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RF accelerating structures

Outline:

4. Periodic acceleration structures;

5. Standing —Wave acceleration structures;
6. Why SRF cavities?
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Chapter 4.

Periodic acceleration structures.

a. Coupled cavities and periodic structure;

b. Travelling waves in a periodic structure;

c. Dispersion curve,;

d. Phase and group velocities;

e. Parameters of the TW structures;

f. Equivalent circuit for a travelling — wave structure;
g. Losses in the TW structure;

h. Types of the TW structures;

I. Examples of modern TW structures.
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Periodic acceleration structures:

* Single — cell cavities are not convenient to achieve high acceleration: a lot
of couplers, tuners, etc.

* Especially it is important for electron

acceleration:
Ry, = RIQ-Q, ~ w2, low Ohmic losses at high frequency;
v=c, focusing is quadratic and does not depend on frequency.

high frequencies are preferable (typically up to few tens of GHz). cells

U U

beam
}

small cavity size, ~ 1 cm for RT, ~20 cm for SRF :

4

periodic structure of coupled cells. |
coupling holes
* To provide synchronism with the accelerated particle, the particle

velocity v =fc=v,,=w/Kk, and the structure period d = p/k,= pA/(27S); ¢

is phase advance per period, p= k.d. _
3% Fermilab
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Periodic acceleration structures:

6

Each previous cell excites EM filed in a current cell, which in turn excrfoes the
field in the next cell. —
Cavity excitation by surface tangential -
electric field:

Ej= %20 X, E- field in the jt cell; 2

E; - eigen functions of cells.
Single-mode approximation: i3 |2 12 | g i+ |2 |j+3

Ejz Xj EO - field in the j*" cell . Works everywhere except the hole

E, - eigen function of the operation TM,,, mode of a cell. —

excited drive
Excitation of a cavity by the field of a similar neighboring cavity cavity R e

through a small hole: > ®
Boundary conditions for the excited cavity field E: E; = 0 on S; holeds |
E; = E; on S (hole). For eigenfunction Ey; = 0 on S+ S, _W—‘_
From Maxwell equations for eigenfunction and excited field:

Js. ExHodS . {
X = 1—(»2 , here Hy is eigen magnetic field, W -stored energy ]

2wW< —°> wy- eigen frequency, w- drive frequency. —»j

L éR C
(Exact derivation is in the Appendix 11) _.,_T
Amplitude X is the same as for a parallel oscillator
2= Fermilab
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Periodic acceleration structures: j
In the j* cell E; = X;E

E, Ly
Excitation of a cavity by surface electric field: Sj-1 ul
fS' E)j_:[)(ﬁods fSE)]XﬁodS
Xj=—"——F—t (1)
ol ] ol ]
— 2wW<1——2> 2wW<1——2>
w w

On the coupling holes tangential electric is superposition of
the fields of the current cell and the neighboring cell:

J; Ei_y x HydS = KwoW(X; — Xj_), Js, E; x Hy dS = Kw,W (X; — X;41), (2)

here K = Wl fs EO X ﬁo dS- dimensionless constant depending on the cavity shape.

o /

Therefore, from (1) and (2) one has:

w3 w3 1., w3 1., w3
X; (1= 28) — (K23%) = K 3 X = 5K 28 X0 ) = 0,
or
w3 1., w3
X (1= (A +K)%2) + K2 (X;_g + Xjyg) = 0 (1)

(Exact derivation is in the Appendix 11)
2= Fermilab
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Periodic acceleration structures:

* For a pillbox K depends on the aperture as a?:
* In paraxial approximation E,yfor TM,,, modes in a pillbox cavity does not depend
on r in cylindrical coordinates 7, @, Z , see Lecture 1, slide 49.

* In presence of a small hole radial electric field E,.o~7 next to the hole.

e Onthe other hand divE = - + =0 o E . (1r)=— ~
! r or 0z TO( ) 2 0z 4a '’
_ 1 r 3
Hyo(r) = %fo E,ordr ~r, and ij—l EroHypodS ~a
* For pillbox cells having thin walls and a hole
with the radius a one has cavity Lol
K 2E§a® 2 R/Q kea® ; _ %o E,(20). \{21)
= e— = - . 0o —
3ZWoe 3 Z, d2T? ¢ ) ﬁ :\ N
— . . - . 1 "0 d ’
(Exact derivation is in the Appendix 11) hole—"|
THE ol 4t
_.__‘__\
PHYSICAL REVIEW D Axial and radial filed
oA journal of experimental and theoretical physics established by E. L. Nichols in 1893 d ISt ri b ut I ona l o ng t h e
Seconp Series, Voi. 66, Nos. 7 anp 8§ OCTOBER 1 anp 15, 1944 AXIS- Scales for EZ and
Theory of Diffraction by Small Holes Er are different.
it e e s s e 2 Pillbox cavity
with a hole
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Travelling—Wave acceleration structures:

10)5

In the infinite chain of cavities equation x; (1 - (1+K)Z—§)+EKE(X]-_1 +X1) =0(1)
has solution (travelling wave):
X; = XeU? (2)

*  From (1) and (2) it follows w(p)
2 2 . .
1= (1+K)22+-K22 (e +¢71¢)

or wo[l + 2K]Y/?
w(p) = wo[1 + K(1 — cosp)]/? /
* For small K we have: wg /

w(@) ® wo[l + K(1 - cosp)]

e One can see that

0 w2

= w(m) — w(0) a coupling coefficient; here w(m) = wy(1+K), w(0) = w,

w(0)

Af = f(m) = f£(0) - a passband width
£& Fermilab
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Travelling—Wave acceleration structures:

1 In the arbitrary infinitely long periodic structure, or in the finite
structure matched on the ends, there are travelling waves (TW)
having arbitrary phase shift per cell ¢. Longitudinal wavenumber,
therefore, is k,= ¢/d. Dispersion equation is the same:

w(k;) = W2 (1 — Ecos(go)) = Wr/2 (1 — Ecos(kzd))

2 2
Therefore, the phase velocity V(o) is:
(0) = w(k,)  2nd
vph (p - kz = C (pA

* For acceleration of the particle having velocity v,=fc, the cavity cell
length d should be equal to
A
g =P
21T
because for synchronism we need v,= v,

For example, for ¢ = 7z the cell should have the length of /2.

3% Fermilab
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Travelling—Wave acceleration structures:

L The group velocity* v (o) is

dw nKd .
vgr((P) T € sin(¢g)
For p=0and @=mgroup velocity is zero!

For p=n/2 group velocity is maximal:

Kd
Vgr(/2) = ch.

* For small K group velocity is small compared to the speed of light.

* In contrast to a waveguide, V,, 'V, # ¢

: P . : : .
*In homogeneous media v, = ~ P is power flow density, W is energy density.

3% Fermilab
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Travelling—Wave acceleration structures :

J For TW in a periodic structure:
John Stewart Bell

* Average stored energy per unit length for electric field wg is equal to
the average stored energy per unit length for magnetic field w, (the
15t Bell Theorem™):

W =W, = W/2

 The power P flow is a product of the average stored energy per unit
length and the group velocity (the 2¢ Bell Theorem*):

P= v W.

