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Abstract Shanghai high-repetition-rate XFEL and

extreme light facility (SHINE), the first hard XFEL based

on a superconducting accelerated structure in China, is now

under development at the Shanghai Institute of Applied

Physics, Chinese Academy of Sciences. In this paper,

power losses caused by trapped longitudinal high-order

modes (HOM), steady-state loss, and transient loss gener-

ated by untrapped HOMs in the 1.3-GHz SHINE cry-

omodule are investigated and calculated. The heat load

generated by resistive wall wakefields is considered as

well. Results are presented for power losses of every ele-

ment in the 1.3-GHz cryomodule, caused by HOM exci-

tation in the acceleration RF system of the continuous-

wave linac of SHINE.

Keywords Power loss � Higher-order modes (HOMs) �
Resistive wall wakefields � Impedance � Superconducting
cavities

1 Introduction

Currently, the first hard XFEL in China is under con-

struction in Shanghai. This is called the Shanghai high-

repetition-rate XFEL and extreme light facility (SHINE)

[1–3], which is a superconducting accelerated structure-

based FEL device. In the future, SHINE will provide hard

coherent X-ray radiation for a broad spectrum of basic

research applications [4]. Superconducting RF (SRF)

technology has been chosen in order to minimize the power

consumption and operational cost of the facility because

SHINE is required to operate in the continuous-wave (CW)

regime.

While the use of superconducting accelerating cavities

in large particle accelerator facilities offers many advan-

tages in areas such as RF efficiency and feasible beam

parameter ranges, a major expense of operating such a

machine is the power required of the cryogenic plant.

Consideration must be given to minimizing both the static

and dynamic heat loads. One element of the latter, partic-

ularly relevant in a high-current, short-bunch CW facility,

is higher-order-mode (HOM) electromagnetic field power

generated by the beam when passing through the cavities

and beamline elements. Therefore, the power losses gen-

erated by HOMs owing to monopole HOMs are the subject

of calculations.

The paper is organized as follows. In Sect. 2, the

machine layout and main parameters of the SHINE linac

and the geometry of the 1.3-GHz cryomodule in SHINE are

introduced briefly. In Sect. 3, power losses caused by

trapped HOMs in the Tesla cavity of the 1.3-GHz SHINE

cryomodule are investigated. In Sect. 4, the distribution of

the heat load caused by untrapped HOMs and the resistive

wake in every element of the 1.3-GHz SHINE cryomodule
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are calculated. The steady-state loss and transient loss [5]

caused by untrapped HOMs in the 1.3-GHz SHINE cry-

omodule are investigated as well. Section 5 summarizes

the results and significance of this paper.

2 Linac of SHINE

The linac schematic of SHINE is shown in Fig. 1a [6].

The main accelerating elements of the SHINE linac are

Tesla 1.3-GHz nine-cell elliptical cavities [7]. The linac is

segmented into four sections named L0, L1, L2, and L3.

The number of elements and their nominal operational RF

parameters in each section are summarized in Table 1. An

idealized beam current spectrum without time or charge

jitter is calculated.

In this section, the 1.3-GHz cryomodule of SHINE is

considered. The cryomodule contains beam line intercon-

nections (bellows, gate valves, and a beam line absorber) as

shown in Fig. 1b [8] and Fig. 1c [9]. The 1.3-GHz cry-

omodule of SHINE comprises eight nine-cell cavities each

with an active length of 1.036 m, 3.5-cm iris radius, and

3.9-cm beam tube radius. Between the cavities are bellows

that are roughly 5.5 cm long and have nine convolutions.

3 Trapped longitudinal HOM

An electromagnetic field will be excited by the bunch

behind it when an electron bunch passes through the cavity.

This electromagnetic field is called a wakefield in the time

domain and a high-order mode in the frequency domain

and can be divided into longitudinal and transverse HOMs

according to the component on the coordinate axis. Power

losses of every element in a 1.3-GHz cryomodule are

mainly caused by longitudinal HOMs, which is the main

research object of this paper. A longitudinal HOM can be

characterized as a trapped or untrapped HOM by its rela-

tion to the beam pipe cutoff frequency. The frequency of a

trapped HOM is below fcutoff, while an untrapped HOM has

a frequency above fcutoff. This section focuses on trapped

HOMs, and untrapped HOMs are considered in the next

section.

