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HIGHLIGHTS

e A shrink-fit method is proposed for the construction high-gradient S-band cavity.
e Radiofrequency design of a 3-cell high gradient S-band cavity was performed.
e maximum gradient in the middle cell is twice that of the adjacent cells.

e Simulations showed maximum axial electric field of 59 MV.m™! is achievable for 2 MW input power.

e The breakdown rate less than 1076 bpp.m~!

is accessible for pulse length up to 80 us.

ABSTRACT

Advantage of non-brazing methods in manufacturing of cavities has been considered
in high gradient studies because of the softening of copper by brazing cavities at high
temperatures. Recent studies with hard copper cavities have been shown that the
harder materials can reach larger accelerating gradients for the same breakdown rate.
Shrinking, as a braze-free method for construction of the cavities, was used recently
to fabricate and assemble acceleration cavities of an electron linear accelerator at the
Institute for Research in Fundamental Science (IPM-Iran). Based on the results obtained
in this project, this paper proposes the design of a 3-cell S-band standing wave structure
operating at 2.9985 GHz for high gradient tests, considering shrink-fit construction
method. The desired cavity consists of three cells so that the maximum gradient in the
middle cell is about twice that of the surrounding cells. Simulation with Ansys-HFSS
showed that maximum axial electric field 59 MV.m ™!
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1 Introduction

Accelerating gradient in linacs is one of the main parame-
ters that determines the cost and viability of these accel-
erators in various applications, such as linear colliders for
high energy physics studies, electron sources of free elec-
tron lasers, and many medical and industrial applications.
The S-band SLAC linac has an operating gradient of only
about 17 MV.m~! (Neal and Blewett, 1970) while 100
MV.m~! gradient at 12 GHz has been considered in Com-
pact Linear Collider (CLIC) at CERN (Simakov et al.,
2018).

The major factor limiting the accelerating gradients
is the vacuum RF breakdown phenomenon. It had been
considered earlier that RF breakdowns to be directly re-
lated to the surface electric field (Wang and Loew, 1997;
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Balakin et al., 1978). Later, during the NLC and CLIC
works, the statistical nature of the RF breakdown rate be-
came apparent (Cahill et al., 2018; Wuensch et al., 2017).
The breakdown rate (BDR) is one of the main quantitative
requirements characterizing high gradient performance of
RF cavities. Compact Linear Collider requires RF break-
down probability to be less than 4 x 10~7 pulse '.m~! for
accelerating gradient of 100 MV.m™!. According to some
recent studies (Simakov et al., 2018; Korsbéck et al., 2020;
Dolgashev et al., 2020, 2018), to achieve higher acceler-
ating gradients with lower RF breakdown rates (BDR),
structures with hard copper alloys are preferred to the
structures that made out of heat-treated ones. Using high
temperature in brazing method causes softening the cop-
per in the process. Therefore, non-brazing methods have
been used for construction of high gradient structures.
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Figure 1: The three-cell cavity used for typical design.

A new fabrication technique for construction of high
gradient S-band photogun has been recently developed
and implemented at the Laboratories of Frascati of the
National Institute of Nuclear Physics (INFN-LNF, Italy).
Clamping method have been used for construction of high
gradient S-band photogun and it was tested successfully
at 120 MV.m~! (Alesini et al., 2018, 2015). Clamp-
ing method in combination with electron beam weld-
ing(EBW) and Tungsten Inert Gas (TIG) welding pro-
cedure have been employed in SLAC for construction of
high gradient X-band single cell (Dolgashev et al., 2020,
2018). A novel technique of assembling the structure from
milled halves has been used for a prototype 11.994 GHz,
traveling-wave accelerating structure for the Compact Lin-
ear Collider (Argyropoulos et al., 2018). Reduction in
cost, as well as a greater freedom in the choice of join-
ing techniques are advantages of this technology. It might
provide a way to produce a functional accelerating struc-
ture of hard copper. The procurement and testing of such
a hard copper prototype structure is underway at CLIC
(Korsbéck et al., 2020).

Shrinking as a braze-free method for construction cav-
ities was used recently to fabricate and assemble accelera-
tion cavities of electron linear accelerator at the Institute
for Research in Fundamental Science (IPM-Iran) (Shaker
et al., 2011; Ghasemi and Davani, 2015; Ghasemi et al.,
2015; Hajari et al., 2018). The success of this method in
the construction and assembling of the buncher and ac-
celeration tube at IPM, led to the suggestion of using it
for building high gradient cavities. Heat treatment does
not used in shrinking method, so the copper structure re-
mains hard and is expected to cause better performance
in high gradient fields. There are some challenges in the
construction of the cavity using this method, that need
to be considered in the radio frequency and mechanical
design. Since the sensitivity of high gradient cavity to the
geometry is higher than low gradient cavity, it is more
important to investigate the dimensional analysis.