*J.S. Bell, “Group velocity and energy velocity in periodic
waveguides,” Harwell, AERE-T-R-858 (1952). See proof in Ap_EendiX 11

3¢ Fermilab
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Travelling—Wave acceleration structures

Equivalent circuit:
Note that the electrodynamics in the periodic structure is described by
the equivalent circuit li1

MT“”T’””T

For jth cell we have from Kirchhoff theorem:

( 1)},_'_(' ;1) U ;+1)=0’

L +—
o +I(UC lwC, ilwC,

: I; :
For the capacity voltage Xx; =—— we have the same equation as for EM

iwC
model:
W% 1 m%
Xi|1-(1+ K)— +—K—[X-_1 +Xi41] =0
2C 2 R/Q

1
Here w?=—, K=—C(C= L=
0T IC C. WoR/Q" ™ 2w, 2% Fermilab
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Travelling—Wave acceleration structures

Loss in the cells:

Ohmic loss on the metallic surface: _, _, i
| B e giont=t/ee 01500
“ﬂ*wﬂ(”z—qﬂ) _ 20,
T —_— —,—
Wo
and
2 mZ
[1—(1+K)—+IQ w4+ H—E[X 1+ X =0
Equivalent circuit is the following:
L1 I Ti+1
—_ )" """l
R L CI_ R L CI_ R L CI_
oN— i1 oN— j o — i+l (o—
where
R 1 2 R
p— R/Q mgz—,H_ZCC_—:L=£.
2Q, LC C,,  wWoR/C 2wy
£& Fermilab
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Travelling—Wave acceleration structures

However, in a long periodic TW structure Ohmic losses change

acceleration field distribution along the structure.
Energy conservation law in the jth cell:

dWU,j _ Ct}()WOJ
a - Otham o
) ) W,
Taking into account that w = ?" and P=w-v,, We have
ow _ (Wogrlj=wgrlj-1)  wew _ 0(Wvgr)  wew
6t — d Q[) ~ aZ QO

d dv,
In steady-state case we have d_w - ( g “‘ﬂ)
z Vgr \ 4z Qo

e Constant impedance (Cl) structure: .
_ ZQ)O _ z o
vgr = const = w(z) =w(0)e "% - E(z) = E(0)e *o* T 0,

* Constant gradient (CG) structure:

Vgr(2) = v4,-(0) — Z((;_z - w(z) =w(0) - E(z) = E(0) = const

Aperture a should decrease with z.
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Travelling—Wave acceleration structures

Tolerances:

If the cell frequencies have resonant frequency deviation ow,, it
changes the longitudinal wave number k, and violates synchronism.

Sk —dk“”a _ 1 )
2= dwg wo—vgr Wo

It means that it is necessary to operate in the middle of dispersion
curve, when group velocity is maximal, ¢ ~ 7/2 - 27/3.

If ¢ close to x, the structure is unstable.

3% Fermilab
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Travelling—Wave acceleration structures

TW structure parameters:

For TW stricture R and R/Q are calculated per unit length of the
structure.

** Shunt impedance R is measured in MOhm/m. For geometrically
similar cells R scales as w, *.

¢ R/Q is measured in Ohm/m. For geometrically similar cells R/Q
scales as w,

3% Fermilab
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Travelling—Wave acceleration structures

TW structure parameters: (R/Q) for pillbox, f=10 GHz (here b is the

cavity radius)
R 0.98Z,T () j _ 2:405¢ (See Lecture 11, slide 58)
R/Q, Ohm/m @ b ’ T 2nf

35000

30000 E.(1) ¢G/h£
\entrance—-/\d— exit /
25000 /! \
- - L5 [1K 1 C‘;Jt ;T
50000 \/ \ \/ /!
Cavity center
15000
10000
5000
0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

P/
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Travelling—Wave acceleration structures

TW structure parameters: Q,for pillbox at 10 GHz (see Lecture 11, slide 53)

Q,

14000
12000
10000
8000
6000
4000

2000

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

P/
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Travelling—Wave acceleration structures

TW structure parameters: Shunt impedance R=(R/Q)-Q, for pillbox at 10
GHz

250

R, MOhm/m

200

150

100

50

0
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

R is maximal at  ~ 0.6 Typically, they use Y =21/3. Y /m

2% Fermilab
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Travelling—Wave acceleration structures
- - - - Pin =Pref +Pout + I:)Ioss +Pbeam

H P.,, from RFsource Pyt to RF load ‘ Pin >> Pout

Aperture has elliptical
shape to minimize
surface electric field

Input coupler

HOM dampers

Input wavegU|dg\ ol

£

Tuning
channels

Acceleration cell
Acceleration cells Beam pipe Acceleration cells NLC structure with
HOM damping

3% Fermilab
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Travelling—Wave acceleration structures

TW structures for acceleration of electrons are widely
used is different fields.

¢ High — energy physics:

 SLAC (1968): 3 km, 47 GeV (max), 2rt/3 2.856 GHz (S-band), 3 m
structures.

e SLC(1987) —first e*e linear collider based on the SLAC linac.

e CLIC collider (R&D): up to 50 km, up to 3 TeV c.m., 2rt/3 12 GHz

*** FELS:

e SwissFEL (PSI) 5.7 GHz linac (2017), 0.74 km, 5.8 GeV, 2rn/3 6 GHz

¢ Industrial and medical accelerators

e Varian S-band (2.856 GHz) and X-band (11.424 GHz) linacs for
medical applications

* Industrial linacs

3% Fermilab
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure®
Accelerating structure parameters

Loaded gradient* [MV/m] 100
Working frequency [GHZ] 11.994
Phase advance per cell 21/3
Active structure length [mm] 217
Input/output radii [mm] 3.15/2.35
Input/output iris thickness [mm] 1.67/1.00
Q factor [Cu] 7112/7445
Group velocity [%c] 1.99/1.06
Shunt impendence [MQ/m] 107/137
Peak input power [MW] 60.9
Filling time [ns] 49.5
Maximum E-field [MV/m] 313
Maximum modified Poynting vector[MW/mm?] 7.09
Maximum pluse heating temperature rise [K] 35

*V. Dolgashev, SLAC, EAAC 2015
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure* .
Traveling Wave accelerator structures, CLIC prototypes

T18 ->TD18->T24->TD24

e St

undamped

T18_Disk_#2 2009

2011
@ 2010 % 2011712 @

TD18_Disk_#2 TD24_Disk_#4

3% Fermilab
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Travelling—Wave acceleration structures

Modern TW structures: 12 GHz CLIC structure

SLAC-CERN
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Travelling—Wave acceleration structures

Final beadpull of tuned CLIC-G-OPEN

CLIC-G-Open BeadPull Amplitude

Beadpull Raw: Real vs. Imaginary
100 . . .

3 n ﬂﬁn 1 .
M(M I ﬂ

Amplitude (au)

Im[S11]*1000

Y WA

L
W
O 10 20 30 10 -1 -

100

" Re[S11]*1000

Position (cm)

On-axis field amplitude. Polar plot of beadpull data.

3% Fermilab
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Travelling—Wave acceleration structures

Output Part of the Open 100 GHz Copp
Traveling Wave Acceleratmg Structure

m
3!@
(-)

E—

i | 2 -
3~T 3 ;,._"

S| AC-INEN

& Fermilab
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Summary:

28

Single — cell cavities are not convenient in order to achieve high acceleration: a
lot of couplers, tuners, etc. Especially it is important for acceleration of
electrons.

Periodic structures are used for acceleration, where travelling wave is excited.
Phase velocity depend on the phase advance per cell. The accelerating wave
has the same phase velocity as the accelerated particles (synchronism).
Average energy of magnetic field is equal to average energy of electric field
(the 15t Bell theorem); Power flaw is equal to the product of the group velocity
to the average stored energy per unit length (the 29 Bell theorem).

The passband depends on the value of coupling between the cells K ; it
depends on the coupling hole radius a as ~ a%-a%; it depends also on the wall
thickness.

Group velocity is maximal if phase advance per cell is ~z/2;

Maximal shunt impedance per unit length is at the phase shift of ~2x/3;

Loss may change the field distribution. To achieve field flatness along the
structure, group velocity (coupling) should decrease from the structure
beginning to the end.

3% Fermilab
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Chapter 5.

Standing —Wave acceleration structures.

a. Standing - wave structures;

b. Equivalent circuit for a SW structure;
c. Dispersion curve,;

d. Normal modes;

e. Perturbation theory for SW structures;
e. Parameters of SW structures;

f. Bi-periodic SW structures;

g. Inductive coupling;

h. Types of the SW structures;

2% Fermilab
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Standing—Wave acceleration structures

» TW structures work very good for RT electron accelerators:

* High frequency = lower power (R~ f1/2);

* Alot of cells (many tens) = high efficiency (all the power is consumed in the
structure, and small fraction is radiated through the output port).

