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Ø  Early synchrotrons had low energy injection and 
provided all the acceleration in a single stage. 

Ø  The energy range of a single synchrotron is limited by 
u An aperture large enough for the injected beam is unreasonably 

large at high field. 
u Hysteresis effects result in excessive nonlinear terms at low 

energy (very important for colliders) 

Ø  Typical range 10-20 for colliders, larger for fixed target 
u Fermilab Main Ring: 8-400 GeV (50x) 
u Fermilab Tevatron: 150-980 GeV (6.5x) 
u LHC: 400-7000 GeV (17x) 

Ø  The highest energy beams require multiple stages of 
acceleration, with high reliability at each stage 

Ø  How is this done? 
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50 MeV 

1.4 GeV 

26 GeV 

400 GeV 

~7 TeV 
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CERN proton source CERN Lead source 

Typically 10s of keV and mAs to 10s of mA of current. Want to accelerate as 
fast as possible before space charge blows up the beam! 

cone tip is made out of molybdenum to reduce erosion due to extracted electrons that 
get bent due to the stray magnetic field of the source and strike the cone. 

 
FIGURE 4.  Round aperture magnetron schematic. (Image from reference [2]) 

 
The spherical focusing along with low arc current and high extraction voltage 
contribute to the power efficiency of the source which is 67mA/kW, as shown in Table 
2. BNL experience has shown that the circular aperture ion source is very reliable, 
often running 6 months before needed maintenance.    
 

 
TABLE 2.  BNL operational parameters 

Parameter Value 
H- current 90-100mA 
Arc current 8-18A 
Arc Voltage 
Extraction Voltage 
Rep Rate 
Duty Factor 
Pulse Width 
Power efficiency 

140-160V 
35kV 
7.5Hz 
0.5% 
700Ps 

67mA/kW 
 

Ion source data taken to this point has been using a modified version of the HINS 
ion source [3] mounted on the source test stand. The source has been modified for a 
grounded extraction cone, and to match the BNL source geometry, apertures and cone 
spacing.  The testing to this point has been a proof of principle before building the 
operational source and was not intended to optimize the source.  

For current testing the rep rate is 7.5Hz, arc pulse width 300Ps, and extraction pulse 
width of 200Ps, which are very close to how BNL operates. With these parameters the 
maximum H- beam current witnessed so far in the test stand has been 70mA at 35kV 
extraction. Figure 5 shows a typical beam pulse measured on the toroid with 35kV 
extraction and arc current of 23A.  The noise on the beam current flattop is about 
20mA and is very dependent of the arc current.  Higher arc currents tend to have less 
noise. 

FNAL H- source.  
Mix Cesium with 
Hydrogen to add 
electron. (why? 
we’ll get to that) 
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Old: Static 

Static acceleration from 
Cockcroft-Walton.  
FNAL = 750 keV 
max ~1 MeV 

New: RF Quadrupole (RFQ) 

RF structure combines an electric 
focusing quadrupole with a 
longitudinal accelerating gradient. 



Ø  The front end of any modern hadron accelerator looks 
something like this (Fermilab front end) 
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Figure 1 New FNAL injector bemline under test 

 

SOURCE DESIGN 

 
The source design is similar to both the BNL ion source and the source developed 

by CW Schmidt for the High Intensity Neutrino Source HINS project at FNAL[3]. 
The source shown in Figure 2, is  mounted  reentrant  in  a  10  inch  vacuum  “cube”  and  
was  designed  with  “ease  of  maintenance”  in  mind.   It  has a round aperture with a 45 
degree extraction cone. The source cathode has a spherical dimple which provides 
focusing of the plasma to the anode aperture. The anode and extraction cone apertures 
are 3.175mm, which is what BNL currently uses. These apertures will be optimized to 
give the correct beam current and emittance for maximum efficiency of the Linac.  

The extraction is single stage with the extraction cone at ground potential and the 
source pulsed to -35kV (the extractor is electrically connected to ground with finger 
stock, shown in the lower right picture of Figure 2). This extraction scheme allows the 
source to run in the space charge limited regime with high extracted beam currents. 
The extractor pulser is a new design that uses a vacuum tube as the switch. The source 
electronics reside in a floating high voltage rack which is pulsed to -35kV.   

