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Energy Recovery
Energy recovery is the process by which the energy invested in 
accelerating a beam is returned to the rf cavities by decelerating 
the same beam. 

There have been several energy recovery experiments to date, 
the first one at the Stanford SCA/FEL*.

Same-cell energy recovery with cw beam current up to 5 mA and 
energy up to 50 MeV has been demonstrated at the Jefferson 
Lab IR FEL. Energy recovery is used routinely for the operation 
of the FEL as a user facility.

More ER experiments planned, most immediate at JAERI FEL.

* T.I. Smith, et al., “Development of the SCA/FEL for use in  
Biomedical and Materials Science Experiments,” NIM A 259 (1987)
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The JLab 2.13 kW IRFEL and Energy Recovery 
Demonstration

Wiggler assembly

G. R. Neil, et al., “Sustained Kilowatt Lasing in a Free Electron 
Laser with Same-Cell Energy Recovery,” PRL, Vol 84, Number 4 
(2000)
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RF Power Requirements with Energy Recovery
With energy recovery the required linac rf power is ~ 16 kW, 
nearly independent of beam current. It rises to ~ 36 kW with 
no recovery at 1.1 mA.
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The Cornell ERL and ERL Prototype

Beam Energy 5-7 GeV
Injection Energy 10 MeV
Beam current       100 mA

Beam Energy 100 MeV
Injection Energy      5 MeV
Beam current        100 mA

Courtesy: I. Bazarov
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RF to Beam Multiplication Factor in an ideal ERL
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RF Stability in Energy Recovering Linacs

Collective effects driven predominantly by high-Q superconducting 
cavities and can potentially limit average current 

In a recirculating linac, the feedback system formed between beam 
and cavities is closed and instabilities can result at sufficiently high 
currents 

Instabilities can result from the interaction of the beam with 
• fundamental accelerating mode -> beam loading instabilities
• transverse HOMs -> transverse BBU
• longitudinal HOMs -> longitudinal BBU

The basic mechanism is the same: 
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Instability Mechanism

Courtesy: N. Sereno, Ph.D. Thesis (1994)
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Instability Threshold

There is a well-defined threshold current that occurs when the power fed 
into the mode equals the mode power dissipation

An analytic expression that applies to all instabilities:

• For i,j = 1,2 or 3,4 and m → ⊥ HOM ⇒ Transverse BBU
• For i,j = 5,6 and m → || HOM ⇒ Longitudinal BBU
• For i,j = 5,6 and m → Fundamental mode ⇒ Beam-Loading Instabilities
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Beam Loading Instabilities

Instabilities can arise from fluctuations of cavity fields.
Two effects may trigger unstable behavior:

• Beam loss which may originate from energy offset 
which shifts the beam centroid and leads to scraping 
on apertures 

• Phase shift which may originate from energy offset 
coupled to M56 in the arc

Instabilities predicted and observed at LANL, a potential 
limitation on high power recirculating, energy recovering  
linacs. 

M56 is the momentum compaction factor and is defined by: 
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Beam Loading Instabilities Flow Chart
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Beam Loading Instabilities: Theory
Model of the system includes: 
• Beam-cavity interaction
• Precise representation of low level rf feedback 
• FEL interaction

Model was solved analytically and numerically 

Predicts instability exists in the IRFEL (Ith~ 27 mA) however is 
controlled by LLRF feedback (Ith~1 A)

Experimental data from the IRFEL are quantitatively 
consistent with the model, with the FEL turned off. Model 
reproduces data qualitatively, with the FEL turned on*

*Presented at the 1999 FEL Conference, Hamburg
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RF Control in ERLs

Phases may not differ by precisely 180o

• Typical expected path length control adjustment leads to 
~ 0.5o deviation from 180o

• FEL on                         FEL off

Beam loss may occur, resulting in beam vectors of unequal 
magnitude

⇒All of the above give rise to a net beam loading vector,
typically of reactive nature in the case of phase errors

⇒ Increase of rf power requirements and reduction of κ
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Energy Recovery Phasor Diagram
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RF Control (Linac)

Open loop response

Closed loop response

0 mA
2 mA
3 mA
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RF Control (Injector)

Open loop response

Closed loop response

0 mA
2 mA
3 mA
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Transverse BBU: Theory
Analytic models include: • Description of the effect for distribution of cavities

along  linac with several recirculations in impulse  
approximation (Bisognano, Gluckstern 1987)• Generalization to include subharmonic bunching (Yunn 1991)

⇒ For N-passes, M-cavities, solution reduces to finding 
M-eigenvalues of M-dimensional matrix, or NxM-1 for
subharmoning bunching

Numerical codes: • TDBBU: A 2D simulation code (Krafft, Bisognano, Yunn 1987)• MATBBU: A computational tool that solves the exact equations 
for a given configuration (Yunn, Merminga 2001) 
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BBU Stability Plots for the JLab IR FEL
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Transverse BBU: Experiment 
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Typical RF Cavity Response to Beam Excitation
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Table of BBU Data
Cavity 

HOM Freq. 
(Measured) 

R/Q 
(Meas.)