» TW structures are not good for RT proton accelerators:

» High frequency is not practical (defocusing is proportional to f)

* Low beam loading — large number of cells (impractical from the point of view
of focusing and manufacturing, especially if the cell diameter is large because of
low frequency);

» TW structures are not good for SRF accelerators:

« High frequency is not practical (BCS surface resistance is proportional to f2)

 Small decay in the cavities

3 Very large number of cells + large cell size (impractical from the point of

view of manufacturing and processing); f b
3 Feedback waveguide - still under R&D

3% Fermilab
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Standi

ng—Wave acceleration structures

Standing Wave structures:

/ Conductive walls \

V

Backward

tPin coupling

Input port  holes

Putting reflective conductive walls in the middle of the end cells, we do not violate
boundary conditions for EM field for TM,,,-like modes.

Forward and backward travelling waves form standing wave.

N

may be small, even N=2;

==

Frequency may be small, up to hundreds of MHz— proton acceleration
Suitable for SRF

I:)in << I:)forward ~ I:)backward

& Fermilab
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Standing—Wave acceleration structures

Equivalent circuit of the SW structure containing half-cells on the ends

Iy lj-1 li+1

— 7 J_ :wm—u—_'-:wvﬂ—u—_'-l:nm :,m_"_
0 C°T___T T T i

, 21 w2 In matrix form:
W§ w4 2
X[1-—+i + KDy, =0 el
o7 @2 Quw?| w2t ME——R%=0
- b w
: here M;;=1; j=0,1,..N;
X1 - B Bk B+ x] = 0 (1) g
i 0] Qow?| 2 w Mjj_q = WG ; J=1,2,..N;
w?2 w?2 w? M, = ;j=01,..N—1.
Xl - 24 i—2|+K—2Xx.,=0 = awn
N w2 0o w2 w2 N-1
0
- and Ww(j) = 1j= 1,2,..N—-1
w(j) = ;J—ON

Here g corresponds to the center of dispersion curve. - ]
3¢ Fermilab
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Standing —Wave acceleration structures

Eigenvectors and eigenvalues: 3-cell cavitv (N=2)
)?f=cos?%y; w§= W% nq’q=0'1""N
1+ Kcos 0-mode (q=0): BN Y
Phase advance per cell: ¢ ==,q=01,..N ¢=° 0= TR
Wy

m/2-mode (q=1):

- / .jk
[1—-K]Y? EAVARNFN
R

Wy —
. P=T/2 w=uw, \[
o |
[1+K]7? Even cell is empty!
¢
0 S - n-mode (q=2): " _0. ‘.1— _2._

: : @ =" m=(1+,:')1f2_.‘__._
Orthogonality:

N

£1-87 =N W) £%] = Noar 5 —1ands, = 0,if q %7
S LI Taw(gy S T e =
£& Fermilab
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Standing —Wave acceleration structures

e Perturbation of the cell resonance frequencies causes perturbation
of the mode resonance frequencies &oq;
* the field distribution 0X .
Wi = w§ + dwi;  — X" =X+ 6X9, X9-5X4

2
Variation ot the equation (1) in matrix form mx —%)‘? =0, see Slide 31
2 S 2

. ~ w "N ~ w5 .
gives M&RY =— |58 + 081 — —1 X1/, Swl, ]
wq wq > 0
Wo
(here =] : )
Swiy
Swg L 0 .
=L = [2w(q)/N] - R90R7; | :
q
NYadO ¥4 _
590 — 2W(qHX10X7 o I&UOJIW
w2 |5X |~
v N( 2 _1) |wg — wga4]
CUq,
2& Fermilab
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Standing —Wave acceleration structures

/2-mode (g=N/2): N-even, N is the number of cells in the cavity

|58N/2|~ | |5“"Of|av _ |5w0j|av/w0 Wy
Wy /2 — Oy /72— K
N/2 N/2 1| 10
W
11 — Kx11/2
m-mode (g=N): [1-K] %2.
Wy ) {
w
|68V |~ ool ~N? 800y, /@0 T+KT7 |
lwy — wy_4] K
: %
SW m-mode is much less stable
0 w2 T
than 1t/2-mode !
. 2
- w
For Tt I.node problems with w? = 0 4 =01,..N
* Tuning 1+ Kcos
* Temperature stability at RT
3% Fermilab
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Standing —Wave acceleration structures

Solutions: odd even
¢ Operate at 7/2 mode;
¢ Operate at 7mode: l' l[ J‘l
* Small number of cells N
* Increase K. I | II ll
‘4,8/1/4 ‘ Periodic
| 1

Accelerating cells (odd)  Coupling cells (even)

1. Operating at /2 mode:

. nj

X; = COS?
Even cells are empty!
Solution — biperiodic structures:
 Narrow even cells (coupling cells)
* Long odd cells (acceleration cells) ‘ pA/2 | Biperiodic
* Same length of the period containing 2 cells, |B)\/2

g
e The structure is “z/2 for RF” and “z for the beam”

2% Fermilab
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S

tanding —Wave acceleration structures

2. Increase K:

37

Coupling through the aperture holes does not provide high K; ¥% ~¢@
oAperture is limited by surface electric field —

oAt B<c acceleration gain on the axis drops as ~exp (ka/f)* j\
In this case, Ry, is modest (the drift tubes cannot be used

)
Solution: inductive coupling through the side slots. \§>

Aperture may be small in this case, which provides U
- Small field enhancement factors; Coupling slots

- H|gh R/Q and RSh Z YJ/ Z /m/ i /) TG IINS

4]

7 7
?beam‘ _

4

/

17 B
S

L //2///// Fﬁ?// /m////// W 3
*See Lecture 7, slide 25 Accelerating cells

3% Fermilab
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Standing—Wave acceleration structures

TEM wave in the slot = high electric field = high coupling

Induction coupling gives negative K Slot E
m -
=K | |
o | . ZLC N H
Wo K=- L \/
[1+K]'7 ‘
” Slot resonance: h =A/2. Typically, h <1/2

0 ) w2 T

]jII

o lj-1 I IN
. e—- - { I_
R/2 L2 2C R L. C R L C R L C R2 L2 2C
0 L¢ L¢ i-1 Le j L¢ i+l Le Le N

Equivalent circuit below the slot resonance

£& Fermilab
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Standing—Wave acceleration structures

Combination:
* Inductive coupling
* Biperiodic structure

Biperiodic structures with induction coupling
* Coupling cells between accelerating cells JKPNESS

* Side coupling cells

/

ANNULAR COUPLED

CAVITIES
& Fermilab

39 7123/2024 V. Yakovlev |Periodic structures, Standing-wave cavites, SRF cavities, Lecture 12



Standing—Wave acceleration structures

Inductive coupling slots cause multipole perturbation of the acceleration

field, which may influence the beam dynamics:
, ApJ_ m (Vmax(a)) (xi)m_l

.X'f—

D) ~ ka ymoc? J\a
Accelerating cell. Coupling cell. Coupling slot orientation:
AN A /A /A Wrong! Strong
N (e{l| ° IR (o0l © quadrupole defocusing
= = o o in one of transverse
beam Coupling slots directions.
o (@ =) Right! Strong quadrupole
— | © ° 10 0ofl{ ° ° 1100 focusing in both
O (-] (- O . .
directions.
2= Fermilab
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Standing—Wave acceleration structures
Different types of the RT SW acceleration structures:

u

N
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a
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b | \

|
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d | |
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Summary:

e TW structures are not practical for RT proton accelerators (low beam loading.
 TW structures are not practical for SRF accelerators, proton and electron.
* The cureis a standing — wave structure.
* Inthe SW structure the operating mode is split, the number of resulting modes
is equal to the number of cells.
* 11/2 - mode is the most stable versus cell frequency perturbation, field
distribution perturbation is proportional to the number of cells.
 0- mode and - mode are less stable versus cell frequency perturbation, field
distribution perturbation is proportional to the number of cells squared, wich
does not allow large number of cells.
* Remedy:
- biperiodic structures;
- inductive coupling.

3% Fermilab
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Chapter 6.

Why SRF cavities?

2% Fermilab
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Why SRF?

44

The surface resistance

The radio-frequency surface resistance can be
described in terms of three different contributions:

RS(T, w, B, l) == RBCS(T’ w, l) + Rfl(B’ l) + RO

Where:

A(Dw? A
RBCS(T; w, l) = %e kBT

BCS resistance is caused by electron inertia;

SURFACE RESISTANCE (x0)

0.5

0.l

0.05

T T [ TTIr

T T [ TTTT]

A
R(T)-Rype ¢ %

L

|

Lo b

|

20 24 28 32 36 4.0.?.