As we know, a trapped longitudinal HOM below the

beam pipe cutoff frequency of Tesla SRF cavities causes

heat, adds to the cryogenic losses, and increases the oper-

ational cost of a linac, which is excited when the beam

traverses the SRF cavity. Interaction of the beam spectrum

with the cavity HOM spectrum leads to power losses in the

SRF cavity. Thus, the beam spectrum and cavity HOM

spectrum are calculated in the next section.

Fig. 1 (Color online) a Schematic layout of SHINE main linac and

geometry of 1.3-GHz Tesla cavity cryomodule with b bellows and

c interconnections. Tesla superconducting cavity is made of pure

niobium, beam line pipe is copper plated, and gate valve and flange of

interconnection part are made of stainless steel
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3.1 Beam spectrum

The amplitude and frequency of the main lines of the

beam current spectrum directly affect the probability and

intensity of HOMs in SRF accelerating structures.

Two cases of the beam in the SHINE are considered in

this paper: Case 1 and Case 2. In Case 1, the bunch repe-

tition frequency is assumed to be constant and equal to

1 MHz and total change Qb = 300 pC. In Case 2, the bunch

repetition frequency is assumed to be constant and equal to

0.6 MHz and total change Qb = 100 pC. The calculated

beam spectra of Case 1 and Case 2 are shown in Fig. 2.

3.2 Cavity HOM spectrum

The spectra and impedance of the higher-order modes in

the SHINE are evaluated in this section. The main contri-

bution of HOM loss comes from the frequency mode with

the highest impedance and a frequency approaching the

main line of the beam spectrum.

The HOM spectrum of a 1.3-GHz Tesla-type cavity is

evaluated by using a CST simulation [10]. For longitudinal

monopole modes, the cutoff frequency in a cylindrical pipe

is defined as fcutoff ¼ 2pc X01

r � 2pc 2:4048
r ; where X01 is the

first root of J0(r), the Bessel function of the first kind of

order 0. According to the above formula, the cutoff fre-

quency of a 1.3-GHz Tesla-type cavity is equal to

2.94 GHz. The spectrum and R/Q of a 1.3-GHz Tesla-type

cavity are shown in Fig. 3a, b, respectively.

3.3 Power loss calculation

The beam traversing a cavity excites various modes of

the cavity. The main accelerating mode will be compen-

sated, but there are also high-order modes in the cavity.

The excitation of HOMs leads to losses of beam power. In

addition, it is necessary to know which modes are used to

evaluate these losses. Given the shapes of the cavities, all

needed information can be obtained by using a CST

Table 1 Configuration of each section in SHINE linac

No. of

cryomodules

Avail.

cavities

Powered

cavities

Gradient

(MV/m)

Eout

(MeV)

rz (Qb = 100

pC) (mm)

rz (Qb = 300

pC) (mm)

L1 2 16 15 14.8 326 1 3

L2 18 144 135 15.5 2148 0.14 0.42

L3 54 432 406 15.5 8653 0.007 0.021

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Fig. 2 (Color online) Idealized

beam spectrum of Beam Cases 1

and 2
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simulation. After that, power losses are calculated as

described in the following.

According to Ref. [11], the surface resistance of super-

conducting Nb is

Rs ¼ Rres þ RBCS; ð1Þ

where Rres = 10 nX and the BCS part is parameterized as

RBCS ðXÞ ¼ 2� 10�4 1

T ðKÞ
fn ðGHzÞ

1:5

� �2

e
�17:67
T ðKÞ : ð2Þ

Trapped modes may have a higher value of Qh [12],

where Qh is the loaded quality factor of the HOMs. The

following Qh values are used in our analysis: Qh

= 2 9 105, 1 9 106, and 1 9 107. The HOM frequency

spread owing to the manufacturing mechanical tolerances

will be considered in our simulation. The total power loss

in the cavity walls is calculated as the sum of losses by the

individual beam harmonics.

