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My perspective & motivation

* The longitudinal microwave instability in storage rings has a long history
- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]: Boussard criterion

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965).
[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969).
[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975).
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" Theory of the microwave instability as a consequence of mode-coupling
- Pioneering work done by Sacherer [4,5]

- Matrix-type solutions developed by a number
of authors, e.g, [6-8]

- Eigenvalue formulation given by Laclare [9]

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).
[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).
[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F. Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973).
[5] F Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977).
[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983).

Argggng,ﬁ Ryan Lindberg — NOCE 2017 — September 20, 2017




My perspective & motivation

* The longitudinal microwave instability in storage rings has a long history
- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]: Boussard criterion

" Theory of the microwave instability as a consequence of mode-coupling
- Pioneering work done by Sacherer [4,5]

- Matrix-type solutions developed by a number
of authors, e.g, [6-8]

- Eigenvalue formulation given by Laclare [9]

" Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- Generally intractable, with no obvious approximation
beyond Boussard criterion

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).
[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983).

Argggngﬁ Ryan Lindberg — NOCE 2017 — September 20, 2017




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]: Boussard criterion

Theory of the microwave instability as a consequence of mode-coupling
- Pioneering work done by Sacherer [4,5]

- Matrix-type solutions developed by a number
of authors, e.g, [6-8]

- Eigenvalue formulation given by Laclare [9]

Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- Generally intractable, with no obvious approximation
beyond Boussard criterion

Vlasov-Fokker Planck solvers [12] and/or tracking

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argonne & Ryan Lindberg — NOCE 2017 — September 20, 2017 5

NATIONAL LABORATORY




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]:[Boussard criterion]

Easy to calculate, BUT typically underestimates
instability threshold current by factor of 3 or more

Theory of the microwave instability as a consequence of mode-coupling

- Pioneering work done by Sacherer [4,5]

- Matrix-type solutions developed by a number
of authors, e.g, [6-8]

- Eigenvalue formulation given by Laclare [9]

Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- Generally intractable, with no obvious approximation
beyond Boussard criterion

Vlasov-Fokker Planck solvers [12] and/or tracking

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argonne v Ryan Lindberg — NOCE 2017 — September 20, 2017 3

NATIONAL LABORATORY




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]:[Boussard criterion]

Easy to calculate, BUT typically underestimates
instability threshold current by factor of 3 or more

Theory of the microwave instability as a consequence of mode-coupling

-~ Pioneering work done by Sacherer [4,5] Matrix calculations are well-suited to low
- Matrix-type solutions developed by a number intensites, but can become unwieldy at
of authors, e.g, [6-8] high currents near threshold

- Eigenvalue formulation given by Laclare [9]

Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- Generally intractable, with no obvious approximation
beyond Boussard criterion

Vlasov-Fokker Planck solvers [12] and/or tracking

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argonne v Ryan Lindberg — NOCE 2017 — September 20, 2017 3

NATIONAL LABORATORY




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]:[Boussard criterion]

Easy to calculate, BUT typically underestimates
instability threshold current by factor of 3 or more

Theory of the microwave instability as a consequence of mode-coupling

-~ Pioneering work done by Sacherer [4,5] Matrix calculations are well-suited to low
- Matrix-type solutions developed by a number intensites, but can become unwieldy at
of authors, e.g, [6-8] high currents near threshold

- Eigenvalue formulation given by Laclare [9]

Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- | Generally intractable, with no obvious approximation
beyond Boussard criterion

Vlasov-Fokker Planck solvers [12] and/or tracking

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argonne v Ryan Lindberg — NOCE 2017 — September 20, 2017 3

NATIONAL LABORATORY




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion
- Coasting beam theory adapted to bunched beams in 1975 [3]:[Boussard criterion]

Easy to calculate, BUT typically underestimates
instability threshold current by factor of 3 or more

Theory of the microwave instability as a consequence of mode-coupling

-~ Pioneering work done by Sacherer [4,5] Matrix calculations are well-suited to low
- Matrix-type solutions developed by a number intensites, but can become unwieldy at
of authors, e.g, [6-8] high currents near threshold

- Eigenvalue formulation given by Laclare [9]

Integral equation theory of Pelligrini, Wang, and Krinsky [10-11]
- Provided theoretical basis for the Boussard criterion

- | Generally intractable, with no obvious approximation
beyond Boussard criterion

Vlasov-Fokker Planck solvers [12] and/or tracking
Can be computationally expensive
[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argggng,ﬁ Ryan Lindberg — NOCE 2017 — September 20, 2017 3




My perspective & motivation

The longitudinal microwave instability in storage rings has a long history

- High-frequency perturbation that increases energy spread above threshold current
- Theory for a coasting beam developed in the late 1960's [1,2]: Keil-Schnell criterion

- Coasting beam theory adapted to bunched beams in 1975 [3]:[Boussard criterion]

Easy to calculate, BUT typically underestimates
instability threshold current by factor of 3 or more