Q 
(Meas.) Energy 

Optics 
Setting Ith  

 [MHz] [Ω]  MeV  mA 
       

4 1730 0.08 3.8x107 48 Nominal 16 
4 1730 0.08 3.8x107 37 1 18.4 
       

4 1895 22.02 1.6x105 48 Nominal 21.4 
4 1895 22.02 1.6x105 37 1 15.6 
4 1895 22.02 1.6x105 37 Nominal <0 
       

5 1818 13.74 4.5x104 37 2 15.0 
5 1818 13.74 4.5x104 37 3 6.9 
       

5 1887 22.21 4.0x105 37 3 12.5 
5 1887 22.21 4.0x105 37 4 11.3 
5 1887 22.21 4.0x105 37 2 32.0 
5 1887 22.21 4.0x105 37 3 16.4 
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BBU Data Analysis
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⇒ Ith = 1/a1= 6.9 mA

Data were fitted to 1st and 2nd

order models and thresholds were 
derived:

log|S21| vs.log(I0)

log|S21| vs. log(I0)

⇒ Ith = 1/a1 = 12.5 mA
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Conclusions from BBU Experiment

Threshold current in the IR FEL recirculating linac varies 
between 7 mA and 32 mA for varying accelerator setup

Under the nominal FEL configuration, threshold current is 
between 16 mA and 21 mA

Theoretical prediction is 27 mA ⇒ agreement within ~40%

Observed optics dependence has not been quantified yet

More exact analysis tools are being developed
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HOM Power
High average current, short bunch length beams in srf cavities 
excite HOMs. Power in HOMs, primarily longitudinal:

PHOM = 2k|| Q2 fbunch
(factor of 2 for energy recovery)
For Iave= 100 mA, Q = 0.5nC ⇒ PHOM~ 1 kW per cavity for k||=10.3 
V/pC at σz~ 0.7mm 

In the IRFEL: Iave= 5 mA, Pdiss~ 6 W

Fraction of HOM power dissipated on cavity walls depends on the 
bunch length 

It can potentially limit Iave and Ipeak due to finite cryogenic capacity
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HOM Power Dissipation: Theory
The fraction of HOM power dissipated on cavity walls 
increases with HOM frequency, due to Rs ~ ω2   degradation
from BCS theory 

We developed a model that estimates fraction of power 
dissipated on the walls and specifies HOM-power extraction 
efficiency required

We found:
• Frequency distribution of HOM power: >90% of HOM power 

is in modes < 100 GHz
• Fraction of power dissipated on the cavity superconducting 

walls is 
- a strong function of bunch length
- much less than the fundamental mode load

• High frequency fields propagate along the structure
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Frequency Distribution of HOM Losses
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Frequency Distribution of HOM Power

Monopole Mode Single Bunch Power Excitation per 9-Cell Cavity
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Frequency Distribution of HOM Losses

~40% of HOM losses occur at frequencies below ~4 GHz
⇒ In TESLA cavities this power will be extracted by input 

couplers and HOM couplers and be absorbed in room 
temperature loads

The remaining losses, at high frequencies ≥ 4 GHz, will 
propagate along the structure and be reflected at normal and 
superconducting surfaces
⇒ on-line absorbers are required 

Effect of losses in frequency range beyond the threshold for 
Cooper pair breakup (750 GHz) in superconducting Nb has been 
investigated: the resulting Q0 drop is negligible
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HOM Power: Experiment

HOM power dissipation may impose design choices to improve 
cryogenic efficiency

HOM power was measured with temperature diodes placed on the 
two HOM loads of the 5-cell CEBAF cavity

Measurements were repeated at different values of the bunch 
charge and bunch repetition frequency 
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HOM Power vs. Bunch Charge
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Measured HOM power dissipated at the loads is 1.6 W at 60 pC,  
5 mA, σz= 2.5 ps 
Calculated total HOM losses at 60 pC, 5 mA is 4.2 W
Calculated fraction of HOM power in frequencies ≤ 15 GHz is ~ 50%
or 2.1 W

⇒ Loss factor agrees within 25%
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Extrapolation to Higher Currents  
5 mA energy recovering linac: JLab IR FEL

Transverse BBU threshold ~ 27 mA
RF instabilities threshold ~ 27 mA w/out fdb, ~1 A with fdb

HOM power ~ 6 W/cavity

10 mA energy recovering linac: JLab IR FEL Upgrade
Transverse BBU threshold ~ 50 mA if Q~ 105

RF instabilities threshold ~ 27 mA w/out fdb, ~1 A with fdb
HOM power ~ 40 W/cavity

100 mA energy recovering linac: Cornell ERL
Transverse BBU threshold ~ 200 mA
RF instabilities threshold ~ 22 mA w/out fdb, ~1 A with fdb
HOM power ~ 160 W/cavity

Where is the limit?
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Where is the limit?

At the present time, transverse BBU appears to be the limiting 
instability

However,
• Better damping of HOMs in multi-cell cavities

and
• Bunch-by-bunch transverse feedback, similar to the B-Factory 

(4 nsec!), may be possible

⇒ Ib ~ 0.5 – 1 A conceivable?

Something else?
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Conclusions
RF stability in recirculating, energy recovering linacs is 
theoretically well understood

Experimental verification of simulation codes and models is being 
pursued at the JLab IR FEL. Quantitative agreement between 
simulation codes and experimental data has been demonstrated 

Greater capabilities for experimental verification of the models
are offered with:
• the 10 mA JLab FEL Upgrade
• the 100 mA Cornell ERL Prototype

Inspired by the success of JLab IR FEL, energy recovery is 
emerging as a powerful application of rf superconductivity. The 
question is “Where is the limit of energy recovery, in the multi-
dimensional space of Iave, Eb, Qbunch, σz, … ?”