The power losses can be calculated as [13]

P ¼
XN
n¼1

XM
m¼1

~I2n
8W

� �
R

Q

� �
m

Rsx3
mAmm

ðx2
n � x2

mÞ
2 þ xnxm

Qh

� �2
; ð3Þ

where

Amm ¼
I

H2
mðzÞds ¼

ZL

0

2prð‘ÞH2
mð‘Þd‘: ð4Þ

3.4 Results

To accurately estimate the probability of resonance

HOM excitation in a SHINE linear accelerator by the beam

component, a statistical analysis must be carried out. This

analysis requires the propagation of data for the HOM

parameters (frequency, impedance, and quality factor).

Thus, the manufacturing mechanical tolerances will be

taken into account in order to obtain this information. The

acceleration mode should be perfectly adjusted, so a fre-

quency of exactly 1.3 GHz is used in calculations. About

3000 random runs are made for each cavity in order to

estimate the probability of the RF losses per cryomodule

[14].

The distributions of power loss for the two beam cases

in a 1.3-GHz Tesla-type cavity are shown in Fig. 4a, b,

respectively.

4 Untrapped longitudinal HOM

As mentioned in the previous section, a longitudinal

HOM above the cutoff frequency is called an untrapped

longitudinal HOM, which can propagate through the cry-

omodule. This will cause a heat load in every element of

the cryomodule. These elements include the cavity, bel-

lows, beam line absorber (BLA) [15], fundamental power

coupler (FPC), high-order mode coupler (HOMC) [16],

gate valve, flange, and cryomodule (CM) pipe. In this

section, power losses caused by untrapped longitudinal

HOMs (including the resistive wall wake [17]) are con-

sidered and calculated together.

4.1 HOM power generated in SHINE linac

When an electron bunch traverses the 1.3-GHz cry-

omodule shown in Fig. 2, its wake energy is radiated into

modes (untrapped longitudinal HOMs) that are much

higher than the cutoff frequency. The primary source of

excitation of untrapped longitudinal HOMs in the SHINE is

the irises of nine-cell cavities (called a geometric wake). In

addition, another source is generated by resistive wall

wakefields in the 1.3-GHz cryomodule beam pipe of the

SHINE.

The HOM power generated by the beam is

Fig. 3 (Color online) a Spectrum and b impedance of monopole HOMs in 1.3-GHz Tesla-type cavity
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P ¼ Q2frepKloss: ð5Þ

In the SHINE, the maximum HOM power is generated

for Case Qb = 300 pC and frep = 1 MHz and the minimum

HOM power is generated for Case Qb = 100 pC and

frep = 0.6 MHz. Thus, the above two cases are considered

in this section.

According to Eq. (5), we need a Kloss parameter, which

is defined by the following equation:

Kloss ¼
1

q

Zþ1

�1

WkðsÞkðsÞds; ð6Þ

where q is the bunch charge,WkðsÞ is the longitudinal wake
potential, and k(s) is the bunch distribution, which usually

has a Gaussian distribution [18].

The longitudinal wake potential is a convolution of a

longitudinal wake function and bunch distribution is

described in the following equation:

WkðsÞ ¼
1

q

Zþ1

�1

wkðs� s0Þkðs0Þds0; ð7Þ

where wkðsÞ is the wake function of a point-like charge.

In a periodic structure, a short-range wake can be

approximated by [8, 19]

wk ¼ A
Z0C

p2a
exp �

ffiffiffiffi
s

s0

r� �
: ð8Þ

The 1.3-GHz SHINE linac can be considered a multi-

periodic structure: The first elementary period is the cavity

cell, the second is the nine-cell cavity with a bellows and

beam tubes, and the third is the cryomodule, which houses

eight cavities with nine bellows. Thus, Eq. (8) can be used

in our calculation.

4.2 Steady-state wake losses

When the beam enters the first cryomodule in a string, it

will first encounter transient wakefields that gradually

change to steady-state wakes. The change occurs over a

distance on the order of the catch-up distance,

Zcu ¼ a2=2rz. For the SHINE, the catch-up distance

Zcu = 0.2, 1.5, and 29 m and Zcu = 0.6, 4.4, and 87.5 m in

the L1, L2, and L3 sections for Beam Case 1 and Beam

Case 2, respectively. According to Fig. 2, the length of a

1.3-GHz cryomodule is about 12 m. To reach a steady-

state solution, 1, 1, and 3 cryomodules need to be consid-

ered in the L1, L2, and L3 sections for Beam Case 1.

