can
be estimated using:

Py, =Y <07 f (10)
For bunch charge of 300 pC and repetition frequency of 1
MHz, RF loss due to passing modes (summed over all
modes up to 10 GHz) are less than 10 mW. Additional to
HOMs generated RF losses, decay of operating mode field
into the beam pipe also results in a RF loss at the bellows.
For the design operating gradient of 16 MV/m, RF loss due
to operating field leaking from cavities at both sides of bel-
lows is approximately 2 mW. RF loss at flanges due to op-
erating mode field is about 100 mW.

Resonance Excitation of HOMs

A detailed study has been performed and presented
elsewhere [10] to analyse possibility of resonance excita-
tion and corresponding RF losses in the LCLS-II SC linac.
Total power dissipated on the surface of the cavity due to
HOMs excited by beam harmonics is given as:

_ @, 12(RY (1 (11)
5%y )a)

2y
(@F — )t +|
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where I, and w, are n beam harmonic current and angular
frequency respectively; @, , (Qr), are angular frequency
and loaded quality factor of the p™ mode. It is evaluated
that even for the worst scenario i.e. Q. =107 and including
HOMs up to 10 GHz, median RF loss (50 % probability)
in a SC cavity is below 10 mW.

SUMMARY

A large portion of the LCLS-II SC linac is comprised
of 1.3 GHz cryomdoules. A detailed study has been per-
formed to determine RF losses at operating temperature of
2K in the 1.3 GHz cryomdoule. Most of the major sources
that contribute to cryogenic load were discussed. The cry-
ogenic capacity of the LCLS-II cryogenic system at 2 K is
8 kW while maximum total RF losses (static and dynamic)
even after including uncertainty factors are expected to be
less than 4 kW [11].
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