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MotivationMotivation

ÎThe Recycler is a new pbar storage ring for future 
ppbar collider operation

ÎThe Recycler uses rf barrier buckets extensively 
for all beam manipulations such as stacking,      
un-stacking and storage of pbars
zNeed to measure beam emittance in barrier buckets! 

← Key to understanding the longitudinal beam dynamics
←necessary to achieve improvements for higher 
luminosity in the ppbar collider

zWe have explored two destructive and two               
non-destructive methods for longitudinal emittance 
measurements.
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Fermilab Accelerators & Fermilab Accelerators & 
Recycler RingRecycler Ring

Î The Recycler is located in the 
Main Injector tunnel and is 
directly above the Main Injector.
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Barrier Buckets in a NutshellBarrier Buckets in a Nutshell

Choice of Barrier Buckets
T1

RR runs below 
Transition Energy

Other standard
Barrier forms

V0=2kV
(T1)min§���QV

For a Rectangular Barrier Pulse

A b b

For an Arbitrary Barrier Pulse

Equation of Motion 

RR Machine Parameters

0.908 PsBarrier Pulse Width T1

11.126 PsRevolution Period T0

-0.0087Slip Factor K
8 GeVRR Beam Energy
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Longitudinal Emittance- Hl, is 
Phase-space Area occupied by all 
the beam particles in ('(�'W)-space.

For the beam in a Barrier Buckets 
shown here the Hl is sum of two 
quantities
⇒emittance in linear region where   

Vrf=0 V 
⇒emittance in barrier pulse 

characterized by  beam 
penetration T1

Measure the '( of the beam and 
determine the longitudinal 
emittance.

Longitudinal EmittanceLongitudinal Emittance

^

WCM data

(∆E, ∆τ) 
Distribution

}

T1
^Penetration of the 

Beam in the Barrier

Beam

Half Height

^ bb

^
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Destructive Methods Destructive Methods 

Î Two Methods
z Matching Beam Area to Bucket Area

) Needs ability to change Vo and/or T1 in a controlled way 
) Requires ability to measure the beam intensity in the barrier buckets 

(A.Cadorna et al, WPPE011)

z Fast De-bunching of the Beam
) Turn-off the rf barrier pulse and measure the de-bunching time.

Î Limitations: These are one-time measurements. Hence can be used only for 
cross calibration and are not useful in routine operation.

T1
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Examples of Destructive MethodsExamples of Destructive Methods

R:IBEAM

GCI Output G
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Vrf

Vb

Vb and T1 give 
the 'E

Vb, T1 and T1 give 
beam area.

Data shown here :
Vb = 80V

T1 = 908ns
'Eb = 3.65MeV

Hl = 20eVs

Matching Beam Area to Bucket Area

∆T

De-bunching
time T

Fast De-bunching

V0of the Barrier bucket 
is turned off at a 

Rate >> de-bunching time T

�
T

T

p

p ∆=∆
η
β 2

Data shown here
'T~  50nsec
T~  90msec
'p ~ 1.64MeV

First method used 
to observe the effect of 

MI HEP Acceleration Cycles
on RR stored Beam 



5/27/2003 9C.M. Bhat

NonNon--destructive Techniquesdestructive Techniques

ÎWall Current Monitor Measurements: The “good-old” 
method –used at almost all laboratories. 
z Measures image current of longitudinal profile of the beam

)a broad-band resistive wall current monitor
)a wave runner or a digitizing scope to collect the              

beam signals from the WCM

ÎSchottky Signal Measurements: 
zMeasures Schottky spectrum 

)high frequency Schottky detector
)spectrum analyzer to measure the frequency spread of the 

beam .
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WCM data WCM data 
RR Beam ScenarioRR Beam Scenario

RF Fanout 
signal

Newly Injected 

Beam Region
New Stack Cold Stack

WMC
signal
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WCM Data for WCM Data for pbarpbar stackingstacking

Newly arrived Beam

Final Stack Beam

Stacked Beam

Squeezed Beam

Beam cogging direction 
after squeeze

RTD720 – A digitizing scope data
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WMC Emittance  at WMC Emittance  at 
Different Timings during StackingDifferent Timings during Stacking

Σεl =13eVs
εl =64eVs
∆E/E=0.29%

εl =64eVs 
∆E/E=0.29
%

εl =14.5eVs 
∆E/E=0.27%

εl =81eVs
∆E/E=0.23% 

εl =88eVs
∆E/E=0.13% 

Σεl =77eVs

Σεl =78.5eVs

Sum Emittance

The error in the measured longitudinal emittance # 20%

RTD720 – A digitizing scope data
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WCM Data for WCM Data for pbarpbar unun--stackingstacking

