
GENERATION AND DYNAMICS OF MAGNETIZED ELECTRON BEAMS
FOR HIGH-ENERGY ELECTRON COOLING ∗

P. Piot 1,2, Y.-E Sun3

1 Department of Physics, Northern Illinois University DeKalb, IL 60115, USA
2 Accelerator Physics Center, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

3 Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

Electron cooling of ion beams often requires the use
of magnetized electron beams. In this paper we present
an overview of the production and transport of magne-
tized and canonical-angular-momentum-dominated beams
focusing both on experimental and theoretical aspects. We
especially review past and planned experiments and dis-
cuss new ideas toward the formation and transport of high-
current magnetized electron beams.

INTRODUCTION

The electron-cooling technique was developed by Bud-
ker [1] and subsequently tested at the Institute for Nuclear
Physics (INP) in Novosibirsk, Russia [2, 3]. In this cooling
scheme, a friction force results from the relative motion of
ions immersed in an electron beam, which is co-moving
with the same average velocity as the ions. The energy
of the chaotic motion of the ions is transferred to the
cold electron gas. The cooling rate can be improved by
co-propagating the electron and ion beam inside a solenoid
field and provided the electron beam is “magnetized”. In
a magnetized state, the electrons trajectories follow small
helices around the magnetic field lines thereby increasing
the interaction time and improving the cooling efficiency.
The helices’ Larmor radius is ρ = mev⊥/(eB) where
v⊥ is the electron velocity perpendicular to the magnetic
field B, and me and e are respectively the electronic mass
and charge. The magnetized state is characterized by a
high ratio σ⊥/ρ � 1 where σ⊥ is the electron-beam rms
transverse size.

The low-energy electron coolers explored to date have
mostly used an electron accelerator fully imbedded in an
axial magnetic field; see [4]. More recently, the elec-
tron cooling of a H− beam in the RECYCLER storage ring
at the Fermilab’s TEVATRON complex was experimentally
demonstrated and requires a relativistic cooling electron
beam [5]. This led to the development of lumped optics:
first a magnetized beam is produced from a thermionic
cathode immersed in an axial magnetic field; then it is
transported in an asymmetric optical lattice; (3) finally it is
matched to a magnetized state into the long solenoid mag-
net composing the cooling section. Between the electron-
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source and cooling-section solenoids, the beam is not
magnetized but has a large canonical angular momentum
(CAM). A similar pproch is foreseen for future high-energy
electron cooler [6, 7, 8]. We henceforth refer to this type of
beams as “CAM-dominated beams” and view the magne-
tized state as a sub-class of CAM-dominated beams. Con-
sidering an axial magnetic field Bz(z), the canonical angu-
lar momentum of an electron, L, in circular cylindrical co-
ordinates (r, φ, z) is [9] L = γmr2φ̇+ 1

2eBz(z)r
2, where

γ is the Lorentz factor (here we take the beam to be rela-
tivistic so that a β ≡

√
1− γ−2 ' 1). and φ̇ ≡ dφ/dt. Av-

eraging the latter equation over the beam distribution gives
the average beam’s CAM

〈L〉 = 2γme〈r2φ̇〉+ eBzσ
2
⊥, (1)

where 〈...〉 stands for the statistical averaging over the
beam-density distribution. It is customary to introduce the
magnetization L ≡ 〈L〉/(2γmec). The envelope equation,
ignoring acceleration effects, is [9, 10]

σ′′⊥ + k2
l σ⊥ −

K

4σ⊥
− ε2

u + L2

σ3
⊥

= 0, (2)

where K ≡ 2I
I0γ3 is the generalized perveance, I and

I0 ∼ 17 kA are respectively the beam and Alfvén currents,
the Larmor’s wavenumber kl ≡ eBz

2γmec
accounts for the ex-

ternal focusing provided by a solenoidal lens, and εu is the
geometric emittance. For a beam born and propagating in
long uniform solenoid the envelope has an oscillatory en-
velope with mean value 〈σ⊥〉 = σ0 where σ0 is the initial
rms beam size.