Similarly, 1, 1, and 8 cryomodules need to be considered in

the L1, L2, and L3 sections for Beam Case 2. Therefore,

the wake function is fitted by calculating the wake poten-

tials of different rz bunches in the chain of eight cry-

omodules with ECHO [20], which is shown in Fig. 5 [21].

From the fit of the numerical data to Eq. (8), we obtain

the following equation:

Fig. 4 (Color online) Calculations of power losses in 1.3-GHz Tesla-type cavity for a Beam Case 1 and b Beam Case 2

Fig. 5 (Color online) Longitudinal wake potential and fitted wake

function in eighth cryomodule
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wkðsÞ ¼ 360 exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s

0:001701

r� �
: ð9Þ

In this section, Beam Case 1 and Beam Case 2 in the L3

part are primarily considered in our calculations. The wake

potential is calculated by the convolution of the longitu-

dinal wake function and Gaussian bunch distribution

shown in Fig. 6a, b for Beam Case 1 and Beam Case 2,

respectively [22].

With the above wake potential, Kloss can be calculated

according to Eq. (6). For an RMS bunch length of 1 mm,

0.14 mm, and 7 lm in L1, L2, and L3, the loss factor is 89,

137, and 169 V/pC per cryomodule, respectively. The

steady-state HOM power generated for Qb = 100 pC and

frep = 0.6 MHz (Beam Case 2) is 0.54, 0.82, and 1.01 W/

Cryomodule, respectively.

For an RMS bunch length of 3 mm, 0.42 mm, and

21 lm in L1, L2, and L3 for Beam Case 1, the loss factor is

57, 113, and 162 V/pC per cryomodule, respectively. The

steady-state HOM power generated for Qb = 300 pC and

frep = 1 MHz for Beam Case 1 is 5.12, 10.17, and 14.55 W/

Cryomodule, respectively.

4.3 Transient wake losses

As mentioned in Sect. 4.2, the beam wake reaches a

steady-state wake in sections L1 and L2 as long as the

beam traverses one cryomodule owing to the catch-up

distance. To reach a steady-state solution, however, a

structure of eight cryomodules with a total length of 96 m

needs to be considered when the beam traverses the L3

section. Thus, transient wake losses generated by a 7-lm
beam in L3 are the focus of our calculations.

When the 7-lm beam enters the first cell of the first

cavity of the first cryomodule in L3, the wake induced is

well approximated by a diffraction model. In subsequent

cells and cavities, the wake gradually reaches its steady

state. According to the diffraction model, the loss factor for

a Gaussian bunch traversing the first cell of a cavity is

given by [5]

kcell ¼ 0:723
Z0cffiffiffi
2

p
p2a

ffiffiffiffiffi
g

rz

r
; ð10Þ

where g is the cell gap. For a 1.3-GHz cryomodule in L3,

a = 35 mm (the cell iris radius), g = 89 mm, and

rz ¼ 7 lm. Using Eq. (10), we find that kcell = 18.9 V/pC

is the contribution of the first cell. For the first cavity, the

diffraction model gives this value multiplied by the number

of cells in a cavity: kcavity = 170.1 V/pC.

To estimate the loss factor, kn, we consider the model [5]

kn ¼
X8
m¼1

�knm ¼ 1

9

X8
m¼1

X9
p¼1

½ �ktre�anmp þ �kssð1� e�anmpÞ�;

ð11Þ

where m is the cavity number and p is the cell number. �ktr
and �kss are, respectively, the transient and steady-state

cavity loss factors, and anmp ¼ ½72ðn� 1Þ þ 9ðm� 1Þþ
p� 1�=9dc, where dc is the declination per cavity of the

transient component. The transient loss factor �ktr is given

by the diffraction Eq. (10), where rz ¼ 7 lm, and is then

multiplied by 9 (the number of cells in a cavity) so that the

value of �ktr is 170.1 V/pC per cavity.

kss is taken from Sect. 4.2. Kloss = 169 V/pC per cry-

omodule. Divided by 8 (the number of cavities in a cry-

omodule), the value of kss is 21.13 V/pC per cavity. Note

that the declination dc is equivalent to a distance of 8.93 m,

which is much shorter than the catch-up distance

Zcu = 87.5 m, the distance after which the wake experi-

enced by the beam is within a few percent of the steady-

state wakes.