36 30 257 225 20 I8
TEMPERATURE, *K

J. R. Delayen, SRF1987

Type-ll superconductors

Rf (B, 1) = trapped flux surface resistance
R, = intrinsic residual resistance, due to:

Sub-gap states
Niobium hydrides
Damaged layer

AP ML

|
o\ /1

Main thermodynamic parameters of type-ll superconductors:

1. Critical temperature, T,
2. Lower critical field H
3. Upper critical field H,,
V. Yakovlev |Periodic structures, Standing-wave cavites, SR_:ﬁfavities, Lecture 12
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Why SRF?

* For copper cavity at RT (¢ = 5.96e7 S/m) for f=1.3 GHz one has R =
9.5 mOhm.

* For SRF Nb cavity at 2K on has R, = 8.5 nOhm (ILC —type cavity,
electropolishing),

It is 1.e6 times less!

Therefore, CW and high Duty Factor are possible at high gradient,
even taking into account “conversion factor” for heat removal at 2K
(~1000-1200W/W)

3% Fermilab
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Why SRF?

RT: Q,~1e4d SRF: Q,~1el0
He pumping port —
\\
Copper cavity N
QEINEE | Thermal
"] shield
Pumping m
LI i
Be&— - - - ————
_/
[ |
Cooling
channels
Tae fin
Tuning Z / port
plunger Vacuum / Magnetic 7 Insulating’
vessel shield vacuum
SRF cavity needs:
* Liquid He bath (2K);
* Coarse and fine tuners
* Magnetic shield
e Thermal insulation
* Insulating vacuum
e Cryo plant for liquid He suppl :
P d BbY 3% Fermilab
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why SRF?
Refrigeration efficiency (W, ;,/W,,,,):

Refrigerator’s Coefficients of Performance (COP):

temperatures:

Pyc = Z COPTX(denamic T Pstatic)T
T

COPreai=1/( K * n CARNOT)

n CARNOT = T/(300 -T)
Refrigerator’s Coefficients of Performance (COP) for different

Refrigeration
Temperature

Carnot 1/n
IDEAL
WORLD

XFEL-Spec
REAL
WORLD

% Carnot

2K 1149 870 17
5K 79 220 36
40 K 7 20 33

In many cases SRF is more efficient than normal conducting RF!

a7
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CW and long-pulse operation
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Why SRF?

Thus, SC provides the following benefits for electron, ion and proton
linacs:

1. Power consumption is much less

- operating cost savings, better conversion of AC power to beam
power

- less RF power sources

2. CW operation at higher gradient possible

- shorter building, capital cost saving

- need fewer cavities for high DF or CW operation

- less beam disruption

3. Freedom to adapt better design for specific accelerator
requirements

- large cavity aperture size

- less beam loss, therefore less activation

- HOMs are removed more easily, therefore better beam quality
2= Fermilab
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Why SRF?

“Practical” gradient limitations for SC cavities:

eSurface magnetic field ~ 200 mT (absolute limit?) — “hard” limit
eField emission, X-ray, starts at ~ 40 MeV/m surface field — “soft”
limit

eThermal breakdown (limits max surface field for f>2GHz for typical
thickness of material, can be relaxed for thinner niobium) - “hard”
limit

SRF allows significantly higher acceleration gradient than RT at high
Duty Factor and CW!

3% Fermilab
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Why SRF?

Different mechanisms limiting acceleration gradient:
Room Temperature:

*\Vacuum Breakdown;

*Metal fatigue caused by pulse heating;

*Cooling problems.

Breakdown limit:

1/6 _
E, -t~ =const

Ea~ 20 MV/m (Epk~40 MV/m) @ 1ms or

Ea~ 7 MV/m (Epk~14 MV/m) @ 1sec (CW)
Superconducting:

* Breakdown usually is not considered for SC cavity;
 Thermal breakdown (quench) —for >2 GHz

3% Fermilab
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Why SRF?

Achieved Limit of SRF electric field

e No known theoretical limit

e 1990: Peak surface field ~130 MV/m in CW and 210 MV/m in 1ms pulse.
J.Delayen, K.Shepard,”Test a SC rf quadrupole device”, Appl.Phys.Lett,57 (1990)
* 2007: Re-entrant cavity: E, .= 59 MV/m (E =125 MV/m,B_,=206.5mT).

(R.L. Geng et. al., PACO7_WEPMS006) — World record in accelerating gradient

10"

! L SO . S . (O T I TN R RN A RN
; ; CornelI: LR1-3”_ CW 4.2 K 3
PLANIL VRN LNNANN NN V0NN 000NN 0000 RUR000000.88:0 800 =
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g.....; ....... ? .............. : E
‘e - 3

+0 : :

& 1077 — e e | Er— = =
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.......... ANV S [ a
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Why SRF?

Introducing Q, vs. E,__ plot:
Typical ILC-prepared TESLA cavity at T = 2 K (state of the art until recent
breakthroughs)

107 F

T

Increase Q — decrease required power

Increase max E,.. —

P\-ﬁ decrease accelerator length
S ——
=) 10" o |:>'.

quench

Surface magnetic field B

Bpeqt ™ 160 mT
a 1 a 1 a 1 1
10 20 30 40

E__ (MV/im)

10°

Q=
=

= |t is customary to represent performance of an SRF cavity using Q, vs. E, . or
Q,(E,.) plot.

= Peak surface electric and magnetic fields in the cavity are proportional to E,..
Sometimes Q, is plotted vs. peak fields.

3% Fermilab
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Why SRF?

SC cavity performance limitations
= |deal performance: Q, is constant until
the maximal surface magnetic field is Q

reached: l Ideal performance
— fundamental limitation, limits
accelerating gradient to ~60 MV/m for
typical Nb elliptical cavity shapes.

= Why is Q,(E,.) different in real life?
Here are some limitations that historically
plagued the SRF cavity performance:

* High surface electric field = field emission
—> can be cured by applying proper
preparation techniques: clean room
(particulate-free) assembly, high-pressure

DI water rinsing (HPR), mechanical

polishing of the inner cavity surface.
 Thermal quench = use of high-purity material (RRR) to improve thermal conductivity*,

material quality control to avoid mechanically damaged surfaces, particulate free assembly.
* Multipacting - use of elliptical cell shapes.
Q-disease due to lossy niobium hydrides - perform acid etch at 7 < 15°C, rapid cooldown,

degassing at 600 — 800°C.
*Wiedemann-Franz law states that the ratio of the electronic contribution of the thermal conductivity (k) to the electrical conductivity (o)
of a metal is proportional to the temperature (T), or ¥ =oLT, L is Lorentz number.

Field emission

Eacc ’ Epkor Bpk

3% Fermilab
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Why SRF?
Qu(E,.c) With numbers Q slopes

11 |
10 L L L CW operation |
] 2.0010" } ﬁ

M edium field
Q slope

Lo w field
Q slope

1.5%10"

(1Y Effect of 120C bake
.
a v

(=]
o 10" F ® - -
o £ o S 1.0x10" -
s 2 = o 2
% T 3 - s m g Quantum computing [::>
=i 5§ g3  Ed £3 1
J g @ E E E 2 E < s0x10° b a | Long-pulse operation
EE ed S g '
25 I3 oD I - High field
o = 3= 8E Q slope
109 1 1 L 1 1 1 1 1 1 0_3 'l 1 L L L L L L 'l
0 5 10 15 20 25 30 35 40 0 20 40 60 80 100 120 140 160 180
Bpeak (mT
E_. (MV/m) peak (mT)

Three parts of the curve limiting performance of different applications:
1. Low field Q slope — SRF for quantum computing: need as high Q as possible to increase

gubit coherence time;
2. Medium field Q slope — CW operation: cryogenics vs. linac cost optimization determines

operating gradient (15-20 MV/m, LCLS-II);
3. High field Q slope — Long-pulse operation tends to favor the highest reliably achievable

gradient (23.6 MV/m for XFEL, 31.5 MV/m for ILC)

3% Fermilab
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Why SRF?