TRANSPORT & MANIPULATION
Besides their intricate formation process, magnetized

beams have a very unusual beam dynamics due to the
strongly coupled dynamics between the two transverse de-
grees of freedom. It was recently pointed out that this type
of coupled beams could be elegantly described using the
concept of eigen-emittances [11, 12, 13]. Mathematically,
the transverse eigen-emittances are the eigenvalues of the
4 × 4 transverse beam matrix. Using this formalism, one
can show that the transverse eigen-emittances associated to
a CAM-dominated beam are unequal and can be catego-
rized into an angular γε+ and a cyclotron γε− emittances

(γε+, γε−) =

(
2γL, γε

2
u

2L

)
, (3)
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where γ is the Lorentz factor an γε±refer to normalized
emittances. In the “laboratory” frame, the conventional
transverse emittances are identical and given by γεx =
γεy = [(γεu)2 + (γL)2]1/2 as readily seen from Eq. 2.

Therefore the eigen-emittance concept provides a pow-
erful tool to optimize the beam dynamics in a photoinjec-
tor. We have recently used this concept to optimize the
generation of a CAM-dominated beam at the ASTA fa-
cility [14, 15, 16]. At ASTA, an RF gun electron source
was designed to enable the production of CAM-dominated
beams with large magnetization and low cyclotron emit-
tance; see Fig. 1.

Figure 1: Example of evolution of transverse σx,y and
longitudinal σz rms beam sizes (a), angular γε+ and cy-
clotron γε− emittances, horizontal γεx and vertical γεy
”laboratory-frame” emittances (here γεy = γεx), and and
four-dimensional emittance ε4d ≡ γ[det(Σ)]1/4 (b) along
the ASTA photoinjector. The bunch charge of Q = 3.2 nC
and achieved parameters are consistent with requirements
for high-energy electron coolers.

In an attempt to delineate CAM-dominated beam trans-
formations, we introduce the transverse trace-space coor-
dinates as X̃ ≡ (x, x′) and Ỹ ≡ (y, y′) where x and x′

are the position and divergence coordinates and ˜ is the
transpose operator. Following [17] we introduce the 2 × 2
correlation matrix such that Y = CX and extend its def-
inition to the statistical formalism as C ≡ 〈YX̃〉〈XX̃〉

−1

where 〈XX̃〉 and 〈YX̃〉 are 2 × 2 blocks of the 4 × 4
beam matrix Σ. The form of the correlation matrix is
constrained so that its elements are C2,1 = −(1 + a2)/b
where a ≡ C1,1 = −C2,2 and b ≡ C1,2 which insures
|C| = 1 [17]. The correlation matrix has very useful prop-
erties: for instance it transforms through system with trans-

fer matrix M =

(
H G
U V

)
as

C0 → C = (U + V C0)(H +GC0)−1. (4)

where C0 is the initial correlation matrix and H , G, U ,
and V are 2 × 2 matrices. For a skewed beam line with

unskewed transfer matrix
(
A 0
0 B

)
, upon rotation by

π/4 we have, for the skewed transfer matrix, H = V =
A+B

2 ≡ M+ and G = U = A−B
2 ≡ M−, and the correla-

tion matrix transforms as

C0 → C = (M− +M+C0)(M+ +M−C0)−1. (5)

The latter equation indicates that the beam can be decor-
related (C = 0) when M− + M+C0 = 0 is fulfilled; see
[18, 19, 20]. This removal of angular momentum is real-
ized by the mean of a skew-quadrupole section [21, 22]. In
the process of this “round-to-flat-beam (RTFB)” transfor-
mation the eigen-emittances are mapped into conventional
emittances so that the final (flat) beam emittance partition is
(εx, εy) = (ε−, ε+). This RFBT manipulation was exper-
imentally pioneered at Fermilab where a transverse emit-
tance ratio % ≡ εx/εy ∼ 100 was obtained [23].