Taking ktr ¼ 170:1 V/pc (from the diffraction model),

kss ¼ 21:13 V/pc (from Sect. 4.2), and dc = 8.93 m, we

obtain the result that for the first ten cryomodules, the loss

Fig. 6 (Color online) Wake potential and bunch distribution for a bunch length of rz ¼ 21 lm for a Beam Case 1 and b rz ¼ 7 lm for Beam

Case 2 owing to 1.3-GHz cryomodule
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factor and power losses by the 100-pC beam at 1 MHz are

shown in Fig. 7a and Table 2.

It is known from Fig. 7a and Table 2 that Kloss is

unchanged from the eighth cryomodule of L3, and Kloss is

decremented from the first cryomodule to the eighth cry-

omodule. That is to say, after the beam traverses the eighth

cryomodule, it reaches the steady state.

For completeness, the calculations for the beam passing

through the initial cryomodules of L1 and L2 in Beam Case

2 are repeated. We find that in L1, the loss in the first

cryomodule is 0.54 W, and the result for all the others is

0.54 W. In L2, the loss in the first cryomodule is 0.86 W,

and the result for all the others is 0.82 W.

Similarly, the loss factor and power losses in L3 of

Beam Case 1 are calculated again in the same way as

shown in Fig. 7b and Table 3. For completeness, the cal-

culations for the beam passing through the initial cry-

omodules of L1 and L2 in Beam Case 1 are repeated. We

find that in L1, the loss in the first cryomodule is 5.13 W,

and the result for all the others is 5.12 W. In L2, the loss in

the first cryomodule is 10.32 W, and the result for all the

others is 10.17 W.

4.4 HOM power spectrum

In order to understand the distribution of power among

the modes, the HOM power spectrum can be evaluated

using the following equation [9]:

dP

dx
¼ Q2

bfrepZk xð Þ exp � xrz
c

� �2
� �

; ð12Þ

where Zk is the longitudinal wake impedance. Zk can be

obtained by performing a Fourier transform on the wake

function. Figure 8 shows the differential HOM power

spectra for Beam Cases 1 and 2 in the 1.3-GHz cryomodule

of the SHINE linac.

The frequency range of the excited modes can be

approximated as

x � c

rz
: ð13Þ

In the SHINE linac, the bunch length is as short as 7 lm,

and the spectrum of the HOM frequency extends up to

terahertz. In order to estimate the fraction of HOM power

dissipating at 2 K in the cryomodule, the total HOM power

can be determined as the sum of two parts, i.e.,

Ptotal ¼
Zxc

0

dP

dx
dxþ

Zx

xc

dP

dx
dx; ð14Þ

where the first term is the power below the cutoff fre-

quency (xc). This power is effectively extracted from the

operating environment using HOM couplers. The second

term in Eq. (14) corresponds to HOMs that have frequen-

cies above the cutoff frequency and is called the untrapped

HOM power. According to Eqs. (12) and (14), the

untrapped HOM power of Beam Case 1 for L1, L2, and L3

is 3.47, 8.34, and 12.95 W/Cryomodule, respectively.

Similarly, the untrapped HOM power of Beam Case 2 for

L1, L2, and L3 is 0.43, 0.70, and 0.938 W/Cryomodule,

respectively.

4.5 Power loss generated by resistive wall

wakefields in cryomodule beam pipe

Another source of beam power loss is the resistive wall

wakefields in the 1.3-GHz cryomodule beam pipe of

SHINE. Because the beam pipe is maintained at cryogenic

temperatures, resistive wall effects are typically weak or,

more commonly, they enter the anomalous skin effect

regime (ASE) where the AC conductivity of metals is

substantially different from the normal skin effect (NSE).

The beam pipe of the 1.3-GHz cryomodule in SHINE is

round. The impedance in this case is in the form of Ref.