Low Energy Beam Transport (LEBT, 
pronounced “lebbit”): 35 keV 

Medium Energy 
Beam Transport 

(MEBT, pronounced 
“mebbit”): 750 kEV 

Redundant H- 
sources: 0-35 keV 

Solenoidal focusing 
for low energy beam 

200 MHz RFQ: 
35è750 keV 



Ø  Because the velocity is changing quickly, the first linac is generally a Drift 
Tube Linac (DTL), which can be beta-matched to the accelerating beam. 

Ø  Put conducting tubes in a larger pillbox, such that inside the tubes E=0 

Ø  As energy gets higher, switch to “pi-cavities”, which are more efficient 
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≈
Bunch of pillboxes 

f
vd =

Gap spacing changes as 
velocity increases 

Drift tubes contain quadrupoles 
to keep beam focused  

Fermilab low energy linac Inside 

è 



Ø  Eventually, the linear accelerator must inject into a synchrotron 

Ø  In order to maximize the intensity in the synchrotron, we can 
u  Increase the linac current as high as possible and inject over one revolution  

u  There are limits to linac current 

u  Inject over multiple (N) revolutions of the synchrotron 
u  Preferred method 

Ø  Unfortunately, Liouville’s Theorem says we can’t inject one beam on top of 
another 
u  Electrons can be injected off orbit and will “cool” down to the equilibrium orbit via 

synchrotron radiation. 

u  Protons can be injected a small, changing angle to “paint” phase space, resulting in increased 
emittance 

 εS ≥ NεLINAC Linac emittance 
Synchrotron emittance 
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Ø  Instead of ionizing Hydrogen, and electron is added to create H-, which is accelerated in the linac 

Ø  A pulsed chicane moves the circulating beam out during injection 

Ø  An injected H- beam is bent in the opposite direction so it lies on top of the circulating beam 

Ø  The combined beam passes through a foil, which strips the two electrons, leaving a single, more 
intense proton beam. 

Ø  Fermilab was converted from proton to H- during the 70’s 

Ø  CERN still uses proton injection, but is in the process of upgrading (LINAC4 upgrade) 

Circulating Beam 

Beam at injection 
H- beam from 
LINAC Stripping foil 

Magnetic chicane pulsed to move 
beam out during injection 
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Ø  We typically would like to extract (or inject) beam by switching a 
magnetic field on between two bunches (order ~10-100 ns) 

Ø  Unfortunately, getting the required field in such a short time would 
result in prohibitively high inductive voltages, so we usually do it in 
two steps: 

fast, weak “kicker” 

slower (or DC) extraction magnet 
with zero field on beam path. 
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“Lambertson”: usually DC 

B

B

circulating 
beam (B=0) 

circulating 
beam (B=0) 

current 
“blade” 

return path 

Septum: pulsed, but slower than the kicker 
“Slow” extraction 
elements 

“Fast” kicker 
•  usually an impedance 

matched strip line, with 
or without ferrites 
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12 

Ø  Sometimes fixed target experiments want beam delivered slowly (difficult) 
Ø  To do this, we generate a harmonic resonance 

u  Usually sextupoles are used to create a 3rd order resonant instability 

 
 

Ø  Tune the instability so the escaping beam exactly fills the extraction gap between 
interceptions (3 times around for 3rd order) 
u  Minimum inefficiency ~(septum thickness)/(gap size) 
u  Use electrostatic septum made of a plane of wires. Typical parameters 

u  Septum thickness: .1 mm 
u  Gap: 10 mm 
u  Field: 80 kV 

 

particle flow 

Particles will flow out of the stable region along lines in 
phase space into an electrostatic extraction field, which will 
deflect them into an extraction Lambertson 

E
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Ø  Bunch/beam intensity are measured using 
inductive toriods 

Ø  Beam position is typically measured with beam 
position monitors (BPM’s), which measure the 
induced signal on a opposing pickups 

Ø  Longitudinal profiles can be measured by 
introducing a resistor to measure the induced 
image current on the beam pipe -> Resistive 
Wall Monitor (RWM) 
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Ø  Beam profiles in beam lines can be 
measured using secondary emission 
multiwires (MW’s) 

 

Ø  Can measure beam profiles in a 
circulating beam with a “flying wire 
scanner”, which quickly passes a wire 
through and measures signal vs time to 
get profile 