4
a

55

Standard SRF cavity surface treatments

Electron-Beam Welding - EBW
Buffered Chemical Polishing -BCP: HNO,;+HF+H,PO,,
H,PO, (phosphoric acid) is necessary to stabilize (buffer) the etching reaction

between Nb and HNO,(nitric acid) +HF (hydrofluoric acid), which is exothermic
and rapid.

The mixture is used for Nb cavities contains HF(48%), HNO; (65%), H;P0,(98%) in proportion 1:1:X,
X=1-4.

Still in use for low-frequency, medium gradient cavities;

Electro-Polishing —EP: H,SO,+HF+ 10-12V-> smooth surface, lower surface fields,

lower FE, higher E_. and Q.

A cathode made of pure Al and a Nb cavity as an anode in mixture of sulfuric acid H,SO, (93%) and
hydrofluoric acid HF (50%) at 10:1 volume ratio.

Nb is oxidized by sulfuric acid to niobioum-pentoxide, which is dissolves simultaneously by
hydrofluoric acid.

Used for high-gradient cavities in pulsed regime and for medium-gradient cavities in CW.
High-Temperature Treatment

800C -900C backing in vacuum is used to relieve the stresses, remove defects and dislocations and
degas of hydrogen.

High-Pressure Rinsing (HPR)

100 bar rinsing before assembly in a clean room 2 ]
3F Fermilab
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Why SRF?

BCP processing for a 325 MHz spoke cavity.  EP processing of 650 MHz elliptical cavity

2% Fermilab
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Why SRF?

*  Qy Improvement:
-Improvement of cavity processing recipes;
-High Q, preservation in CM.

* The goal is to achieve Q, >2.5e10- 4e10 in CM

3% Fermilab
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Recent breakthrough in Q, increase: N-doping.
e “Standard” XFEL technology provides ~1.4e10@2K, 20-23 MeV/m (CM);
* N-doping: discovered in the frame of R&D on the Project-X SC CW linac

(A. Grassellino).

Cavity Treatment:

* Bulk EP

*« 800 C anneal for 3 hours in vacuum
* 2 minutes @ 800C nitrogen diffusion

+ 800 C for 6 minutes in vacuum

* Vacuum cooling
* 5 microns EP

Pressure [Tor]

High Q recipe

==Chambaer Pressure
H, 2}
_Hg{:l [§1:1]
N, (28]
0,13
Ar (40
O, 48

== Chamber Temperatiue

B

Tem ﬁé'aid re [C]

o e il b L LT L VY R
31!’?3& 1200 31Mar 1424 IifMar 1648 30Mar 1892 3UMar 2158 09%pe D000 Cdhpr 02 24 D1l'-f\url|:-d- 48

A. Grassellino, N-doping: progress in development and understanding, SRF15

58 7/23/2024

V. Yakovlev |Periodic structures, Standing-wave cavites, SRF cavities, Lecture 12

Ship to DESY Cavity after
1 Equator Welding
HOM Tuning
<}, EP 140 um
1200 ake
Short HPR
Leak Check v M
1 External 20 um ><
Final Assembly BCP M :
Long HPR Ethanol Rinse | |
1
VT Assembly =
T 800C HT Bake
Helium Tank
Welding RF Tuning |
Procedure
1
Long HPR EP 5 um
Ethanol Rinse + HPR
£& Fermilab



N-doping

Origin of the anti-Q-slope for N-doping

Rs(2K) =

v"”"l"":\Anti-a-sIope

T=2K
]-09 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40
E,.. (MV/m)
Anti-Q-slope emerges

from the BCS surface
resistance decreasing with

Rpcs (2 K)

+ Ry + Rpy

(nQ)

2K
BCS

o

10 ¢

—@— standard treatment
—W¥-— standard treatment
—®— nitrogen treatment
—4@— nitrogen treatment

<

1

10 12 14 16 18

E_ (MV/m)

acc

f|e|d A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) - Rapid Communications
A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)

M. Martinello, M. Checchin

& Fermilab
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N-doping:
* Provides Q, 2.5-3 times higher than “standard” processing.
* Trade-off:

o) Lower acceleration gradient, 20-22 MeV/m — not an issue for ion and proton linacs;
o Higher sensitivity to the residual magnetic field.

 Remedy:

o Magnetic hygiene and shielding improvement

o Fast cooldown

v“.“wfr "n“rl‘, Ao

¢ AES028 - FNAL
¢ AES029 - JLAB
¢ AESO030 - JLAB
AES032 - JLAB
¢ AES033 - JLAB
= AES034 - JLAB
AES035 - JLAB
AES036 - JLAB

. : ? : : ﬁm.s-u nominal
L | L L |

0 5 10 15 20 25 30

K mmtm:‘?&z“ : ]
CREEEEETEEEETETTEE T VTS test results of dressed
o°“’w'_ff'..‘fﬁff‘---.._.i-------------------f-----"'""""“f""""ffff.'.".ff'f"'f'.ﬁfﬁﬁff . xs-mal  prototype cavities

10

A. Grassellino, N-doping: progress in development and understanding, SRF15 = .
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Fast cooldown
* Q,=G/R_; R;=10 nOhm for Q,=2.7e10
R=Ro*RpcstRr
R-=s*n*B,.,, s is sensitivity to residual magnetic field B,,, n is flux expulsion efficiency.
n is material-dependent!

* For pCM Nb (Wah Chang):
Rscs=4.5 nOhm, R,=1-2 nOhm, R;=1 Ohm for 5mG - Q,=3.5e10
* For production material:

Change heat treatment temperature from 800 C to 900 C+ deeper EP (S. Posen):
Rscs=4.5 nOhm, R, = 2 nOhm, R;z=2 Ohm for B,,. ~ 5mG - Q, >3el0

Dressed N, doped 9 cell Sensitivity Test at 2K

4.0x10™

3ex10™ |
3E0™ e

w apn NS mE ] «“ ”, . «“ ”, .
a7 - ; Fast”: 2 — 3 K/minute ,“slow”: < 0.5 K/minute
3010 ..f-‘.' went 1
2za0” [ F

wl

o e m  #1: First fast from 300K
a0 ¢ ®  #2 Slow from 15K
2210 ®  #3: Fast from 15K
2.0x10% [
1.3x10™
1.8x10™
Laxio™ L Tl By g s § EEEE A EEE
120"
1_[::.:”]':' 1 L 1 L 1 L 1 L 1 L
o 5 10 15 20 25
E... (MVim)

A. Grassellino, N-doping: progress in development and understanding, SRF15 = .
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Impact of Modified LCLS-II Recipe on Q,

41010 2.0K, Compensated Field

Cavities 17, 18, 19: : : |
modified recipe - 900 } nh %@H@ﬁfé’w _
C degas, ~200 um EP, : N Y S a CAV19
2min/6min N doping 3f A“%:g.“.n.“ s e CAV18
: a CAV17
at 800 C v CAV16
o o CAV13
Cavities 93...16: First | © <>1 gﬁ%é
production tests at x CAVO7
Fermilab, baseline Al + CAV06
LCLS-II recipe - 800 C - x _CAVO3
degas, ~130 um EP,
2min/6min N doping -
at800C 0 5 10 F 0 3 30

Studies leading to modified recipe: acc
S. Posen, M. Checchin, A. C. Crawford, A. Grassellino, M. Martinello, O. S. Melnychuk, A. Romanenko, D. A. Sergatskov and Y. Trenikhina, Efficient expulsion of
magnetic flux in superconducting radiofrequency cavities for high Q, applications, J. Appl. Phys. 119, 213903 (2016), dx.doi.org/10.1063/1.4953087 .
A. Romanenko, A. Grassellino, A. C. Crawford, D. A. Sergatskov and O. Melnychuk, Ultra-high quality factors in superconducting niobium cavities in ambient magnetic
fields up to 190 mG, Appl. Phys. Lett. 105, 234103 (2014); http://dx.doi.org/10.1063/1.4903808 .
A. Grassellino, A. Romanenko, S Posen, Y. Trenikhina, O. Melnychuk, D.A. Sergatskov, M. Merio, N-doping: progress in development and understanding, Proceedings
of SRF15, http://srf2015proc.triumf.ca/prepress/papers/moba06.pdf . e .
3F Fermilab
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Ambient Magnetic Field Management Methods
« 2-layer passive magnetic shielding
— Manufactured from Cryoperm 10
« Strict magnetic hygiene program
— Material choices
— Inspection & demagnetization of components near cavities
— Demagnetization of vacuum vessel
— Demagnetization of assembled cryomodule / vessel