[17]:

Fig. 7 Kloss and transient wake power of nth cryomodule for a rz ¼ 7 lm and b rz ¼ 21 lm bunches
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ZkðkÞ ¼
Z0
2pa

1

fðkÞ �
ika

2

� ��1

; ð15Þ

where a is the inner radius of the beam pipe and fðkÞ can be
known from Ref. [17]. From Eq. (15), we obtain the real

and imaginary parts of the impedance as a function of the

frequency for copper and for a pipe of radius a = 39 mm,

which is shown in Fig. 9. Then, according to Eq. (12), the

power density spectra for the resistive wall wakefields in

Beam Cases 1 and 2 in the 1.3-GHz cryomodule beam pipe

of the SHINE linac are calculated and shown in Fig. 10.

4.6 Diffusion model

One way to estimate the distribution of the HOM power

absorption is to use a diffusion-like model [9] in which the

radiation fills the available volume like a gas. This is a

good approximation that is well above the cutoff frequency

and where the surface reflection coefficient is close to

unity.

The power absorption is proportional to the impedance

of the element:

Iabsi ðxÞ � niSi
dPðxÞ
dx

Re ZiðxÞð Þdx; ð16Þ

where Si is the surface area of the ith element, i is the type

of element (such as a cavity, bellows, or beam pipe), n is

the number of elements, x is the angular frequency,
dpðxÞ
dx

is

the HOM spectral density, and ReðZiðxÞÞ is the real part of
the surface impedance.

Table 2 Kloss and transient

wake power of ten cryomodules

for Beam Case 2 in L3

Nth cryomodule 1 2 3 4 5 6 7 8 9 10

Kloss (V/pC) 959 491 300 221 190 177 172 169 169 169

P_wake (W) 5.76 2.95 1.80 1.34 1.15 1.068 1.036 1.01 1.01 1.01

Table 3 Kloss and transient wake power of five cryomodules for

Beam Case 1 in L3

Nth cryomodule 1 2 3 4 5

Kloss (V/pC) 382 177 163 162 162

P_wake (W) 34.37 15.92 14.67 14.55 14.55

Fig. 8 (Color online) Differential power spectrum about Beam Case

1 (blue) and Beam Case 2 (red) in 1.3-GHz cryomodule of SHINE

linac

Fig. 9 (Color online) Real (red lines) and imaginary (blue lines) parts

of impedance for copper (the residual resistivity ratio (RRR) = 30

[17])

Fig. 10 (Color online) Differential power spectrum about Beam Case

1 (blue) and Beam Case 2 (red) in 1.3-GHz cryomodule beam pipe of

SHINE linac
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The power absorbed by the ith-type element is

Pi ¼
Z1

0

dP

dx
Iabsi xð ÞP
Iabsi xð Þ dx: ð17Þ

In the end, we have to count the total power loss that

contains the power loss Pgeom_wake of the untrapped lon-

gitudinal HOMs generated by the geometric wakefield and

the heat load Presis_wake of the resistive wake generated by

the resistive wall of the beam pipe.

4.7 Surface impedance of elements

The surface impedance of a superconducting Nb cavity

can be found in Eq. (1) in Sect. 3.3. The surface impedance

of steel is computed using

RssðxÞ ¼ Re
1þ iffiffiffi

2
p

ffiffiffiffiffiffiffiffiffi
xl0
k

r� �
; ð18Þ

where k is the electrical conductivity. We used

k = 106 X-1 m-1 for stainless steel.

Copper exhibits anomalous effects at 4 K at higher

frequencies:

RcuðxÞ ¼ Re Ax
2
3 1þ i

ffiffiffi
3

p� �� �
; ð19Þ

where A ¼ 3:3� 10�10 X s2=3.

The surface impedance of the absorber, Rabsorber, can be

calculated in the following way [23]:

aðxÞ ¼
x

ffiffiffiffiffiffiffiffi
n0rl

0
r

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan ddð Þ2

q
� 1

r

c
ffiffiffi
2

p ;

tan ddð Þ ¼ n00r
n0r

; ds ¼
1

a
;

k ¼ n00r n0x; Rabsorb ¼
1

kds
;

ð20Þ

where a is the attenuation coefficient in a lossy medium; n0r
and n00r are the real and imaginary parts of the relative

electrical permittivity, respectively; and l0r is the relative

permeability. Aluminum nitride ceramic is chosen as the

absorber material. The loss tangent for this material is

larger than 0.4, and n0r \ 30.