Theory of the microwave instability as a consequence of mode-coupling

- Pioneering work done by Sacherer [4,5] Matrix calculations are well-suited to low
- Matrix-type solutions developed by a number intensites, but can become unwieldy at
of authors, e.g, [6-8] high currents near threshold
- Eigenvalue formulation given by Laclare [9] e Basic Goal/Hope:
_ o Combine Pelligrini-Wang-Krinsky
" Integral equation theory of Pelligrini, Wang, and Krinsky [10-11] analysis with mode-coupling
- Provided theoretical basis for the Boussard criterion intuition to obtain theory that
- | Generally intractable, with no obvious approximation % :2 :ﬁﬁ?ﬁ%jﬁ;}é tt?]asr?l%ee
beyond Boussard criterion ' Boussard theory
: . Provi itional
" Vlasov-Fokker Planck solvers [12] and/or tracking 3. Provides some additiona

. _ \ physical insight to MWI
Can be computationally expensive

[1] V.K. Neil and A. M. Sessler. Rev. Sci.Instrum. 36, 429 (1965). [7] K. Oide and K. Yokoya. KEK Rep. 90-10 (1990).

[2] E. Keil and W. Schnell. CERN/SPS Rep. ISR/TH/RF/69-48 (1969). [8] Y. Cai. Phys. Rev ST Accel. Beams 14, 061002 (2011).

[3] D. Boussard. CERN Rep. Labll/RF/INT/75-2 (1975). [9] J.L. Laclare. CERN accelerator school pp 264 (1985).

[4] F Sacherer. IEEE Trans. Nucl. Sci. 20, 825 (1973); [10] 3.M. Wang and C. Pelligrini. BNL-28034 (1980).

[5] F. Sacherer. IEEE Trans. Nucl. Sci. 24, 393 (1977). [11] S. Krinsky and J.M. Wang. Particle Accel. 17, 108 (1985).

[6] T. Suzuki, Y. Chin, and K. Satoh. Particle Accel. 13, 179 (1983). [12] K.L.F. Bane, Y. Cai, and G. Stupakov. PRST-AB 13, 104402 (2010).

Argonne & Ryan Lindberg — NOCE 2017 — September 20, 2017 3

NATIONAL LABORATORY




Theoretical approach

= Using phase space coordinates (z, p,) = (s — ct, —9), the Vlasov equation is

o MO oM D
ds  Op,0z 0z Op,

| Fepis =0
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Using phase space coordinates (z, p,) = (s — ct, —9), the Vlasov equation is

o MO oM D
ds  Op,0z 0z Op,
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0 om0
ds 0T o0P

| Fepis =0

Z) (k)

d(i)dir Fy ((i)'ir; S) /dk ez'k[z(é,_’.f)_z(éj)] :
.I ?;kZ[}

2] OF,
’}JA 0L 00

} Fi(D,T;s) =

Ryan Lindberg — NOCE 2017 — September 20, 2017 4



Theoretical approach

= Using phase space coordinates (z, p,) = (s — ct, —9), the Vlasov equation is
9 oMO oM O
ds  Op,0z 0z Op,
= Change to action-angle variables of the static problem, (z, p,) — (®,1), and isolate the
time-dependent perturbation due to the wakefields/impedance:
F(z,pz;8) = F(®,L;s) = Fo(Z) + F1(®,T; s)

" Linearize the Vlasov equation

o |oHy O oI 9F, 0 . .. / . i Z) (k)
— = = P (D.T:5) = — dPdT Fy (®.T: s) [ dk e*=(®1)—=(2.0)] ZI177
[83 +6<IJ U Li8) = = 5T 50 L(®,Lis) [ dke ik Zo

Unperturbed motion:
rf focusing,
potential well distortion, ...

| Fepis =0

Ryan Lindberg — NOCE 2017 — September 20, 2017 4




Theoretical approach

= Using phase space coordinates (z, p,) = (s — ct, —9), the Vlasov equation is
9 oMO oM O
ds  Op,0z 0z Op,
= Change to action-angle variables of the static problem, (z, p,) — (®,1), and isolate the
time-dependent perturbation due to the wakefields/impedance:
F(z,pz;8) = F(®,L;s) = Fo(Z) + F1(®,T; s)

" Linearize the Vlasov equation

= = | F(D.T:5) = dPdT Fy (®.T: s) [ dk e*=(®1)—=(2.0)] ZI177
[33 +6c1:} 1(2,155) |71AIGI aal ) 7 1(2,Z;s) [ dke ik Zo

Unperturbed motion: Ratio of average to Longitudinal impedance
rf focusing, Alfven current, /1, due to perturbation

potential well distortion, ... Strength of collective effects

| Fepis =0

Ryan Lindberg — NOCE 2017 — September 20, 2017 4




Theoretical approach

= Using phase space coordinates (z, p,) = (s — ct, —9), the Vlasov equation is

o MO oM D
ds  Op,0z 0z Op,

= Change to action-angle variables of the static problem, (z, p,) — (®,1), and isolate the
time-dependent perturbation due to the wakefields/impedance:

F(z,pz;8) = F(®,L;s) = Fo(Z) + F1(®,T; s)