In the present work, the design of a 3-cell S-band ac-
celerating cavity is presented. Radiofrequency design has
been performed with HFSS software in which electric and
magnetic fields and modified Poynting vector have been
employed to achieve optimal design.

2 Material and Methods

A typical design based on three cells has been considered
for studying high gradient cavities. In this design, which
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is used to study the different materials and construction
methods of high gradient cavity, a high gradient cell is
considered between the first and last cells. In SLAC, this
design has been used to evaluate the performance of high
gradient X-band cavities. Different types of cavities have
been constructed and tested with different materials, de-
signs and construction methods in this center (Simakov
et al., 2018; Cahill et al., 2018; Dolgashev et al., 2005,
2011, 2016, 2010). The main advantage of this method is
the use of a small cavity instead of the actual multicell
cavity, which significantly reduces construction costs. In
this method, the structure is designed so that the input
power is concentrated in the middle cell and therefore the
axial field in the middle cell is the highest relative to the
surrounding cells. In SLAC design, the axial field profile
has been adjusted with changing the radius of the cells.
The main feature of this design is the difference in ra-
dius of cells. Using this design for shrink-fit construction
will cause the inner surface of the cylindrical waveguide
to be stepped, which will reduce the high gradient capa-
bility. Therefore the radius of all cells was assumed to be
the same in our design and the axial field profile can be
adjusted only by changing iris radius.

Figure 1 shows the three-cell cavity used in a typi-
cal design. The primary dimensions of the cavity have
been considered as 1y = 19 = r3 = 4 = r = 40 mm,
a; = ay = ag = bpr = 14 mm, | = 40 mm and dt = 8
mm. The purpose of the design is to optimize the various
dimensions of the cavity in order to achieve the following
specifications:

1. 2998.5 MHz for the resonant frequency in the =
mode.

2. The highest value for axial field in the middle cell
compare to the side cells.

3. The minimum reflection coefficient of the structure
at resonance frequency.

Therefore, the effect of changing the dimensions of Fig.
1, on the resonant frequency and the axial electric field
have been investigated. To investigate the effect of di-
mensional change on the axial field profile, the parame-
ter “Relative Magnitude of E-Fields” was defined. This
quantity gives the ratio of the maximum electric field in
the first and third cells to the maximum electric field in
the middle cell. Since one of the goals is to maximize the
electric field in the middle cell, low value of this parameter
is desirable in the design. To find the optimized dimen-
sions, cavity simulations in Ansys HFSS electromagnetic
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Figure 4: Effect of parameter a; = bpr on a) m mode resonant frequency, b) axial E-Fields, and ¢) relative Magnitude of E-Fields.

analysis software have been performed for seven different
values of each parameter while the other parameters were
fixed based on the primary values.

Another feature for testing the structure is the coupler
which can be connected to the cavity with rf-compatible
circular waveguide vacuum flanges. The flanges allow re-
use of the same coupler for different structures, signifi-
cantly reducing the cost of the experiments. The design
of a suitable coupler for the desired cavity has been re-
ported in the previous work (Aghayan et al., 2021).

3 Results and discussion

The resonant frequency, axial E-Fields and Relative Mag-
nitude of E-Fields for different dimensions of Fig. 1 have
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been shown in Figs. 2 to 5.

It is seen in Figs. 2-a and 2-b that increasing the in-
ner radius of the cavity, reduces the resonant frequency in
the m mode, as well as decreasing the axial E-Fields of the
cavity. Figure 2-c shows that the change in internal radius
has little effect on the Relative Magnitude of E-Fields.

The resonant frequency, axial E-Fields and Relative
Magnitude of E-Fields for different values of as and as
are shown in Fig. 3. As as and ag are the iris radius of
the discs that make up the middle cell and high gradient
studies is performed in this cell, as and a3 need to be the
same. As shown in Figure 3-a, increasing as and ag, in-
creases the resonant frequency in the 7 mode. It can be
seen from Figs. 3-b and 3-c that as and a3 has a significant
effect on the axial E-Fields. In the range as and a3 greater



. Aghayan et. al.

3.8

Radiation Physics and Engineering 2021; 2(3):25-30

70 3.0
; i) R ' : T \ ©
361 604 ——1=30 i Left/Center
3.4 — 35 2.5 Right/Center
50{ ——I=40 J
5 3.2 _ — =45
= ‘ E W - 2.0
g 30 T = 4 1 2
5 g o
g ,5] S 04 1 2 15
E = =
= = ]
4 E | &
£ 28 g 204 1 1.0
2.4 w0l 1
224 ‘ 0.5
| 0 J
20— | . | . , , , , o
25 30 35 40 45 50 58 0 100 200 300 400 500 - y y T T T

1 (mm)

Curve length (mm)

25 30 35 40

1 (mm)

45 50 55

Figure 5: Effect of parameter [ on a) m mode resonant frequency, b) axial E-Fields, and c) relative Magnitude of E-Fields.