« Active longitudinal magnetic field cancellation
Magnetic field diagnostics:

* 4 cavities instrumented with fluxgates inside helium vessel (2 fluxgates/cavity)
e 5 fluxgates outside the cavities mounted between the two layers of magnetic shields

/ pY \W/ e / v \/ Fluxgates monitored during cryomodule
assembly

n 'y g w2 S | i B
, ’ o AL L L) J -- ATIRIRIR IR RN eSS 2 AL LiLd Ll bl b it Ll Ll bl bl o il Ll bl bl v<_.1\.JLJ‘.J M. e _l,‘,J.JJ.J of A L4 e bl L L L

T | = T
A. Crawford, arXiv:1507.06582v1, July 2015; S. Chandrasekaran, TTC Meeting, Saclay 2016
£& Fermilab
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Amblent Magnetlc F|eId Management Methods

50 T T T T T T T
—_ [ m Cavity top W Work station 5 start ]
@] 40 F @ Cavity bottom B Work station 5 end 4
é A Ouside He vessel M Afier demagnetization ]
s 30F -
20 F ]
(=5 [ E
= E 12
S 10F ]
o o | | 1=
= 0F & B 12
L2 b ‘ l 1E
g -0t
%D [ :g
g -20F 1=
=l [ :C:i
5 S0f
g E =
g . ¥
F ° 1=
50 C 1 1 1 1 1 1 1 1 18
2-layer magnetic shields b2 3 4 s 6 7T 8

Cavity number

manufactured from Cryoperm 10

S. Chandrasekaran, Linac 2016, TUPLR027 .
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Prototype Cryomodule Latest Preliminary Results
* Cryomodule remnant field = 1 mG
« Fast cool down in a cryomodule demonstrated
« Q0=2.7e10in a CW cryomodule

L ]

pCM after RF_Conditioning

Cavity Gradient Gradient*** UsabE&\C/%/rrit]jient* . @Ziill/lwm

[MV/m] extrapolated
TBO9AES021 23 3.1E+10 19.6 18.2 14.6 2.6E+10
TBO9AESO019 195 2.8E+10 19 18.8 15.6 2.6E+10
TBO9AES026 21.4 2.6E+10 17.3 17.2 17.4 2.7E+10
TB9AES024 22.4  3.0E+10 21 20.5 21 2.5E+10
TB9AESO028 28.4 2.8E+10 14.9 14.2 13.9 2.4E+10
TB9AESO016 18 2.8E+10 17.1 16.9 14.5 2.9E+10
TB9AES022 21.2 2.8E+10 20 19.4 12.7 3.2E+10
TBO9AESO027 22.5 2.8E+10 20 17.5 20 2.5E+10
Average 22.1 2.8E+10 18.6 17.8 16.2 2.7E+10
Total Voltage 183.1 MV 154.6 148.1

*Usable Gradient: demonstrated to stably run
CW, FE <50 mR/h, no dark current

**Fast cooldown from 45K, >40 g/sec, extrapolated from 2.11K

G. Wu, FNAL SRF Department meeting, 24 October 2016, https://indico.fnal.gov/conferenceDisplay.py?confld=13185
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Further Improving cavity performance via surface treatment

= Breakthrough caused by invention of nitrogen doping (N-doping) triggered
investigations of other surface treatment methods:

* Mid-T backing and
« Cold EP & 2-step baking.
New surface treatments
Nitrogen doping Mid-T baking Cold EP & 2-step low-temperature baking
10" e o f=1.3GHz
o 41010 -
",ﬁ ""\" o b e T=2K

-y o 4
w %’»”'»

gnl 8 nae U nee |
5 o -:.'::""u. Z, " m Prtet T8
Standary ILc N y 4 2x 100 e .‘f“kftz}i ;
o - s o (=% _
o 10"} treatmen; ™™ - ‘ O e AN S %t

10"« TE1PAVODS 10 min air

TE1PAV008 EP baseline

= TE1PAVO008 mid-T bake 2.5 h H |g h er Qo

»
N N 75C 4hr/12
TEIFR0 TR 100 | @ &0 -
TEIAESGT2 EF baseine ¢ Roor Higher Eacc
T=2K LCLS'N/ [—CLS'”'HE/ P/P-/l . Ezéggg g;z;ad';?:fh ‘ §L050u222
) L | L L I L L L L %109 L— : - T T T
105 10 15 20 25 30 35 40 0 s 15(MWm)20 25 30 ox1 T 20 30 P 50
ace Eace(MVIm)
E,.. (MV/m) PIP-Il, CEPC, FCC-ee, ERLC, ReLiC

ILC, HELEN, 8-GeV linac at FNAL

= There are active studies to push performance of bulk niobium cavities, improve
our understanding of SRF losses and ultimate quench fields via experimental and
theoretical investigations

= The ultimate goal is on developing methods for nano-engineering the niobium
surface layer and tailoring SRF cavity performance to a specific application

3% Fermilab
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Mid-T baking: Initial results

Medium temperature baking in vacuum (Mid-T, 300°C to 400°C) was
developed to improve cryogenic performance of SRF cavities at medium
accelerating gradients (E .. = 20 — 30 MV/m), extending beyond N-doping in

E,.. while maintaining high @,

This is a new, simpler alternative to nitrogen doping

Mid-T baking

11
10 T=2K

|-|'||'||JII-l|H-I|'I.'--.'.'-'-'..|--=|.-'.-|'.'I'l"'*“'*".'= ug nn
SR B GE PH H Kx LB SV -
| ingmull o8y mgn -'-.“' %
G 00 &g G '...lil 200 O o

(] ©  TE1PAV005 EP baseline )
10 = TE1PAV005 mid-T bake 2.5 h ke
10"~ » TE1PAV005 10 min air °
TE1PAV008 EP baseline
=  TE1PAV008 mid-T bake 2.5 h
TE1PAV008 post oxidation
TE1PAV008 1 HF rinse
TE1PAV008 2 HF rinse
TE1AES012 EP baseline
= TE1AES012 mid-T bake 2.5 h
TE1AES012 post oxidation

0 5 10 15 20 25 30
E._ (MV/m)

acc
S. Posen et al. Phys. Rev. Applied 13, 014024 (2020)

Note: Our standard “vehicle”
for R&D is a single-cell 1.3 GHz
elliptical TESLA shape cavity

& Fermilab
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Mid-T baking at 650 MHz (5-cell cavities)

= After initial R&D efforts at 1.3 GHz, this recipe was successfully tested on the low-beta
650 MHz (LB650) PIP-Il cavities and was accepted as a baseline treatment

PLB650 Bare Cavity mid-T furnace Bake

1.00E+11 3 A :
: ™ |\ “ll..‘ 1 \. ' | MR
| 2KData - ) :' ‘.. ‘ ‘ 3 o Wi
! ) .
* el | :
_ .0““’ oo, . Q'.' -“;w” W”
=~ * * * e * b el i -
S iliimeretriieeteln,, g W LWL ,
&£ ttrteveen, AR I
* .
Z Trr e, PIP-II LB650 SRF cavity
= *
4 * T
d .
o Ty LB650 SRF (8 = 0.§1) caylty test
o B61CE2102 800C, 300 results demonstrating mid-T
¢ BOLCE2103300C, 3000 cavities exceeding specifications
+ B61C-EZ-101800C 350C
100E+10 b !
0 5 10 15 20 25

Accelerating gradient, E, .. [MV/m] PIP-II LB650 Cryomodule

Note: Need to multiply Q by a factor of 1.4
to compare with TESLA shape cavities

= Mid-T baking is relevant to ERL-based liner colliders (as well as circular
colliders)

Courtesy of Genfa Wu (FNAL)
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Pushing toward 50 MV/m

Application of a combination of cold electropolishing (EP) and
2-step low-temperature baking to single-cell TESLA cavities
demonstrated accelerating gradients ~ 50 MV/m

The recipe is transferred to 9-cell cavities: average 40.4 MV/m! | _ "

A High-Gradient Cryomodule (HGC) is being prepared at Clm \\

Fermilab for testing Q# * q\
2-step low-temperature baking (single-cell cavities) A :

4100 f=1.3GHz 1g™ Grassellino et al. https://arxiv.org/abs/1806.09824

| g 8. o.collcovitiesfor HGC | & PRSI

TBOAES003 Apr 2021
O TB9ACCO13 July 2021

10 + TB9ACCO06 Sep 2021
o 1t « TBOAES018 Oct 2021
o * TBYRIO21 Dec 2021
75C 2hr/120C 48hr O
> 1DE3
75C 4hr/120C 48hr
1010 | ®m AEsoos
® PAVO1l
4 R001
AESO11
* RI0O02
< AES022 \‘-./
6x10% — T T : - ! N
0 10 20 30 40 50
Eacc(MVIM) 0 10 20 30 40 50
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https://arxiv.org/abs/1806.09824

Cold EP or 2-step baking?