" Linearize the Vlasov equation

o |oHy O 2 \OF, a/ . .. / . g Z) (k)
= = | F(D.T:5) = dPdT Fy (®.T: s) [ dk e*=(®1)—=(2.0)] ZI177
[83 +6<IJ 1(®,1;5) |71AIGI 09|, L(®,Lis) [ dke ik Zo

| Fepis =0

Unperturbed motion: Ratio of average to Longitudinal impedance
rf focusing, Alfven current, /1, due to perturbation
potential well distortion, ... Strength of collective effects

" To make further analytic progress, we assume unperturbed motion can be
approximated by simple harmonic motion (similar to [13] and [8]); then

e—Z/{T)
27 (T)

0T e o STOVmes® ld)=

, and (Z) = 0,04

[13] S. Petracca, Th. Demma, and K. Hirata. “Gaussian approximation of the bunch lengthening in electron storage rings with a
typical wake function.” Phys. Rev. ST-Accel. Beams 8, 074401 (2005).
[8] Y. Cai. “Linear theory of microwave instability in electron storage rings.” Phys. Rev. ST Accel. Beams 14, 061002 (2011).
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Closed form “solution”

" |solate time dependence for the linear P.D.E.

Fy(®,T;5) = Fy(®,T)e"/°
Exponential growth if Im(Q) >0
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" Then, the Vlasov equation becomes

10 we 0| -~ 2 ¢ L/{T) Z||(k) .'n, /o1 77TV) in®
[_ N ?371)] A =T oy /dk 75 P) 2, (ko 21/(D)e

C
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Then, the Vlasov equation becomes
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[zQ ws O 21 e /dk (k)

S+ 2 (D, T
c ' cacb} 1(®, 1) = 14 27(T)? kZ,

B(k) Y i, (koo \/21/(T))e™®
n#l

*and integrate over phase

= Solve for F, by integrating over angle, then multiply by e
space to get bunching equation

B 21 , 2 (k") . ,

(zy)
Q/w )2

2(2/ws
With symmetric kernel: . (z, y; Q) = e~ +v°)/2 [ ™ To(xy) + Z /w

" Nice equation that is not really a solution: in general it is very difficult to disentangle
the bunching mode profile from the complex frequency

= Similar equation but without synchrotron motion derived in [10-11] and used to justify
the Boussard criterion by evaluating Q — 0 limit

[10] J. M. Wang and C. Pelligrini. “On the condition for a single bunch high frequency fast blow-up,” BNL-28034 (1980).
[11] S. Krinsky and J. M. Wang. “Longitudinal instabilities of bunched beams subject to a non-harmonic rf potential,” Particle Accel. 17, 108 (1985).
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Mode coupling for the microwave
instability

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Mode coupling for the microwave
instability

= Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:
- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.
- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

Ym 4

c. (m=5)
W, 5
From Ref. [5]
41 'm=4) ;
-~
<o
34 SEXTUPOLE [m =3)

QUADRUPOLE (m=2)

TIPOLE (m < 1)

bt e | — . ——— — -

THRESHOLD w;?;vs/ry

Fig. 1 Coherent frequencies wy versus intensity

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Mode coupling for the microwave
instability

= Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

We
@ P —
2n 4 (mes) 1%
50 4008t — — —
..‘ 1 . 1
From Ref. [5] L1 From Ref. [9]
“ ms4) ; ARSI
P a I 9 w \: h
2. agaL B Yy,
|<\> W3 AND W4 TR AN
COMPLEX R §
34 SEXTUPOLE (m =3) : .
| - PVARNS AN
, L= - ¥ R
2 CADRIPOE(m+2)
I
7 | 1208
DPOLE (m<) |
| Saan
0 * - .
THRESHOLD INTENSITY Fig. 20 Coherent-mode frequencies (m = 1 to 4) versus incoherent frequency shift
(upper) and intensity parameter (lower)
a) Spectrum of the lowest radial guadrupolt;- mﬂd; Ezgt threshald
. . . . oupli b drupole and sextupole modes
Fig. 1 Coherent frequencies wy versus intensity > Soeetran of the lovest radial sextupole mode g33

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
[9] J. L. Laclare. “High current single bunch transverse instabilities at the ESRF: a new approach,” CERN accelerator school, pp 264 (1985).
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Eigenvalue formulation of stable
oscillations and mode coupling

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

= We will apply this reasoning by considering stable oscillations with real frequency Q.

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

We will apply this reasoning by considering stable oscillations with real frequency Q.

For real Q, discretizing the integral equation gives an eigenvalue problem

M”b = Ab

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

We will apply this reasoning by considering stable oscillations with real frequency Q.

For real Q, discretizing the integral equation gives an eigenvalue problem
Bunching eigenvector, b, = B(k))
M”b = Ab

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

We will apply this reasoning by considering stable oscillations with real frequency Q.

For real Q, discretizing the integral equation gives an eigenvalue problem

Bunching eigenvector, b, = B(k) Eigenvalue A = 1/1
M”b = Ab

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

We will apply this reasoning by considering stable oscillations with real frequency Q.

For real Q, discretizing the integral equation gives an eigenvalue problem
Bunching eigenvector, b, = B(k) Eigenvalue A = 1/1
M”b = Ab

Collective interaction matrix : (MH)j )= Ak

Z) (k) Z/J(Jzkj,rfzk'g; Q)
1keZy ’yacong

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

= Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

= We will apply this reasoning by considering stable oscillations with real frequency Q.