CAM-DOMINATED-BEAM FORMATION
Typically, the formation of the required CAM-

dominated beam is accomplished by immersing the
cathode in an axial magnetic field; see Fig. 2. An emitted
electron is thereby emitted in presence of an azimuthal
vector potential Aθ,0 = r/2Bz,0 [where the subscript 0
indicates that the quantities are evaluated at the photocath-
ode surface (taken to be at z = 0)] and has a canonical
angular momentum Pθ = rAθ. As the beam is transported
into a magnetic-field-free region, the CAM is converted
into kinetic angular momentum pθ in virtue of the CAM
conservation (since Pθ ≡ rAθ + pθ is conserved for
cylindrical-symmetric systems). The acquired angular

Figure 2: Overview of the CAM-dominated beam forma-
tion process in a photoinjector; see text for details. The red
(Bz and blue Ez traces on the left schematics respectively
represent the magnetic field applied by the slenoidal lenses
and the axial field produced by the rf gun.

momentum L ≡ r × P is L = rPθ (where L = L.ẑ)
Given the rms size of the cylindrical-symmetric emission
area σc, we have 〈L〉 = eBz,0σ

2
c . The production of

CAM-dominated beams is based on this process and was
implemented in conventional electron coolers utilizing,
e.g., DC thermionic sources; see Ref. [5]. The technique
was also applied to the case of a photoemission electron
source employing an RF gun [the experimental setup
appears in Fig. 2 (left) and the experimental results can be
found in [24]]. One advantage pertaining to the use of a



photoemission source stems from the ability to tune the
emission source size (to control L) and tailor the beam’s
transverse distribution using laser-shaping techniques to
possibly optimize the cooling process as suggested in [25].

One of the most challenging aspects pertains to the pro-
duction of high-current CAM-dominated beams suitable
for further acceleration in a superconducting RF (SCRF)
linac. A possible approach consists of using a DC elec-
tron source followed by a pre-acceleration section with ap-
propriate chopper and buncher cavities. This technique
is conventionally employed in high-current electron in-
jectors [26]. Though robust, this scheme does not pro-
vide much flexibility and adds intricate longitudinal-phase-
space (LPS) manipulations at low energies that might im-
pact the preservation of the CAM.

A conventional normal-conducting (NC) RF gun oper-
ating at GHz frequencies would only allow for pulsed op-
erations. The operation of conventional (n + 1/2 cells)
guns with high-duty cycle is commonly achieved by go-
ing to low frequency [27]. However, none of these con-
ventional NCRF guns have been operated in CW mode
to date. CW operation (with, e.g., ∼ 30-MHz repetition
rates needed the MEIC s high-energy electron cooling)
would either require the use of a SCRF gun [28, 29, 30],
or a low-frequency quarter-wave normal-conducting very-
high-frequency (VHF) gun [31]. For both types of RF
guns, the inclusion of a solenoid lens needed to the pro-
duction of a magnetized beam appears challenging. In
the case of the superconducting gun, a (possibly super-
conducting) solenoid magnet would have to include a flux
concentrator to insure only the cathode experiences an ax-
ial magnetic fields and the background fields seen by the
superconducting-cavity walls are below the critical field.
Lower magnetic fields on the cathode can in principle be
compensated by an increase in the emission-source size but
at the expense of larger cyclotron emittances.

An alternative approach that could circumvent the use
of an axial magnetic on the cathode relies on the use of
a flat-to-round-beam (FRBT) transformation – the reverse
of the RFTB transformation described above. Here we
note that this transformation can in principle be reversed
and an uncoupled beam with initial asymmetric transverse-
emittance partition (γεx, γεy) can be transformed into a
CAM-dominated beam. In this process the final magne-
tization and cyclotron emittance are respectively given by
γL = γ

εx−εy
2 , and γε− = γ

√
L2 + εxεy − γL assum-

ing εx � εy . Therefore, a configuration utilizing a SCRF
or VHF gun where an asymmetric cathode, e.g. a pho-
tocathode illuminated by a ribbon laser spot, could pro-
duce a beam with high transverse emittance ratios. The
asymmetric-emittance beam would then be transformed
downstream of the gun using a skew-quadrupole channel.
This technique would circumvent the use of a solenoid
field within the gun and could prove simpler than incor-
porating a small solenoid to magnetize the bunch as it is
emitted in either the SCRF or VHF-gun designs. It is

worth mentioning that the design of such an asymmetric-
emittance electron source was considered in the context
of e+/e− linear-collider designs and an emittance parti-
tion (γεx, γεy) ' (29, 0.5) µm was simulated for a 4.8-nC
bunch [32].