Ø  Non-destructive measurements include 
u  Ionization profile monitor (IPM): drift electrons or 

ions generated by beam passing through residual 
gas 

u  Synchrotron light 
u  Standard in electron machines 
u  Also works in LHC 
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Beam profiles in MiniBooNE beam line 

Flying wire signal in LHC 



Ø  The fractional tune is measured by Fourier 
Transforming signals from the BPM’s 
u  Sometimes need to excite beam with a kicker 

Ø  Beta functions can be measured by exciting 
the beam and looking at distortions 
u  Can use kicker or resonant (“AC”) dipole 

 

Ø  Can also measure the by 
functions indirectly by  
varying a quad and measuring  
the tune shift 
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crossing rate 



Ø  For equally intense Gaussian beams 

 

Ø  Using                                we have 

 
L = frev

1
4π

nbNb
2 γ
β *εN

R

RNfL b
2
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4πσ
=

Geometrical factor:  
    - crossing angle 
    - hourglass effect 

Particles in a bunch 

Transverse size (RMS) 

Collision frequency 

Revolution frequency 
Number of bunches Betatron function at 

collision point è 
want a small β*! 

Normalized emittance 
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prop. to energy  
σ 2 = β *N

βγ
≈ β *N

γ

Particles in bunch 

Record e+e- Luminosity (KEK-B):         2.11x1034 cm-2s-1  

Record p-pBar Luminosity (Tevatron):          4.06x1032 cm-2s-1  

Record Hadronic Luminosity (LHC):              7.0x1033 cm-2s-1 

LHC Design Luminosity:         1.00x1034 cm-2s-1 
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β(Δs) = β * + Δs2

β * →βmax ∝
1
β * è small β* means large β 

    (aperture) at focusing triplet 

s 

β



Ø  In general, synchrotrons scale all magnetic fields with the 
momentum, so the optics remain constant – with one exception. 

Ø  Recall that because of adiabatic damping, beam gets smaller as it 
accelerates. 

Ø  This means all apertures must be large enough to accommodate the 
injected beam. 
u  This a problem for the large β values in the final focus 

triplets 

Ø  For this reason, injection optics have a larger  
value of β*, and therefor a smaller value of β  
in the focusing triplets. 

Ø  After acceleration, beam is “squeezed” to a  
smaller β* for collision 
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σ x =

βxε

βγ
∝ 1

p
factor of ~4 for LHC 



Ø  Generally, beam lines or synchrotrons will have beam position 
monitors (BPM’s) and correction dipoles (trims) 

Ø  We would like to use the trims to cancel out the effect of beamline 
imperfectins, ie 

Ø  Can express this as a matrix and  
invert to solve with standard  
techniques 
u  If n=m, can just invert 
u  If n>m, can minimize RMS 

∑=Δ− jiji Ax θ
Cancel displacement at 

BPM i due to imperfections Setting of trim j 
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Ø  General procedure 
u Proceed one octant at a time, closing collimators at 

the next point. 

u Measure the deviations from an ideal orbit, and 
calculate corrections 

u Might need to iterate a few times 

Beam 1 direction 

New sector before 
correction 
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After correction 



Ø  As beams get more intense, machine protection becomes very 
important 
u Full LHC energy ~ 150 sticks of dynamite! 

Ø  Beam halo is generally cleaned up through multi-stage collimation 
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Ø  When a proton beam strikes a target, the energy of the 
beam goes into particle production. Charged particles 
include (in ~descending order of population) 
u π±: Most of the energy 
u K±: Charged particles containing a Strange quark 
u p: ordinary protons 
u e±: These mostly come from neutral pions that immediately decay 

to two photons. 
u Antiprotons: 
u Other strange “hyperons” 

Ø  When and electron beam strikes a target, it makes 
mostly photons and e±

u Positron production targets can be very efficient. 

Ø  Generally, we design secondary beam lines to maximize 
acceptance of the species of beam we’re looking for. 

USPAS, Ft. Collins, CO June 13-24, 2016 E. Prebys - Accelerator Fundamentals, Tricks of the Trade 23 



Ø  Electron neutrinos are generally produces in nuclear 
reactors.  High energy particle beams are used to 
produce primarily muon neutrinos in the reactions 

Ø  Select correct neutrino species by focusing correct pion 
species 
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π − →µ−νµ → (νµe
−νe )νµ

π + →µ+νµ → (νµe
+νe )νµ

Leading particles 



Ø  Neutrino horns work by producing an coaxial current so 
the correct sign pions are focused in both planes. 