= Forreal Q, discretizing the integral equation gives an eigenvalue problem
Bunching eigenvector, b, = B(k) Eigenvalue A = 1/1
M”b = Ab

Collective interaction matrix : (MH)j )= Ak

Z) (k) Z%{(Uzkj,ozk'g; Q)
1keZy ’yacong

" Easy to solve with standard packages: the largest real eigenvalue A gives the current /
for a given oscillation frequency Q.

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Eigenvalue formulation of stable
oscillations and mode coupling

= Within Sacherer's formalism [5], the microwave instability can be understood in terms of
classical mode coupling:

- At zero current, perturbations oscillate at harmonics of the synchrotron frequency, so that
Q = no, for integer n.

- As the current increases, the impedance shifts the oscillation frequencies

- Instability occurs when two initially distinct modes become degenerate (merge/collide),
leading to exponentially growing and damped solutions

= We will apply this reasoning by considering stable oscillations with real frequency Q.

= Forreal Q, discretizing the integral equation gives an eigenvalue problem
Bunching eigenvector, b, = B(k) Eigenvalue A = 1/1
M”b = Ab

Collective interaction matrix : (MH)j )= Ak

Z) (k) 2¢%(Uzk‘jﬁgzkﬁ Q)
1keZy ’yacong

" Easy to solve with standard packages: the largest real eigenvalue A gives the current /
for a given oscillation frequency Q.

" One can use this to identify the lowest current at which stable oscillations cease to exist,
which in turn gives the threshold current for mode coupling and the microwave instability.

[5] F. Sacherer. “Bunch lengthening and microwave instability,” IEEE Trans. Nucl. Sci. 24, 393 (1977)
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Example: steady-state CSR impedance

(2/3) V'3 + sgu(k)
31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,

1/3
§osr = M, and the microwave instability threshold [12] has £E5E™ =~ 0.5

vlaa.o;

r :
" CSR impedance for bending radius pis 7 (k) = Z ! |k‘p|1/3

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

(2/3) V'3 + sgu(k)
31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,

1/3
csn = /%) and the microwave instability threshold [12] has " ~ 0.5
VYLAKOF

" Within the present theory, stable oscillations are given by solving

s 1'(2/3) sgn(xy)v3 + 1
MHb — Ab  with (Ml)j,g:A'fLﬁC;R él//g)%gn(le)\z//;+3

r :
" CSR impedance for bending radius pis 7 (k) = Z ! |k‘p|1/3

M(x;,20;2) and A =1/1

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

I'(2/3) V3 + sgu(k)
31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,

1/3
§osr = M, and the microwave instability threshold [12] has £E5E™ =~ 0.5

vlaa.o;

" Within the present theory, stable oscillations are given by solving

M I b= Ab with (M)., = A(L’gCSR L(2/3) sgn(xe) V'3 + igﬁ(l'j,l'g; Q) and A\ =1/1

" CSR impedance for bending radius pis 7 (k) = Z ! |k‘p|1/3

J-t I 31/3 i |-’L’£|2/3
10 T T T T T T T T
Solutions for the
0.8 L current as a function of |
. ' oscillation frequency
iy
8|S 06t -
g‘?—
IHV 0.4 L A
e
Q
wr
0.2 +
00 I ] 1 ]
1 2 3 4 5)

0 Jws
[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

I'(2/3) V3 + sgu(k)
31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,

1/3
§osr = M, and the microwave instability threshold [12] has £E5E™ =~ 0.5

vlaa.o;

" Within the present theory, stable oscillations are given by solving

: Ecsr T(2/3) sgn(ze)V3 + i _
MHb — A\b  with (MH)j,E:A‘T 7 313 @’|TE|2/3 M (xj,20,Q) and A =1/1

" CSR impedance for bending radius pis 7 (k) = Z ! |k‘p|1/3

1-0 I I I I I I | I
Solutions for the
0.8 L current as a function of
. ' oscillation frequency
Sy
8|S 06t
~ e
0.4t
% . .
N Zero current oscillations at
0.2 synchrotron harmonics
0.0 - '
1 2 3
Q/ws

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

L(2/3) V3t sm(k)i 1o

" CSR impedance for bending radius pis 7 (k) = Z

31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,
1/3
csn = /%) and the microwave instability threshold [12] has " ~ 0.5
VYLAKOF

" Within the present theory, stable oscillations are given by solving

: Ecsr T(2/3) sgn(ze)V3 + i _
MHb — A\b  with (MH)j,E:A‘T 7 313 @’|TE|2/3 M (xj,20,Q) and A =1/1

1'0 I I | I I I | I
Solutions for the
0.8 L current as a function of |
. ' oscillation frequency
=Y
5% 06 - 3
s /\\‘ \ ~—_ Current-dependent frequency
" ) [ shifts due to impedance
: 0.4 F .
N Zero current oscillations at
0.2 synchrotron harmonics
0.0 - ' !
1 2 3 4 5
Q/ws

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

L(2/3) V3t sm(k)i 1o

" CSR impedance for bending radius pis 7 (k) = Z

31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,
1/3
csn = /%) and the microwave instability threshold [12] has " ~ 0.5
VYLAKOF

