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1 Introduction

It is a common feature of secondary beams that their brilliance is much lower
than for primary beams. Resorting to cooling techniques is one way of in-
creasing the brilliance but another way consists of acting on the secondary
particles right at the time of their creation. This can be done for pion pro-
duction by pulsing a high intensity current through the target [1],[2],[3]. In
passive targets, the particles leaving the target follow straight lines and their
phase space portrait at the end of the target is a polygon, the butterfly, drawn
in Fig.1 where the gray area represents the contribution of the particles emit-
ted off-axis. The acceptance portrait of the downstream systems is an ellipse
which must be circumscribed to the polygon to capture all the particles. It is
then manifest that a substantial part of the ellipse does not contain any par-
ticle and that the phase space density, the brilliance, is poor. Improving the
brilliance means transforming the butterfly so that the pion portrait is better
fitted to the acceptance ellipse. When a current of uniform density circulates
through the target, the azimuthal magnetic field varies linearly with the radial
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Fig. 1. Trajectories of pions in a target of radius r (left) and associated portrait at
the end of the target (right).

position and focuses the pions. The trajectories are then sinusoidal curves and
the portrait as it will be shown can become an ellipse of smaller size than the
ellipse required for a passive target. It is this gain of brilliance which moti-
vates the development of current carrying targets. However, the technological
problems are very challenging and the experience with such devices is limited.
The technique followed for setting the parameters of a conducting target is
explained in Section 2. The pion portraits are compared for three types of
material in Section 3. Particle production is simulated in Section 4. The tech-
nological aspects are discussed in Section 5. Staged applications are outlined
in the conclusion.

2 Target parameters

To determine the target parameters, the energy loss is neglected and the cur-
rent density is supposed to be uniform. The field is then a linear function of
the transverse coordinate x and the equations of a trajectory and of its slope
for initial conditions zy and 2’y are

x = xgcos(v/Koz) + % sin(v/Koz)

' = —xov/Kysin(vKyz) + zf cos(v/ Kopz)

where the focusing strength K is related to the field gradient G, the momen-
tum py and the electric charge e through the expression

Ky = pioG.



The particle emitted at the origin (z = 0) performs over the length [ of the
target an oscillation characterized by the phase ¢:

» = VKol

and

Ko = (%)

At the end of the target, the portrait of the particles emitted from the axis is
an upright ellipse of semi-axes (2),1/¢ and (2'), when ¢ is at least equal to 7.
The area of the ellipse, the emittance, decreases with . This property reflects
the reduction of the radius and the constant collection angle. Assuming that
the reabsorbtion length of the pions is the same as the nuclear interaction
length A, the optimum length of the target is equal to A. The field gradient
G is thus only a function of ¢

G =)

The radius r of the target is taken equal to the amplitude of the particle
oscillation:

From Ampere’s law, it can be derived that field gradient and current density
are proportional:

G = i,

2
The current 55 is then given by the very simple expression

- B,
It is proportional to the momentum and to the square of the tangent of the
collection angle. The average power deposited in the target by an alternating
current is RTIQ. However, if the target is pulsed at a frequency f during a time
7 and assuming that the current variation during the pulse is sinusoidal, then
the expression of the power becomes:
P = %R[ 2fr.

From the experience obtained with the lithium lenses [7], the radius is chosen
equal to twice the skin depth
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The resistance R of the target is pA/S and the power can be re-written:

P= %MQAJ(‘IQ

Mercury | Beryllium | Lithium
Power [MW] 3.18 9.95 33.6
Temperature rise per pulse [K] 160 83 142
Field [T] 22.04 21.12 20.84
Intensity [MA] 2.49 2.49 2.49
Frequency [Hz| 50 50 50
Phase [r] L. 3. 10.
Pulse length [s] 0.264 4.68 3.3
Target length [m] 0.13 0.407 1.37
Target radius [m] 0.0226 0.0236 0.024

Table 1
Parameters of three types of conducting targets.

The power, like the current, is basically a function of the collection angle. The
method followed to derive the parameters consists of the following steps:

The total momentum and the maximum transverse momentum charac-
terize the reference particle and provide the current via the tangent of
the collection angle.

The phase of the oscillation described by the reference particle emitted
from the origin gives the field gradient and the current density.

Using current intensity and density, the radius of the target is deduced.

The surface field is the product of the gradient by the radius.

The interaction length gives the length of the target.

Current, repetition frequency and target length give the electrical power.
The pulse duration is calculated from the skin depth expression.

(1)
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A comparison between three target materials: lithium, beryllium and mercury
is shown in Table 1. The particle momentum and transverse momentum are
500 and 240 MeV /c respectively. The phase has been chosen so that the radius
and thus the beam emittance be roughly the same for the three targets.



3 Phase space portraits

All surviving particles lose their energy by ionizing the atoms of the target
material. A friction term is thus added to the restoring force exerted by the
magnetic field. The system of three first order ordinary differential equations
which governs the evolution of the particles concerns the transverse coordinate
x, the transverse momentum p, and the total energy E. The variation of the
position with the longitudinal coordinate z is given by

da:_p_m: Dz

dz . /B2 pg2-—m2’

The variation of the transverse momentum is

‘Z’J = —eGur.
Z

The energy loss occurs along the trajectory of the particle but is to be ex-
pressed as a function of the longitudinal coordinate z:

dE _ dEds

dz ~— ds dz
with
@ _p _ E2_m2
dz Pz o E2—p12—m2

and dE/ds, the Bethe-Bloch expression for ionization loss.