Ø  This is then followed by a decay region to allow the 
pions to decay 
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Figure 13: Trajectory of a π+ and a π− through a single horn focusing element. An axially-
symmetric current sheet down the inner conducting shell produces a toroidal magnetic field
between the inner and outer conductors of the horn, providing a restoring force for one sign
of particles.

of the neck). Setting ∆θ = θout − θin = θout − r/ℓ, a point source located a distance ℓ = f
(focal length) upstream of the target is focused like a lens if θout = 0, or

f =
π

µ0aI
p. (12)

There are two differences with the conical horn: (1) the parabolic horn works for all angles
(within the limit of the small angle approximation), not just the “most likely angle” θin =
⟨pT ⟩/p, and (2) a single parabolic horn has a strong chromatic dependence (its focal length
depends directly on particle momentum p).

For the parabolic horn, the Coulomb scattering of particles through the horn conductors
does not degrade the focusing quality for any pion momentum: considering a parallel beam
incident on the horn, the spot size, S, at the focal point of the horn will be due to Coulomb
scattering in the horn material:

S = fθZ

where

θZ =
13.6 mrad

p

√

t

X0

is the typical scattering angle in the horn conductor, t the conductor thickness, and X0 the
conductor material radation length. Thus

S ∝
√

t

X0

1

aI

Thus, the quality of the focus is independent of the momentum, and improves with larger
horn current, thinner conductors, lighter-weight materials with longer radiation lengths X0,

21



    (not to scale!) 
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Ø  Neutrino horns operate in fierce radiation environments, 
and are pulsed with currents of several hundred kA. 

Ø  They require water cooling and sophisticated 
mechanical analyses. 
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Neutrino Horn Assembly at J-Parc 



Ø  Antiprotons are produced in very small numbers in 
proton collisions. 

Ø  In order to be useful, these must be captured and 
“cooled” (i.e. have their area in phase space reduced). 

Ø  Although high energy proton-antiproton colliders are a 
thing of the past (homework problem), anti-protons are 
still of great interest at low energy: 
u CERN LEAR facility 
u FAIR Facility in Germany. 
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•  120 GeV protons strike a target, producing many 
things, including antiprotons. 

•   a Lithium lens focuses these particles (a bit) 

•   a bend magnet selects the negative particles 
around 8 GeV.  Everything but antiprotons 
decays away. 

•   The antiproton ring consists of 2 parts  

– the Debuncher  
– the Accumulator. 
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Particles enter with a narrow time 
spread and broad energy spread. 

High (low) energy pbars take more 
(less)  to go around… 

…and the RF is phased so they are 
decelerated (accelerated), 

resulting in a narrow energy spread 
and broad time spread. 

At this point, the pBars are transferred to the accumulator, where 
they are “stacked” 
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Ø  Positrons will naturally “cool” (approach a small equilibrium 
emittance) via synchrotron radiation. 

Ø  Antiprotons must rely on active cooling to be useful in colliders. 
Ø  Principle: consider a single particle 

 which is off orbit.  We can detect  
its deviation at one point, and  
correct it at another: 

Ø  But wait! If we apply this technique 
to an ensemble of particles, won’t 
it just act on the centroid of the 
distribution? Yes, but… 

Ø  Stochastic cooling relies on “mixing”, the fact that particles of 
different momenta will slip in time and the sampled combinations 
will change. 

Ø  Statistically, the mean displacement will be dominated by the high 
amplitude particles and over time the distribution will cool. 

Ø  Simon Van der Meer won the Nobel Prize for this. 
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Electron cooling works by injecting “cold electrons” into a beam of negative 
ions (antiprotons or other) and cooling them through momentum exchange. 
 