" Within the present theory, stable oscillations are given by solving

: Ecsr T(2/3) sgn(ze)V3 + i _
MHb — A\b  with (MH)j,E:A‘T 7 313 @’|TE|2/3 M (xj,20,Q) and A =1/1

1-0 I I I I I I | I
Solutions for the
0.8 L currgnt as a function of - /"\\_> Mode (_:ou_pllng ‘?‘!‘d
oL oscillation frequency potential instability
%
5% 06 - 3
e \ I T Curre_nt-dependgnt frequency
" ; shifts due to impedance
% 0.4 F 1
N Zero current oscillations at
0.2 synchrotron harmonics
0.0 - i !
1 2 3 4 5
Q/ws

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

I'(2/3) V3 + sgu(k)
31/3 2
" Vlasov stability can be expressed in terms of a single dimensionless parameter,

1/3
§osr = M, and the microwave instability threshold [12] has £E5E™ =~ 0.5

vlaa.o;

" Within the present theory, stable oscillations are given by solving

: Ecsr T(2/3) sgn(ze)V3 + i _
MHb — A\b  with (MH)j,E:A‘T 7 313 @’|TE|2/3 M (xj,20,Q) and A =1/1

" CSR impedance for bending radius pis 7 (k) = Z ! |k‘p|1/3

1-0 T T T T T T T T

thresh ~_

0.8 b csk ~ 0.578 /w\\> Mode coupling and

potential instability

S
d 0.6 | / -
~| < -
S5 \ I I Curre_nt-dependgnt frequency
" . shifts due to impedance
: 0.4 i
S Zero current oscillations at
0.2 + 7 synchrotron harmonics
0.0 . !

1 2 3 4 )
Q/ws
[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
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Example: steady-state CSR impedance

" CSR impedance for bending radius pis 7 (k) = Z

I'(2/3) V3 + sgu(k)i

31/3 2

k|

" Vlasov stability can be expressed in terms of a single dimensionless parameter,

I(p/o.)/?
§CSR = ————5—
vlaa.o;

2

thresh _ 0.5

, and the microwave instability threshold [12] has {:gp

" Within the present theory, stable oscillations are given by solving

1.0
0.8
g2 06
§?~
0.4
2]
wm
@]
o

0.2

0.0

1

MHb::Ab Mm(MMM
thresh ~ 0.578 i
2 3 4
Q/ws

[

_ p,Sosr I'(2/3) sgn(z)V3 + i

31/3

5

45

4

35F

3

25}

2

15}

1

05

0

i|l’g|2/3

M(x;,20;2) and A =1/1

Gaussian approximation
from Ref. [8]

T

>

thresh ~_
0.2 0.4 0.6 0.8 1
1/3, 4/3
&=l p /o,

[12] K.L.F. Bane, Y. Cai, and G. Stupakov. “Threshold studies of the microwave instability in electron storage rings” PRST-AB 13, 104402 (2010).
[8] V. Cai. “Linear theory of microwave instability in electron storage rings.” Phys. Rev ST Accel. Beams 14, 061002 (2011)
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Predictions for a broad-band resonator

wrRsck
worch + QW2 — (k)]

stability is determined by three dimensionless parameters:

Wr0 2 4 VTIRS
Frequency : v, = g , Strength : &gpr = F—Q,
¢ vIpao.o57)

" For the broad-band resonator impedance Z (k) = , Vlasov

Quality factor: @ — 1
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Predictions for a broad-band resonator

wrRsck
wrck +1Q [w} — (ck)?]

stability is determined by three dimensionless parameters:

WyO drv, IR,

Frequency : v, = : Strength : {gpr = ——5 -,
c Ylgac05Z

" We include potential-well distortion from equilibrium wakefields by using bunch length
from the Haissinski solution [14] for ¢, and renormalizing o, = a.6;/6. = ®,(c,/c.):

, Vlasov

" For the broad-band resonator impedance Z (k) =

Quality factor: @ — 1

2 21 (k)
d z F z) = — J—VO(Z)/Q‘(_-G’? — UJS 2 _ d"dk. = J'E-IC(Z—Z) ||
fp 0(2z,p2) = po(z) = p(0)e . Vol(z) T W po(2)e e

[14] J. Haissinski, “Exact longitudinal equilibrium distribution of stored electrons in the presence of self-fields,” Il Nuovo Cimento B 18, 72 (1973).
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Predictions for a broad-band resonator

wrRsck
wrck +1Q [w? — (ck)?]
stabilitv is determined bv three dimensionless parameters:
WrO

drv, IR,
Frequency : v, = , Strength : &gpr = LQ,
c vIpao.o57)

" For the broad-band resonator impedance Z (k) = , Vlasov

Quality factor: @ — 1

" We include potential-well distortion from equilibrium wakefields by using bunch length
from the Haissinski solution [14] for ¢, and renormalizing o, = a.6;/6. = ®,(c,/c.):

2 21 oo 2 (K)
dp. Fo(z,pz) = po(z) = p(0)e= 0@/ eod Yoy = s 2 20 [qsar po(2)etk(z-2 21022
fp 0(z,pz) = po(z) = p(0)e 0(2) Qacz Ta zdk po(2)e ik Zo
30 Microwave instability threshold
- Simulation
Q:MNZ 60 - Theory —— 7
R
gi i Boussard
T 40 L
Il
4 i
EQ:
820t
0
0 1 2 3 4