= [tis not clear yet, whether cold EP, 2-step baking (as opposed to standard low-
temperature baking) or a combination of both is responsible for improving
accelerating gradient

= Cold EP provides much smoother surface than EP at higher temperatures
= Recently, a 9-cell cavity subjected to cold EP and 120°C baking reached 46 MV/m
= Systematic studies are under way

1012

Modified EP

7

EP1: 28°C_40um (2K) Initial EP
EP2: 24°C_30um (2K)
EP2: 24°C_30um (1.5K)

ce O m %

EP3: 12°C_10um (2K)

10"
EP3: 12°C_10um (1.5K)

Qo

10"

\
[ |

9 1 1 1 1 1 1 1 L 1
10 0 5 10 15 20 25 30 35 40 45 50 V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234
E,ec (MV/m)

Courtesy of V. Chouhan (FNAL)
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Recent results on single-cell 650 MHz cavities

= Recently, cold EP and 120°C backing applied to single-cell 650 MHz

cavities produced excellent results at IHEP (China)
= Similar performance was demonstrated at Fermilab

Q Radiation (uSv/h)
10177 , . ' 10°
AA 3
’.x’:{}".ROQo,. :
A, feg ]
A , .‘.‘ 3 108
650S4-Q,; ® 1stEP, ® 2nd EP AAAAAA‘ ]
| 65085-Q): A 1StEP, A 2nd EP 110
107 F l65084-Rad: © 1stEP, © 2nd EP :
650S5-Rad: A 1stEP, A 2nd EP s T e
Y% CEPC VT spec o ZA ] 100
o (o} AA A =
orR8g6808636868680R8008083000688000000 @0 | 4o
20K 7
109 1 1 1 1 1 1 1 1 ] 10-2
0 5 10 15 20 25 30 35 40 45
E,c (MV/m)
0 1 2 3 4 5 6 7 8 9 10
Ve (MV)
0 20 40 60 80 100 120 140 160 180
Bieay (MT)

P. Sha et al. Nucl. Sci. Tech. (2022) 33:125
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New materials: Nb;Sn

= High T, material — low losses at 4 K, a candidate for cryocooler-based
applications

= Potential for high gradients, ~ 90 MV/m

= So far, the best progress with vapor diffusion technique

= Best performance of a single-cell
Nb,;Sn cavity so far is only ~ 24 MV/m

Performance improvement over the years

Sn vapor arrives

at surface
i

Coating
chamber

in HV
furnace

Nb cavity
substrate

Furnace temperature
Ts ~ 1100°C

O
Sn source tempeol'atul'e o) U. Wuppertal & JLab, 199’\6,
T, =~ 1200°C 4 Cornell U, 2014 1-cell 1.3 GHz &
Cornell U., 2015 1.5 GHz Cavities
Technique development: O Fermilab, 2019 T=44K

Saur and Wurm, Die Naturwissenchaften (1962) 108 ‘ ' :
Hillenbrand et al., IEEE Transactions on Magnetics (1977) 0 5 10 15 20 25
Peiniger et al., Proceedings of SRF’88 E [MV/m]

acc
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Multi-cell Nb;Sn cavities

= The best multi-cell cavities reached 15 MV/m

Nb,Sn-coated 1.5 GHz 5-cell cavities

1011 T T T T

5C75-RI-NbSn1, qualification test, 4.4K
5C75-RI-NbSn1, qualification test, 2K
5C75-RI-NbSn2, qualification test, 4.4K
5C75-RI-NbSn2, qualification test, 2K

O e 0Om

o 10+
J

TBY9ACCO014 Coating 1
4 TB9ACCO14 Coating 2

0 TBQAESOOS Coatlng 1 T=4.4 K
109 77 | 100
0 5 10 15 20 012345678 91011121314151617 181920
E.cc MV/m] E,.. [MV/m]

G. Eremeev and U. Pudasaini, presentation
at the TTC meeting, October 2022

Courtesy of S. Posen (FNAL)
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Conduction-cooled cavities

= Conduction cooling of Nb;Sn SRF cavities via a cryocooler was demonstrated
recently

= This is promising for new compact accelerator applications for industry

Fermilab Cornell University Jefferson Lab

S W =

R.C. Dhuley et al, Supercond. Sci. Technol. N. Stilin et al, arXiv:2002.11755v1 (2020) G. Ciovati et al, Supercond. Sci. Technol. 33,
33, 06LT01 (2020) 07LT01 (2020)
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Multipacting (MP) in SRF cavities

ot=0-T7

o QG

U=

e

] Electrons
O

ot=n->2n ot=2n-3n
! [ !econdary o - !5 \
P D 0000
“re ?obo
OIS O,
@) o O OO Qe_

(0]

I || I |

ot=0

Alternating Field

Multipactor discharge with an electric field
oscillating between two metal electrodes.

1 st\ Order

.

2nd Order 3rd Order

Bear_n

oA

lﬁ’\/\f\\r’\/\/\

=7

Typical one-point multipactor trajectories for orders 1, 2 and 3.

A
Pl o LT Y

Secondary emission coefficient for Nb

—— after wet treatment
—8— & baked out at 300° C
—e — § after gas discharge,

cleaned with Ar

paaa gy -

raxis [mm]

z axis [mm]
Eacc =21 MVim
qo3sF Tl S SO S ]
i i A T
103F R Mt
E T
g1025 ....................................................... 4
@
X A02F i
101.5 ,
101} i
I I I
-4 -3 -2 -1 0 1 2 3 4
z axis [mm]

Two point MP in 1.3GHz TESLA cavity. 2D

simulations
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Multlpactlng in SRF cavities

Strong MP in SSR1 at 5, 6.5 and 7 MV/m. 120 C bake for 48 h
helps to reduce MP conditioning time

Comparison to MP

300007 simulation
25000/
[ Data:
Pmp weighted
20000_ histogram
15000 —
10000
5000/
o | —
C PP IR
0 1 2 3
100
=
80 ;— +| Simulation:
I MP growth
= rate

Growth rate x 107 1/ns

w
=]
LAY RRLLE LARAY RALAN RALI

o
N

Good agreement between MP conditioning data (Pmp
weighted histogram) and MP simulation (growth rate)

Il Raw MP data taken
during STC test

.I Cavity field (Leff = 0.135 m)
Power loss . .
:;ul 3.9 GHz HOM coupler failure due to overheating

caused by MP: redesigned to shift MP barriers
above operating gradients

QWR, HWR and
SSR are prone to
MP, need up to
10 -15 hours to
process;

Elliptical cavities
have much better
performance.

& Fermilab
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Field emission (FE) and dark currents in SRF cavities

FE in SRF cavities is originated from localized sites on the inner cavity surface.
The predominant source emitters are microscopic particulates adhering to the inner

cavity surface, chemical residuals, and geometrical flaws.
Field emitters introduced by the necessary chemical surface processing — post chemistry ultrasonic
cleaning and high pressure water rising.
Field emitters introduced through the cavity opening ports onto the cavity surface, at a time beyond
the completion of final cleaning, from external sources — SRF cavities are assembled in large-sized
high-quality Class 10 cleanliness clean rooms into cavity strings; critical assembly steps are done
with the opening port facing down; cavity strings are evacuated slowly etc.