Layout 

ion beam 

electron gun electron decelerator 
and collector 

 

B =  solenoidal guide field

Want 
 βelectrons = βions → pelectrons  pions
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5

The electrons act like a drag force on the ions.  At low velocity, the ionization 
loss varies as 
 
 
 
The velocity spread of the electrons is dominated by the energy distribution out 
of the cathode.  In the rest frame, motion is non-relativistic 

1
v*( )2 relative velocity 

K = 1
2
mc2( )β *2

Δβ * = 2ΔK
mc2

~ 1.4 ×10−3

Energy spread.  Typically ~.5 eV 



USPAS, Ft. Collins, CO June 13-24, 2016 E. Prebys - Accelerator Fundamentals, Tricks of the Trade 34 

One of the highest energy and most successful electron cooling systems was 
in the Fermilab “Recycler” – an 8 GeV permanent storage ring which was 
used to store anti-protons for use in the Tevatron collider. 

 
While all of the parameters listed in Table 1 are 

important for the electron cooling system, attaining three 
of them,  terminal voltage, beam current and the angular 
spread, concurrently presents a commissioning challenge.  
The “achieved” column in Table 1 represents the results 
attained at the R&D prototype system, which was 
decommissioned in June, 2004. 

The following technical issues have not been fully 
resolved with the prototype system: 

1. Reliability of operations at 4.3 MV. 
2. Quality of the cooling section magnetic field. 
3. High beam losses. 
4. Low-frequency electron beam motion. 
5. Equipment protection system.  

The following section will describe in detail how these 
issues were addressed prior to commissioning of the 
cooling system. 

COOLING SYSTEM LAYOUT 
Figures 2 and 3 show the Pelletron and the electron 

cooling system layout. 

 
Figure 2: Elevation view showing Pelletron, acceleration 
and deceleration beam lines, transfer lines passing 
through connecting enclosure to Recycler ring, and cross-
section of Main Injector tunnel which houses the Recycler 
ring. 

 
Figure 3:  Elevation view of Main Injector tunnel showing 
the 90°-bend system which injects the electron beam from 
the transfer line into the Recycler ring, cooling section of 
Recycler, 180°-bend system which extracts the electron 
beam from the Recycler, and the return line. 

Several modifications have been made to the electron 
cooling system as compared to the prototype. 
1. A sixth acceleration section has been added to the 

Pelletron (see Fig. 2).  This extension has allowed us 
to increase the stable operation voltage from 3.5 MV 
to the design value of 4.3 MV.  Our experience to date 

indicates that the Pelletron voltage performance at 4.3 
MV is similar or better than that of the prototype 
system with 5 sections at 3.5 MV. 

2. A new, fast gun shut-off system will soon be added to 
make the operations at 4.3 MV more stable. 

3. In order to improve the ultimate vacuum level of the 
acceleration/deceleration tubes, a “dead” section was 
added to the Pelletron extension to accommodate an 
additional ion pump.  This equipotential space has 
modified the beam transport optics but thus far has 
caused no problems with achieving stable DC beam 
currents. 

4. The beam line configuration under the Pelletron has 
been altered to accommodate both the “U”-shaped 
beam line used for commissioning in the recirculation 
experiment, and the vertical bend magnets used to 
transport the beam to the cooling section (see Fig. 2).  
This has greatly accelerated the commissioning 
process by allowing an easy switch over from one 
mode to the other. 

5. A vacuum protection system has been implemented 
using a series of fast-acting gate valves, cold-cathode 
gauges, and burst-discs.  This system is designed to 
protect the Recycler ring vacuum system in the event 
of a catastrophic failure of the vacuum system inside 
the Pelletron, which could potentially introduce 
pressurized sulfur hexafluoride gas into the vacuum 
system. 

6. A significant number of diagnostic devices has been 
added.  This includes the addition of a YAG crystal 
and OTR monitors throughout the beam lines, as well 
as the addition of a BPM and removable aperture 
between each of the ten cooling solenoids.  The BPMs 
in the cooling section are capable of monitoring the 
position of both the antiproton and the electron 
beams.  The position offset between the electron (32 
kHz) and the antiproton (89 kHz) modes is quite low, 
which allows the use of the antiproton beam as a 
reference line. 

7. The measured magnetic field quality of the cooling 
section solenoids is about a factor of two better as 
compared to the prototype system.  This was achieved 
by improving the magnetic measurement system. 

8. A 20-m long, 4-rod beam steering system has been 
installed in the cooling section to allow for the tilting 
of the entire electron trajectory. 