Lastly, we note that the formation CAM-dominated elec-
tron beam via photoemission excited by a laser with sig-
nificant orbital-angular momentum (OAM) is also possible
and could in principle mitigate the need for of a magnetic
field on the cathode. Laser pulses carrying a large OAM (or
“twisted laser”) are an active field of research [33, 34]. The
angular momentum is L = imh̄ [35] (where m is an inte-
ger) and values up to m ∼ 1, 000 have been realized [36].
Such a value remains quite small compared to the angular
momentum typically attained using the magnetized-beam
technique: for the experimental results reported in [24],
we have 〈L〉 ∈ [10, 100] eV.s which correspond to 〈L〉 ∼
107h̄. Therefore producing laser beams with adequately
high OAM remains to be addressed.

TRANSVERSE DYNAMICS & MATCHING
Several cooling configurations employing magnetized

beam have been proposed. Here we first discuss the case
were a magnetized round beam is used in the cooling sec-
tion. In such a case, given the cooling-section fieldBzs (as-
sumed to be uniform) and the value of the field on the cath-
ode the conservation of the magnetic flux ΦM ≡

∮
BdS

implies the beam size in the cooling section σ2
s is the re-

lated to the size of the emission source via Bz,0σ
2
c =

Bz,sσ
2
s . Therefore the cathode-to-cooling section trans-

verse transformation in the four-dimensional trace space
(X̃, Ỹ) can be described by a transfer matrix of the form

T =

(
R 0
0 R

)
, with R =

(
ζ 0
0 ζ−1

)
, (6)

where ζ ≡
√
Bz,0/Bz,s is the magnification. Although the

global transfer matrix is cylindrical symmetric, the lattice
can be made of asymmetrically-focusing magnets [19].

Figure 3: Block diagram (middle boxes) of possible trans-
verse (upper plots) and longitudinal (lower plots) phase
space manipulations required in a high-energy electron
cooler.

A recent development in the context of the MEIC project
concerns the use of a magnetized flat electron beams in the
cooling section matched to the asymmetric shape of the



ion beams [7]. Such flat magnetized beam could be pro-
duced in a similar fashion as the one described above for
round beams. One added complexity is that the angular
momentum is not conserved for non axisymmetric beams
and proper transverse transformations would have to be ap-
plied to recover the desired CAM prior to injection in the
cooling section.

Depending on the symmetry of the applied external
fields (sometime time-dependent), the CAM-dominated
beam might need to be first transformed into a flat beam
using a ”mode converter” (RFBT) discussed earlier; see
Fig. 3 (top diagrams). This type of transformation to
uncoupled beams are needed prior to the longitudinal-
phase-space (LPS) manipulations to avoid the introduction
of time-dependent variation in the slice correlation matrix
within a bunch.

Finally, the beam dynamics during the beam production
and low-energy transport require detailed exploration to
mitigate emittance dilution as attempted in Fig. 1 and in
earlier work [37]. A generalized theory of emittance com-
pensation for magnetized beam in RF photo injector was
recently been formulated [38] and could provide guidance.

LONGITUDINAL DYNAMICS

High-energy coolers supporting the production of
high-average-current beams necessitate the use of super-
conducting radio frequency (SCRF) linacs. Typical LPS
requirements include bunch length matching the ion-beam
length of a few cm and fractional momentum spread of
1-5 % [7, 8]. These longitudinal requirements together
with the need for energy recovery require the use of
intricate LPS manipulations illustrated in Fig. 3 (bottom
diagrams).

The LPS (z, δ) gymnastics starts with the production of
a bunched beam in the RF gun. The bunch length before
the beam enters in the SCRF linac should be σz,inj �
λrf/(2π) where λrf is the linac operating wavelength. The
beam acceleration occurs off crest so to impart a chirp C
along the bunch. A dispersive section (debuncher) with
longitudinal dispersion R56 elongates the bunch so that its
final length σz,f = σz,inj(1 + R56C) matches the ion-
bunch length σz,ion. Finally, an accelerating-mode cav-
ity operated at zero crossing removes the final correlated
energy spread. Assuming conservation of the longitudinal
emittance, the final uncorrelated fractional energy spread
is σδ,f ' σz,injσδ,inj/σz,f . For an L-band photoinjector
one typically has σ∆E,inj ' 3 keV for a 1-nC bunch with
σz,inj ' 1 mm [39] resulting in a final fractional momen-
tum spread of σδ,f ≤ 10−5 at 50 MeV. In practice nonlin-
earities associated to the manipulations of the long electron
bunch might limit the minimum achievable energy spread
and would have to be corrected.
The described LPS staged manipulation does not present
significant challenges in itself: very similar schemes have

been implemented in, e.g., energy-recovery linacs used
to drive high-power free-electron lasers [40, 41]. But
the combination of these LPS manipulations with highly-
coupled beams and their ability to preserve correlations in
a CAM-dominated beams remained to be experimentally
and numerically investigated.