Calculation formulas for the equivalent impedance of

the radiation elements are derived from [24]:

dPnðxÞ ¼ P0 1� exp �2an‘ð Þð Þ;

anðxÞ ¼
ZðxÞ

Z0r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� xCn

x

� �2q ;

dPðxÞ ¼
XNðxÞ
n¼1

dPnðxÞ:

ð21Þ

The equivalent surface impedances for all of the beam

line components can be obtained by solving Eq. (21). The

result is shown in Fig. 11 with a comparison of the impe-

dances of the stainless steel, copper, and superconducting

cavity.

4.8 Distribution of untrapped radiation in 1.3-GHz

cryomodule

Using Eqs. (16) and (17), the dependence of the surface

impedance on the frequency and HOM differential power

spectrum, and the distribution of the total power loss (in-

cluding the power loss Pgeom_wake of the untrapped longi-

tudinal HOMs generated by the geometric wakefield and

the heat load Presis_wake of the resistive wake generated by

the resistive wall of the beam pipe), in every element of the

1.3-GHz cryomodule are shown in Fig. 12a, b for Beam

Cases 1 and Case 2, respectively.

From Fig. 12, it can be observed that most of the power

is deposited to the beam line absorber placed outside the

operating temperature of 2 K. Only a small fraction is

dissipated at 2 K, and this is distributed among different

elements (such as the cavity, flanges, and bellows) when

there is no radiation loss to the coupler ports. If the radi-

ation loss is considered, then the power losses are uni-

formly distributed between the fundamental power coupler

(FPC) and the beam line absorber.

5 Conclusion

In the SHINE linac, based on a superconducting accel-

erated structure, power losses generated by the beam

passing through the linac may not be negligible. Therefore,

Fig. 11 (Color online) Equivalent surface impedances of beamline

components and impedance of cavity and copper and steel materials
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power losses caused by the beam and deposited on each

element of the linac were studied in this paper.

Power losses generated by the beam contribute to lon-

gitudinal HOMs excited by the irises of nine-cell cavities

and the resistive wall wake of the beam pipe. A longitu-

dinal HOM can be characterized as a trapped HOM (below

the cutoff frequency) or untrapped HOM (above the cutoff

frequency) according to the cutoff frequency of the beam

pipe. Because it is below the cutoff frequency of the beam

pipe, a trapped HOM can only remain in the cavity, causing

power losses therein. An untrapped HOM causes power

losses in every element of the SHINE 1.3-GHz Tesla-type

Distribution of power losses in Cryomodule of Case 1
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Distribution of power losses in Cryomodule of Case 2

bellows BLA Cavity Flanges CM pipe FPC HOMC GATE Valve
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Po
w

er
 (W

)

With Radiation Loss

No Radiation Loss

(a)

(b)

Fig. 12 (Color online)

Distribution of total power

losses in 1.3-GHz SHINE

cryomodule L3 part for a Beam

Case 1 and b Beam Case 2 with

radiation loss and no radiation

loss, respectively
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cryomodule because it can propagate through the

cryomodule.

From the results regarding trapped HOMs, it is con-

cluded that power losses in the two beam cases owing to

resonance excitation of the longitudinal monopole HOM

are very small. The median power loss, which corresponds

to a probability of 0.5, is approximately 1 lW for trapped

modes of the 1.3-GHz Tesla-type cavity in Case 1. Peri-

odically, owing to random variations in its frequency, a

single HOM in one cavity may come close to resonance. In

this case, power losses in the 1.3-GHz Tesla-type cavity

may increase to 100 mW, although the probability of such

an event is extremely low at less than 1 mW. Comparing

Case 1 and Case 2, we conclude that the lower the Qb and

frep of the bunch, the smaller the power losses.

From the results regarding untrapped HOMs, steady-

state losses and transient losses generated by an untrapped

HOM in L1, L2, and L3 were estimated. The heat load

caused by resistive wall wakefields contributed as well. We

found that most of the power is absorbed by the beam line

absorber. This provides us some confidence in the effec-

tiveness of the beamline HOM absorbers, suggesting that

no more than a few percent of this power will present an

added load to the 2-K cryogenics system.

Based on this study, these calculations will provide a

reliable basis for the future construction of the SHINE

linac.
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