Vr = wroz/c

[14] J. Haissinski, “Exact longitudinal equilibrium distribution of stored electrons in the presence of self-fields,” Il Nuovo Cimento B 18, 72 (1973).
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Predictions for a broad-band resonator

" For the broad-band resonator impedance Z (k) = or Rsch , Vlasov

wrck +1Q [w} — (ck)?]
stabilitv is determined bv three dimensionless parameters:
- WyO 5 47TI/,~IR5

Frequency : v, = : Strength : {gpr = ——— -,
¢ Ylaceo5Zy

Quality factor: @ — 1

" We include potential-well distortion from equilibrium wakefields by using bunch length
from the Haissinski solution [14] for ¢, and renormalizing o, = a.6;/6. = ®,(c,/c.):

2
_ 2 w 21 R e 2y (R)
dp. Fo(z.p:) = po(z) = p(0)e™ V0@ @i - Yy(z) = 552 22 [ azdk py(2)et(==H T2
20v,. 14 ik Zy
80 . |\/|ICI’9W&V|e mStuab”ItY threlsholdl [7] K. Oide and K. Yokoya. “Longitudinal Single-Bunch Instability
in Electron Storage Rings,” KEK Rep. 90-10 (1990).
- Simulation 20 T T ey
JN 60 Theory —— 7
iy bu:n L
T 15 -
E 5 Boussard — i
~
I w 10| N
) L
i i ]
Sm s .
iy sL . i h
1 | ' | 1
0.0 0.5 1.0 1.5 2.0

Vr = wroz/c

[14] J. Haissinski, “Exact longitudinal equilibrium distribution of stored electrons in the presence of self-fields,” Il Nuovo Cimento B 18, 72 (1973).
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Predictions and measurements of

longitudinal collective effects at the
Advanced Photon Source (APS)
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Impedance modeling at the APS

" Impedance model is an updated version of that
developed at the APS by Y.-C. Chae [15]

[15] VY.-C. Chae and Y. Wang, “Impedance database Il for the Advanced Photon Source storage ring,” Proc. PAC 2007, pp. 4336.
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Impedance modeling at the APS

" Impedance model is an updated version of that
developed at the APS by Y.-C. Chae [15]

" Impedance contributions were identified and
GdfidL [16] models were developed including

- Five different bellows configurations
(240 total in ring)

- Flange gaps (480 total; 2 mm wide, 3 mm deep)

- BPMs (360 in the arc, 76 in the narrow-gap IDs)

- Transitions to/from IDs (34 total) and rf cavities (4)
- Few striplines, flags, and scrapers

[15] VY.-C. Chae and Y. Wang, “Impedance database Il for the Advanced Photon Source storage ring,” Proc. PAC 2007, pp. 4336.
[16] W. Bruns, The GdfidL electromagnetic solver. http://www.gdfidl.de
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Impedance modeling at the APS

" Impedance model is an updated version of that
developed at the APS by Y.-C. Chae [15]

" Impedance contributions were identified and
GdfidL [16] models were developed including

- Five different bellows configurations
(240 total in ring)

- Flange gaps (480 total; 2 mm wide, 3 mm deep)

- BPMs (360 in the arc, 76 in the narrow-gap IDs)

- Transitions to/from IDs (34 total) and rf cavities (4)
- Few striplines, flags, and scrapers

= GdfidL wakefield solver uses 0, =1 mm bunch length

Ideally, the simulated impedance is the point-charge
impedance filtered by a Gaussian frequency filter:

2 2
Zsim(w) =e ¥ /2Zpt.. Charge(w)

Resolves frequencies up to £, ~ ¢/ 2no,) ~ 50 GHz

Mesh size chosen to resolve the geometry and /. ..

Simulations gives wakefield; take FFT for impedance

[15] VY.-C. Chae and Y. Wang, “Impedance database Il for the Advanced Photon Source storage ring,” Proc. PAC 2007, pp. 4336.
[16] W. Bruns, The GdfidL electromagnetic solver. http://www.gdfidl.de
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Impedance modeling at the APS

= Impedance model is an updated version of that 14 _Simulated impedance for APS

developed at the APS by Y.-C. Chae [15] 0
" Impedance contributions were identified and
. : 10
GdfidL [16] models were developed including
- Five different bellows configurations % ;
(240 total in ring) S
- Flange gaps (480 total; 2 mm wide, 3 mm deep) 4 f
- BPMs (360 in the arc, 76 in the narrow-gap IDs) 2
- Transitions to/from IDs (34 total) and rf cavities (4) 0

0 20 40 60 80 100 120 140 160

- Few striplines, flags, and scrapers f (GHz)

= GdfidL wakefield solver uses 0, =1 mm bunch length

Ideally, the simulated impedance is the point-charge
impedance filtered by a Gaussian frequency filter:

2 2
Zsim(w) =e ¥ /2Zpt.. Charge(w)

Resolves frequencies up to £, ~ ¢/ 2no,) ~ 50 GHz

Mesh size chosen to resolve the geometry and /. ..