EXPERIMENTAL OPPORTUNITIES AT
THE FERMILAB’S ASTA FACILITY

Further experiment on CAM-dominated beam genera-
tion are planned in the photoinjector of the Fermilab’s
Advanced Superconducting Test Accelerator (ASTA) [14].
The photoinjector was designed to enable the production
of beams with large CAM by incorporating a large buck-
ing solenoid. The injector has all the ingredient to form
and characterize CAM-dominated beam and explore their
conversion to flat beam and their longitudinal manipulation
using a dispersive section that can act as a decompressor;
see Fig. 4. Although the SCRF linac (CAV1 and CAV2 in
Fig. 4) operate at a higher frequency (1.3 GHz) than the
contemplated frequency of the high-energy electron cooler
SCRF linac (most probably around 200 MHz), we expect
the single-bunch beam parameters to be consistent with the
ones required for high-energy electron cooling. The semi-
conductor cathode used at ASTA (Cs2Te) has demonstrated
charges in excess of 10 nC. We anticipate a first set of ex-
periment to focus on the transport of high-charge CAM-
dominated beams and their possible transformation into a
flat beam as would be needed, e.g., prior to the high-energy
cooler debuncher. Previous CAM-dominated beam forma-
tion performed at Fermilab’s A0 facility were limited to
low charge (the RFBT was studied at 0.5 nC only) due to
the limited energy (∼ 15 MeV).

Figure 4: Overview of the ASTA photoinjector. The leg-
end is as follows ”L1” and ”L2” are solenoids, ”CAV1”,
”CAV2” and ”CAV39” are SRF accelerating cavities,
”RFTB” (reps. ”FRBT”) is the round-to-flat (resp. flat-
to-round) beam transformer, ”BC1” is a magnetic bunch-
compressor chicane.

A foreseen experiment includes the measurement of the
eigen-emittances that can in principle be done by further-
ing the technique developed in Ref. [24] to measure the
kinetic angular momentum. Such a measurements per-
formed for different bunch charges together with the mea-
surement of the magnetization would provide insights on



ways to optimize the injector settings. For instance, ex-
ploring the evolution of the cyclotron. Furthermore, ex-
ploring the conversion of the CAM-dominated beams into
flat beams using the RFBT available at ASTA as function
of bunch charges, correlated energy spread (imparted by
CAV2), and beam energy would provide relevant data that
could guide some design consideration for the high-energy
electron cooler. For instance the study might provide input
to select the possible location of the RFBT necessary prior
to the debunching process. Finally, attempting the trans-
port of CAM-dominated or flat beam through the BC1 dis-
persive section to decompress the beam could shed some
light on the decompression process and its limitations. A
possible study involves the measurement of the the final
beam parameters as a function of the decompression fac-
tor. In addition to measuring the beam emittance, several
bunch length diagnostics are available at ASTA including a
Martin-Pupplet interferometer [42] (for bunch length in the
picosecond regime) and an optical streak camera [43] (ca-
pable of measuring much longer bunch lengths up to sev-
eral centimeters).

CONCLUDING REMARKS
We have summarized some of the challenges associ-

ated to the formation and transport of CAM dominated
electron beams needed for high-energy electron coolers.
Single bunch parameters consistent with, e.g., MEIC
requirements (for a charge Q ' 2 nC) appear within
reach using a photoinjector configuration [24]. The major
challenge pertains to the needed high-current. Although
the demand on average current has been substantially
decreased to 〈I〉 ≤ 50 mA (by incorporating a ”circulator
cooler ring” [6] to stack electron bunches and match
the ion-beam repetition rate [7]), significant technical
developments are needed. In addition understanding the
interplay between the required LPS manipulations and
the preservation of transverse correlations is critical to
producing high-magnetization, low-cyclotron-emittance
beams in the cooling section. Experimental tests to
address some of these beam-dynamics issues are planned
at Fermilab’s ASTA facility.
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