37.5

7.5

113.1

41 41/

Il7.6

37.5

— 7D

41 ’ 41

Il7.6

113.8

Figure 6: The structure of designed cavity with optimized parameters.

than 16 mm, relative magnitude of E-Fields is equal 0.5,
which means the maximum axial E-Fields in the middle
cell is twice that of the side cells, which is a good value
for the designed cavity in this study.

Figure 4 shows the effect of a; and bpr on the reso-
nant frequency, axial E-Fields and Relative Magnitude of
E-Fields. To simplify the simulations, the values of a; and
bpr were assumed to be the same. As shown in Figure 4-a,
increasing a; and bpr increases the resonant frequency in
the 7 mode. However, comparing Figure 4-a and Figure
3-a, it can be seen that the effect of iris radii as and as
on frequency is greater than the effect of radii a; and bpr.
According to Figs. 4-b and 4-c, it is clear that increasing
these parameters, reduces the axial field in the middle cell
and increases in the side cells, which is not desirable in the
design. Therefore, the values of these parameters need to
be minimal.

Cavities with different [ values were simulated and the
effect of | value on the desired parameters were investi-
gated in Fig. 5. As can be seen from Fig. 5-a, increasing
the length of the cells reduces the resonant frequency in
the 7 mode. Figures 5-b and Figure 5-c¢ show that in-
creasing the cavity length has no effect on the Relative
Magnitude of E-Fields.

By the results of Figs. 2 to 5, the radius has the great-
est effect on the resonant frequency and by changing the
iris radius, the axial E-Fields can be adjusted. For final
design, by choosing appropriate radius, m mode resonant
frequency is set to 2988.5 MHz. Then, by changing as and
a3, the axial electric field in the middle cell is adjusted
two times greater than that of the surrounding cells. A
change in the iris radius leads to change in the frequency.
By changing the radius of the cells, 7 mode resonant fre-
quency is set to 2998.5 MHz again. After adjusting the

axial electric field profile, the coupling between the cylin-
drical waveguide and the cavities must be tuned by chang-
ing the iris of the first cell. The final dimensions of the
cavity are shown in Fig. 6.

The IPM electron linear accelerator laboratory in Iran
has an RF test stand at frequency 2998.5 MHz based on
2 MW, KS237 klystron. Therefore, electric and magnetic
fields have been calculated for 2 MW input power and are
shown in Fig. 7 and Fig. 8, respectively. The maximum
surface electric field in this power is 78 MV.m~! while
maximum magnetic field is 113 kA.m~".
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Figure 9 shows the axial electric field, reflection coeffi-
cient and VSWR for 2 MW input power. The maximum
axial field in this power is equal to 59 MV.m~! in the
middle cell, while in the first and third cells the maximum
axial field are 28 and 30 MV.m™!, respectively. The Si;
parameter shows a peak of —45 dB at the resonant fre-
quency of 2998.5 MHz. Also, the value of VSWR at this
frequency is equal to 1.01, which indicates a near critical
coupling. Accelerating gradient is defined as EyT', which
FEy is an average axial electric field and T is transit-time
factor (Simakov et al., 2018). By calculating the average
field using Fig. 9-a data and also considering the transit-
time factor equal to 0.8, the value of the accelerating gra-
dient in the middle cell reaches 29 MV.m~! at 2 MW.
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Figure 10: Modified Poynting vector (S.) parameter for 2
MW input power.

One of the important parameters in high gradient
studies is reaching the desired value for RF breakdown
rate (BDR). In RF design, the modified Poynting vector
(S.) parameter has been used for studying RF breakdown
rate. Based on experimental data from multiple cavities in
CERN, its numerical value should not exceed 5 W.um™2
in order to have BDR less than 10~% bpp.m~! at pulse
length of 200 ns (Grudiev et al., 2009).

S. quantity has been formulated for the designed cav-
ities in HFSS software and its diagram for 2 MW input
power is shown in Fig. 10. The maximum value of this
quantity is 0.53 W.um~2. By rescaling CLIC experimen-
tal data (5 W.um™2, 200 ns) using Eq. (1) (Benedetti
et al., 2017), the pulse length can be increased up to 80
us for BDR less than at 2 MW input power. But this test
stand can also provide the mentioned power in 10 us pulse
length and 125 Hz repetition rate.

SEt3

BDR

= cons

(1)

4 Conclusion

Radiofrequency design of a high gradient S-band cav-
ity consist of cylindrical waveguide loaded by three discs
(three cells) was performed. The effect of dimensional pa-
rameters of the cavity on the resonant frequency, axial
E-Fields and Relative Magnitude of E-Fields was investi-
gated. The axial electric field was adjusted so that the
field in the middle cell became twice of the field in the
surrounding cells. The simulations showed maximum ax-
ial electric field of 59 MV.m~! is achievable for 2 MW
input power. Also, the study of the modified Poynting
vector showed that for these input powers, the breakdown
rate less than 10~% bpp.m™! is accessible for pulse length
up to 80 us.
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