9. A beam-based procedure for adjusting the cooling 
section magnetic field quality has been developed. 

10. The electron cooling beam lines located in the Main 
Injector tunnel (Fig. 3) have been magnetically 
shielded to protect the electron beam from the fields 
imposed by the ramping of the Main Injector 
magnetic bus located in near proximity of the electron 
beamline.  Thus far, the electron beam shielding in the 
cooling section was verified to be effective, while the 
return beam line requires additional shielding.  

11. The equipment-protection permit system has been 
added and fully commissioned in a U-bend mode.  
This system is based on a multi-channel 1-kHz 

.5 A “u-beam” 

pelletron 

weakened region was located in the top half of the 
acceleration tubes (low kinetic energy). 

Then, besides high voltage events leading to beam 
interruptions, the question of the Pelletron energy stability 
(relative and absolute) arises. We found that the average 
energy of the electron beam drifts over long period of 
times (by up to 1-2 keV), which reduces greatly the 
cooling efficiency. In addition, it is sensitive to the 
Pelletron temperature and the energy changes at the rate 
of ~ -300 V/qC. This is mostly an issue at turn on since it 
takes 6-10 hours for the Pelletron to reach its equilibrium 
temperature. Figure 3 shows an example of the typical 
flattened antiproton longitudinal distribution measured 
with a Schottky pickup when the electron beam 
momentum is offset by some significant amount with 
respect to the antiproton momentum (left). For 
comparison, Figure 3 also shows the much sharper peak 
(right) that one obtains when the electron beam energy is 
close to being optimal. Although the antiproton 
momentum distribution is a good indication that the 
electron beam energy is not adequate a posteriori, it does 
not provide the magnitude and the sign of the mismatch. 

 
Figure 3: Antiproton longitudinal distributions measured 
with the 1.75 GHz Schottky detector. In both cases, the 
electron beam was on axis for ~2h at 100 mA. Bunch 
length = 6.1 Ps. Np = 200×1010 (left) and 280×1010 (right) 
particles. 

 
The absolute electron beam energy calibration is 

done using un-bunched antiprotons (no RF structure) and 
measuring its longitudinal Schottky distribution, for 
which the frequency of the peak with respect to the 
revolution frequency indicates the absolute momentum 
shift between the two beams. However, this method can 
only be used with a very low number of antiprotons in the 
ring (<20×1010) and does not allow for opportune checks. 
Instead, we are able to utilize the 180q bend magnet 
following the cooling section and a beam position monitor 
(BPM) just downstream (R01) as an energy analyzer. 
Again using antiprotons for calibration purposes, the 
absolute vertical (y) position is recorded, as well as the 
relative displacement of the beam as a function of the 
electron beam energy. Figure 4 shows the Pelletron’s high 
voltage read back and the corresponding beam 
displacement at R01 when a step function is applied. 
While the relative calibration (0.31 mm/kV) is very 

stable, the absolute position at R01 for a fixed energy 
does vary with time also and needs to be recalibrated with 
antiprotons ~once a month. This is because the position at 
the entrance of the bend is not exactly fixed due to 
upstream drifts (BPM electronics, power supplies 
stability, ground motion). 

 
Figure 4: Pelletron voltage (1-blue) and electron beam 
vertical (y) position at R01 (2-red) as function of time 
during a voltage jump. The corresponding calibration is 
0.31 mm/kV. 
 
The use of the beam position at R01 as a measure of the 
electron beam energy also revealed some limitations to 
the generator volt meter (GVM) that is used to regulate 
the Pelletron high voltage. Figure 5 shows the time 
evolution of the Pelletron voltage (average value being 
subtracted) as measured by the GVM, a capacitive pickup 
(CPO) and the displacement at R01. Both the CPO and 
the R01 BPM indicate a ~1 kV voltage drop of several 
seconds at t | 60 s, while the GVM remains unperturbed. 
This could be the result of micro-discharges with nano-
Amperes current flowing directly to the GVM plate and 
we are considering implementing a magnetic shielding of 
the GVM. Note that at this time, the CPO signals are not 
used for regulation of the high voltage. 

 
Figure 5: Relative (AC) Pelletron voltage as a function of 
time. Blue: GVM; Red circled: Capacitive pickup (CPO); 
Green triangles: position at R01. 
 

Because these drops in voltage are of short period of 
times, their impact on cooling is low. However, they can 
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