Leftover Beam Beam to be 
transferred

Stacked Beam

Beam cogging 
direction after 
unstack

RTD720 – A digitizing scope data
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SchottkySchottky Signals Signals 
& Longitudinal Emittance& Longitudinal Emittance

(D. (D. BoussardBoussard ––CERN Report 95CERN Report 95--06, 74906, 749--782)782)
The Schottky noise in a Particle Beam (De-bunched Beam):
The time domain response of a single particle with charge e in a storage 
ring is δ−function repeated with a time interval T.  Then the current is 
given by 

The frequency response, i(ω), as seen in a spectrum analyzer is,  

with i(ω)=e f0 for n=0, i(ω)=2e f0 for ω=nω0 and i(ω)=0 everywhere else.

Thus the frequency response 
= A   DC part + successive harmonics corresponding to revolution 

frequency.
A single line will be replaced by a band of frequencies 
(Schottky Band) for randomly distributed N particles, each 

with  slightly different Zi, Then the  ∆ω and ∆p are related by, 
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the momentum spread of the beam
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SchottkySchottky Signals Signals 
& Longitudinal Emittance& Longitudinal Emittance

The Schottky noise in a Particle Beam (Bunched Beam):
The particles in the bunched beam execute synchrotron oscillations at the frequency 
Ω/2π. The time of passage of a particle in front of the detector is modulated according to 

The beam current for a single particle in frequency domain will become

where Jk is the Bessel function of order k. Thus, 
each revolution frequency line, nf0, now splits into an 
infinite number of synchrotron satellites, spaced by Ω/2π.  

Amplitude of Satellite ∝ Bessel function of the argument 
For Schottky bands with same value of k, but, 
different n’s are correlated. This leads to coherence

However,

)sin( ϕτ +Ω+→ ttt =Ω ϕτ ,,
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Synchrotron amplitude, frequency and phase

Single Particle
frequency Domain
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Emittance MeasuredEmittance Measured
with with SchottkySchottky Detectors in RRDetectors in RR

79MHz Detector Data

1.5GHz Detector Data
1.75GHz Detector Data

n=882

n=16700

n=19500
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Comparison Between Comparison Between 
Different TechniquesDifferent Techniques

WCM Data

BL (90% by area)=260ns
Vrf(2.5MHz) = 2kV
Hl(90%) = 2.3eVs

'E(90%) = 11.6MeV (20%)

n=19500
Beam = 5.472E11 
f-rev=89813.266Hz
'f(90%)=13.6kHz
'E(90%) = 9.2MeV

RR 2.5MHz Bunches
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Comparison Between Comparison Between 
Different Techniques (Cont.)Different Techniques (Cont.)

WCM Data

RR Beam in Barrier Bucket

Barrier Pulse Width = 905ns             
Barrier Gap  = 1.6Ps      

Vrf(Barrier) = 1kV
'E(90%) = 7.8MeV (~20%)

Hl(90%) = 13.6eVs

Beam = 4.2E11 
f-rev=89813.266Hz
'f(90%)=9.7kHz

n=19500
'E(90%) = 5.6MeV
Hl (90%) = 9.3eVs
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Some Exceptional Cases: Some Exceptional Cases: 
Longitudinal Beam Dynamics SimulationsLongitudinal Beam Dynamics Simulations

('E,'T) - space

Projection on T- axis

ESME Simulation ResultWCM data for pbar

T2=9.3µsec

91eVsec
<∆E>=9.6MeV

Schottky Det. :  ∆Emax = 6.4MeV

Simulations suggest that ~2.5% overshoot  related baseline oscillations 
gives rises to ~20% larger emittance for beam in a barrier bucket
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Summary and ConclusionsSummary and Conclusions
ÎMeasuring the Longitudinal Emittance of the beam in the 

Recycler at  different stages of rf manipulations is 
important. 

ÎWe have explored four methods to measure the  ∆E & εl
of the beam.

ÎWCM measures  ∆E and εl in multiple barrier buckets 
ÎThe Schottky detector method is very promising.                  

Measures ∆Emax independent of barrier pulse-shape. 
z Use of this device to measure  ∆Emax in multiple barrier buckets is 

under development at Fermilab
ÎErrors in measurements need to be addressed