Simulations gives wakefield; take FFT for impedance

* Total impedance obtained by summing all elements

[15] VY.-C. Chae and Y. Wang, “Impedance database Il for the Advanced Photon Source storage ring,” Proc. PAC 2007, pp. 4336.
[16] W. Bruns, The GdfidL electromagnetic solver. http://www.gdfidl.de
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Impedance modeling at the APS

" Impedance model is an updated version of that
developed at the APS by Y.-C. Chae [15]

" Impedance contributions were identified and
GdfidL [16] models were developed including

- Five different bellows configurations
(240 total in ring)

- Flange gaps (480 total; 2 mm wide, 3 mm deep)
- BPMs (360 in the arc, 76 in the narrow-gap IDs)
- Transitions to/from IDs (34 total) and rf cavities (4)

Z) (kQ)

- Few striplines, flags, and scrapers

= GdfidL wakefield solver uses 0, =1 mm bunch length

Ideally, the simulated impedance is the point-charge
impedance filtered by a Gaussian frequency filter:

2 2
Zsim(w) =e ¥ /2Zpt.. Charge(w)

Resolves frequencies up to £, ~ ¢/ 2no,) ~ 50 GHz

Mesh size chosen to resolve the geometry and /. ..

Simulations gives wakefield; take FFT for impedance

* Total impedance obtained by summing all elements

14

12

10

Im(Z)) (k)

Simulated impedance for APS

0 20 40 60 80 100 120 140 160
f (GHz)

Major APS impedance contributions

sl BPMs —
Flanges
6 + ID transitions —
Geometric —
4 .
2
\ Mﬂ,

0 20 40 60 80 100
f (GHz)

[15] VY.-C. Chae and Y. Wang, “Impedance database Il for the Advanced Photon Source storage ring,” Proc. PAC 2007, pp. 4336.
[16] W. Bruns, The GdfidL electromagnetic solver. http://www.gdfidl.de
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Simulating collective effects at the APS

Simulated impedance for APS

®(Z)) —
3(Z)) —

Z) (k)

0 20 40 60 8 100 120 140 160
f (GHz)

= Simulated impedance is used in both the theory and elegant [17] tracking simulations

[17] M. Borland. “elegant: A Flexible SDDS-Compliant Code for Accelerator Simulation,” APS LS-287 (2000)
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Simulating collective effects at the APS

Simulated impedance for APS

14 Other APS parameters for theory & tracking

12 1 Parameter Symbol  Value

0 | Beam energy yme? 7 GeV
_ Momentum compaction Qe 2.82 x 107*
% 8 | Zero-current energy spread 05.0 0.096 %
N O T Rf voltage Vit 9 MV

4l - Zero-current bunch length 02,0 6.10 mm

9 i Ring circumference Cr 1104 m

0 Zero-current synchrotron tune  wso/wo  0.00775

0 20 40 60 8 100 120 140 160
f (GHz)

= Simulated impedance is used in both the theory and elegant [17] tracking simulations

[17] M. Borland. “elegant: A Flexible SDDS-Compliant Code for Accelerator Simulation,” APS LS-287 (2000)
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Simulating collective effects at the APS

" Simulated impedance for APS

Other APS parameters for theory & tracking

12 1 Parameter Symbol  Value

0 | Beam energy yme? 7 GeV
_ Momentum compaction Qe 2.82 x 107*
% 8 | Zero-current energy spread 05.0 0.096 %
N O 7 Rf voltage Vi 9 MV

4 . Zero-current bunch length 02,0 6.10 mm

9 i Ring circumference Cr 1104 m

0 . | | | . Zero-current synchrotron tune — ws,0/wo 0.00775

0 20 40 60 8 100 120 140 160
f (GHz)

= Simulated impedance is used in both the theory and elegant [17] tracking simulations

" Elegant simulations include the following elements

1. ILMATRIX: advances linear optics over one turn using tunes and momentum compaction

* Also includes chromatic effects and lowest-order nonlinear terms in both the
longitudinal and transverse dimensions

2. RFCA: applies the full rf accelerating force once/turn
3. SREFFECTS: applies damping and diffusion associated with synchrotron emission once/turn
4. ZLONGIT: applies longitudinal impedance once/turn

[17] M. Borland. “elegant: A Flexible SDDS-Compliant Code for Accelerator Simulation,” APS LS-287 (2000)
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Simulating collective effects at the APS

Simulated impedance for APS

14 Other APS parameters for theory & tracking

12 1 Parameter Symbol  Value

0 | Beam energy yme? 7 GeV
_ Momentum compaction Qe 2.82 x 107*
% 8 | Zero-current energy spread 05.0 0.096 %
N O 7 Rf voltage Vi 9 MV

4 . Zero-current bunch length 02,0 6.10 mm

9 i Ring circumference Cr 1104 m

0 Zero-current synchrotron tune  wso/wo  0.00775

0 20 40 60 8 100 120 140 160
f (GHz)

= Simulated impedance is used in both the theory and elegant [17] tracking simulations

" Elegant simulations include the following elements

1. ILMATRIX: advances linear optics over one turn using tunes and momentum compaction

* Also includes chromatic effects and lowest-order nonlinear terms in both the
longitudinal and transverse dimensions

2. RFCA: applies the full rf accelerating force once/turn
3. SREFFECTS: applies damping and diffusion associated with synchrotron emission once/turn
4. ZLONGIT: applies longitudinal impedance once/turn

" Tracked 50k — 200k particles over 30k turns to determine equilibrium properties.