Diagnostics:

X-ray monitoring/mapping
Temperature monitoring/

mapping
Electron detecting
Optical imaging:

$4700 15.0kV 12.6mm x2.00k SE(V)

T Potential

i) «~ barrier

g .
\_/ \_/ N\
Metal Vacuum

Field enhancement
factor 3 :

For a spherical
protrusion in a metal
wall g =3

The tunneling current density, j(E)

1.54x107¢(BE)5/? 6.83x10°d3/2
D exp BE

J(E) =k

j — current density in A/m?,

E — surface electric field in MV/m,

@ — work function in eV,

B — field enhancement factor (10-100)

k — effective emittina surface area.

-———

,” > enhanced e-field
i . Y E' = B1BoE
enhanced e-field E = B4, v B = B1B2Eo
’I
A
e

Protrusion

Surface E applied e-field

a¢ Fermilab
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Field emission (FE) and dark currents in SRF cavities

Effect of dark current
* heat and RF loading of the cavity
* production of avalanches of secondary electrons
* accelerating to hundreds of MeV before being kicked out by down stream
guadrupoles
* originating electromagnetic cascade showers in the surrounding materials

S , 10 310
2 =-7275cm & s ]
8 | - -
b &K(((// “""\-m & ®cccceg,, Qa“’sf 1 =
§ L \\\\ . 1 onugey® agpee , o-u-.o--:-=‘uu ....... q}@qf’i'... 1 %
i o 55 ))))))))) % Qu - solid marker, X-ray - empty marker .'. 5"% --“ "ﬁcﬁ_ 5
> § - sl " S1H-NR-107: July 30, 2012 ouoﬂg &° %j
I 107 o . 5107 &
g v - “\\ -~ ~ | ; s S1H-NR-110: April 26, 2013 o °° OOOOQ ;
B AN — I 8 ooss” i
5 [ \ . ' EePoabon, WEhen £ 5 o625 80 ‘1 °p% I‘&i sqopnleq°2°8 % | 5,107
— . 0 2 4 6 14
e | \ 1 L 1 / L I I L /B;n MV/m
T 4. -2.022 0461 2043 5425 7007 10380 12871 15354 [ T | IIIIII
Z{eni) 0 10 20 7} / 50"
E §, MV/m
| 1 1 1 I 1 1 1 I 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1
0 20 40 0 80 100 120
. . . . pk!
* The emitter is located at the cell entrance (high surface E-field).
* Significant number of FE electrons bend back in the H-field and FE onset
strike the wall
2= Fermilab
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In situ field emission mitigation via plasma processing

While procedures of the cryomodule cavity string assembly are being
improved continuously (e.g., R&D on using robotic manipulators), field
emission (FE) remains a problem

Plasma processing was first developed at Oak Ridge National Laboratory

Gas flow of Ne-O mixture (mostly Ne with a few % of O,) at pressure Energy , Exhaust
~ 75-150 mTorr. Argon is used

Once plasma is ignited, oxygen reacts with hydrocarbons L HO
Reaction products (mostly CO, CO,, H,0) are pumped out 1 Z @ “a <o,
Work function increases, reducing FE \ &

This method was adapted to LCLS-Il and LCLS-II-HE and being 4 y 4 ’
investigated for other applications including International Linear Collider m * ‘
Recently it was demonstrated that plasma processing helps mitigating (CH),

multipacting as well M. Doleans, et al., Nucl. Instrum. Methods Phys.

Res. A 812, 50-59 (2016)

RF excitation

P. Berrutti, et al., J. Appl. Phys. 126, 023302 (2019); B. Giaccone et al., Phys. Rev. Accel. Beams 24, 022002 (2021)
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Microphonics and Lorentz Force Detune:

Narrow bandwidth of the cavities caused by low beam loading:

- Q,,.4= U/(R/Q)/I,.. - Very high for small beam current of few maA,
Q.. ~1e7-1e8;

- Cavity bandwidth: f/ Q,_,4 ~tens of Hz.

Repulsive magnetic
forces

Shape for
zero field

Deformed
shape

*Pressure variation in the surrounding He bath:
Af . = df/dPx6P, 6P~0.05-0.1 mbar at 2 K.

Attractive electric forces

df/dP =30-130 Hz/mbar (ILC) Coviy i
*Internal and external vibration sources P,= 7 (ulH P& |EF)
(mICFOphOmCS); AfO:(fO)Z_(fO)]:_KEicc

*Radiation pressure from the RF field, Lorentz Force Detuning

)

f)j &Fermilab
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Af cp = k,E?, k- Lorentz coefficient,
For typical elliptical cavities k,~-1 Hz/(MeV/m)2.
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Microphonics.

81

Detuned cavities require more
RF power to maintain constant
gradient

Providing sufficient reserve
iIncreases both the capital cost of
the RF plant and the operating
cost of the machine

PEAK detuning drives the RF
costs

Beam will be lost if RF reserve iIs
insufficient to overcome PEAK
detuning

Cost [M$]
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30F
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PIP-II RF Plant Cost vs. RMS Detuning Levels
T T T T T T

Assumptions:
SSA Cost $15/W
Control 20%

Losses 10%

6fPeak 63 fRM ]

equirement(sfpeak<20 Hz)

FNAL/CMZ2/Cavities 4 and 5

HoBiCat (Active Compensation)

O PN
Feenerator = M[(l + Tre(r Q)QO )

)+

Qo 26f 4

I

13Q0(r/Q) {1+ 3)

I?'E(T Q)QO 2

)

Boptima = [(1 +

(5

1+5 f
QLsfPeakQO 2]1/2

1 2 3

4 5 6 7
RMS Detuning [Hz]
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Microphonics Control Strategies

*Providing sufficient reserve RF power to compensate for the expected peak detuning
levels.

eImproving the regulation of the bath pressure to minimize the magnitude of cyclic
variations and transients.

eReducing the sensitivity of the cavity resonant frequency to variations in the helium bath
pressure (df/dP).

eMinimizing the acoustic energy transmitted to the cavity by external vibration sources.
*Actively damping cavity vibrations using a fast mechanical or electromagnetic tuner driven
by feedback from measurements of the cavity resonant frequency.

The optimal combination of measures may differ for different cavity types.

A0

2% Fermilab
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Thermal breakdown
« Ifthere is a localized heating, the hot area will grow with field. At a certain field there

Is a thermal runaway and the field collapses (loss of superconductivity or quench).
« Thermal breakdown occurs when the heat generated at the hot spot is larger than
that can be evacuated via Nb wall to the helium bath.

« Both the thermal conductivity and
the surface resistivity of Nb are

“ d AL T highly temperature dependent
________________ o between 2 and 9 K. SepieNaly
Toam
Temperf‘:\tu re .. - ATgicn
mapping T ] s
IREARRRARN AR

Deposited Heat Flux Q

e T, [ k-h ]
2 _ .
2-R(T,)(A-T.~T,) \k+h-d

- T, - He bath temperature,
T.— critical temperature,
A —energy gap, '
o ar o T et 4 h(T,) — Kapitsa resistance,

k(T,) — thermal conductivity,
f(GHz)T (T] ale
R =R.. =L ].e T
R,=10°[2]; 4=1.8; T,=9.2°K
3% Fermilab
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Summary:

84

SRF technology allows 1.e6 less surface losses than RT technology and
consequently, much high acceleration gradient at high duty cycle or in CW
regime;

Losses at SRF are determined mainly by BCS resistance (inertia). flux trapping
and intrinsic residual resistance;

The acceleration gradient is limited mainly by thermal breakdown, field
emission, etc., but not by breakdown.

Modern cavity processing techniques (N-doping, etc.) allow very high Q,,.

To achieve high Q, small residual magnetic field may be required, and therefore,
good shielding and degaussing. The cryo-system should allow fast cooling for
flux expulsion.

Resonance discharge (multipacting) may be an issue; cavity processing is
required; the cavity shape should be optimized.

Field emission may limit the gradient; large-scale clean rooms are necessary
among other means.

3% Fermilab
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