[17] M. Borland. “elegant: A Flexible SDDS-Compliant Code for Accelerator Simulation,” APS LS-287 (2000)
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o,
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o, = Boussard criterion predicts I, = 1.8 mA

" Elegant [14] simulations predict APS
instability threshold at 7, = 5.9 mA

6 L
I ﬂ 4.8 mA
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o, = Boussard criterion predicts I, = 1.8 mA

- | " Elegant [14] simulations predict APS

ol Lo instability threshold at 7, = 5.9 mA

5| ﬂ 4.8 mA = Improve theory by using current-dependent
<, bunch-length from Haissinski equilibrium
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o, = Boussard criterion predicts I, = 1.8 mA

- | " Elegant [14] simulations predict APS

ol I instability threshold at 7, = 5.9 mA

5| ﬂ 4.8 mA = Improve theory by using current-dependent
<, - bunch-length from Haissinski equilibrium

1. Compute mode spectrum with new o,

2. Renormalize the synchrotron frequency
via o /c = a,05/0,

G, (mm)
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o, = Boussard criterion predicts I, = 1.8 mA
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Applying the mode coupling theory to the APS

Stable solutions using zero-current o, = Boussard criterion predicts I, = 1.8 mA

- | ® Elegant [14] simulations predict APS
instability threshold at 7, = 5.9 mA
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Predicted dynamics at MWI threshold

Elegant simulation ,
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Predicted dynamics at MWI threshold
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Predicted dynamics at MWI threshold

Elegant simulation , Main oscillation: Q = w,,
| Comparison suggested i .
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Predicted dynamics at MWI threshold

Elegant simulation , Main oscillation: Q = w,,
| Comparison suggested 1 ;
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Qlwg Storage Ring", Proc. of PAC 2001, pp 1817.

Argonne v Ryan Lindberg — NOCE 2017 — September 20, 2017 15

NATIONAL LABORATORY




Predicted dynamics at MWI threshold

Elegant simulation , Main oscillation: Q = w,,
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Extension of theory to currents beyond
the instability threshold

Assume that beyond the instability threshold the energy spread increases so as to
just quench the instability.

lterate between Haissinski and mode-coupling theory to find self-consistent solution
- Each iteration takes ~10 seconds

— Calculation at any current takes a few minutes
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Extension of theory to currents beyond
the instability threshold

= Assume that beyond the instability threshold the energy spread increases so as to
just quench the instability.

" [terate between Haissinski and mode-coupling theory to find self-consistent solution
- Each iteration takes ~10 seconds

— Calculation at any current takes a few minutes

Simulation +e—

0. (mm)

Theory —

Fit to experiment ——
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Bunch length fit to experiment from Y.-C. Chae, L. Emery, A.H. Lumpkin, J. Song, and B.X. Yang, Proc. of PAC 2001, pp 1817.
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Extension of theory to currents beyond
the instability threshold

= Assume that beyond the instability threshold the energy spread increases so as to
just quench the instability.

" [terate between Haissinski and mode-coupling theory to find self-consistent solution
- Each iteration takes ~10 seconds

— Calculation at any current takes a few minutes

20 I I | I I I 0'2 I | I | I I
18 L i 018 L Simulation e
16 L | Theory —
0.16
— Measurement X
g 14 + _ @
) = 0.4
R 12 Simulation +e— - 5
!
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] Fit to experiment —— i 0.1}
6 2 | ] ] ] 008 W | ] | ] ]
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Bunch length fit to experiment from Y.-C. Chae, L. Emery, A.H. Lumpkin, J. Song, and B.X. Yang, Proc. of PAC 2001, pp 1817.

Energy spread measurements derived from beam size in region of high dispersion and made by
L. Emery and V. Sajaev at the APS in August 2014.
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Conclusions & future directions

We have developed a theoretical framework for the microwave instability that uses the
mode-coupling interpretation to turn an integral equation into an eigenvalue problem

The theory is fairly easy to solve numerically for an arbitrary impedance

The microwave instability threshold is predicted to better than 15% for the steady-state
CSR impedance, and over a wide range of broad-band resonator parameters

The theory can be usefully applied at high intensity if one uses the Haissinski equilibrium
bunch length and an energy spread that is inflated to suppress instability

We have found good agreement between theory, simulation, and measurements for
current-dependent bunch lengthening and energy spread increase at the APS

Extending the theory to proton machines should be easy

Extending the theory to higher-harmonic rf systems can be done

— Calculations will no longer be as “practical”: each matrix element will involve a
numerical integral

- Nevertheless, the theory may provide some additional insights:
* Mode merging phenomenon will be obscured by nonlinear potential

* We expect that the real frequencies will map out line where the growth rate
equals Landau damping rate

* We expect synchrotron radiation damping to play a role as well
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