Once the parameters of a target have been set up, the particles can be tracked
within their full momentum range. The transverse momentum must be com-
patible with the total momentum and the collection angle :

Py = psin 6.

On the other hand, the radius r of the target and tan @ are such that

r = tanf /p
VEoV po’

By assuming that sin 6 is almost equal to tan 6, the scaling law for the trans-
verse momentum is then
Pt = Pto4/ p%-

Particles have been tracked in mercury, beryllium and lithium and their lon-
gitudinal and transverse portraits are shown in Fig.2. The colors characterize
the particle momentum which takes the values: 250, 300, 400, 500, 600 and 630
MeV/c. In the longitudinal phase space, the low momentum line lies in the
lower left corner and the high momentum one in the upper right corner. All
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Fig. 2. Longitudinal (upper row) and transverse (lower row) portraits for mercury
(left column), beryllium (middle column) and lithium (right column)

the particles are emitted from the axis of the target with a positive angle. The
reference particle has a 500 MeV/c momentum and a 240 MeV /c transverse
momentum. The cut in kinetic energy has been fixed at 100 - 300 MeV. The
maximum energy loss of a particle is 200 MeV for mercury and 185 MeV for
beryllium and lithium. The longitudinal diagrams can be interpreted as fol-
lows. A pion produced at high energy is counted if its energy at the end of the
target is smaller or equal to the maximum permitted energy; only the pions
emitted near the origin can satisfy that condition and they traverse the target
in a long time; this is why they are plotted in the upper right corner. The pion
pulse length and thus the longitudinal emittance increases with the length of
the target and exceeds the proton bunch length in the case of lithium. For
mercury, the low energy particles perform more than half a turn while the low
energy ones stay more in the first quadrant. The ellipse which encompasses all
the particles is no longer upright but tilted, a feature confirmed by the parti-
cle production code (Section 4). The transverse portraits reflect the number
of oscillations performed by the particle inside the target. The motion of the
proton may be severely altered in long targets especially at low energies. The
number of oscillations vary indeed like 1/,/p according to the expression of
the phase. Protons of 2.2 GeV kinetic energy perform 1.4 and 4.6 oscillations
in beryllium and lithium respectively in the case of positive pion production.
A drawback is the accumulation of deposited energy at the nodes of the oscil-
lation. Still more serious for light and long pulsed targets is the impossibility
of producing negative pions because the protons are too quickly defocused.

4 Particle production

The multiple Coulomb scattering and the energy spectrum of the pions are
ignored in the previous model. Therefore the pulsed target has been simulated
using the MARS [4] code. Its parameters are listed in Table 2 for the mercury



case. The pions are counted at the end of the target, within a radius of 2.26
cm. All the particles escaping from the side of the cylinder are considered as
lost. For comparison, the pion production in a target magnetized by a 20 T
solenoid is also simulated. In this case, the target is 30 cm long, its radius is
0.75 cm and the angle between target and field axes is 50 mrad. The proton
beam is collinear to the target. The solenoid is 30 cm long with an aperture of
7.5 cm. The field of 20 T is constant and no radial component is considered.
The particles are counted at the end of the solenoid within a radius of 7.5
cm. For both cases the proton beam energy is 2.2 GeV. The particles are
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Fig. 3. Transverse phase space for the conducting target (blue) and the target mag-
netized by a 20 T solenoid (red)

collected in the transverse plane x-x’ (Fig.3) within a physical emittace of
1.7 ¢m corresponding to five times the rms emittance. It is to be noted that
the physical acceptance of the first muon recirculator is 0.55 ¢m rad for an
average Gy = 2.7. Cooling is thus still required for this type of accelerator.
Moreover the particles are counted in the (300, 600) MeV interval of total
energy (Fig.4). This interval encloses the pion population that gives a muon in
the longitudinal acceptance of the phase rotation. From the comparison given
in Table 2, it turns out that, for the same total 6D emittance, the conducting
target produces more pions by a factor 1.4 within a four times smaller rms
emittance.
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Fig. 4. Total energy distribution without any particle selection (left) and with par-
ticle selected in a transverse physical emittance of 1.7 cm rad. The blue and red
curves apply to the conducting target and to the target magnetized by a 20 T
solenoid respectively.

no cut | p; cut | p; and energy cuts

Pulsed target 0.028 | 0.0267 0.014

Target magnetized by solenoid | 0.044 | 0.0205 0.0095

Table 2
Pion yield per proton.

5 Technological aspects

The technical problems are related to the energy deposited by the pulsed
current on one hand and by the beam on the other hand. Temperature rises
higher than 100 K per pulse present a severe load in any solid or even lig-
uid material. The material must be free to expand to prevent an excessive
pressure during the electrical heating. Moreover, electromagnetic forces exert
a radial compression of 160 MPa. The temperature rise and pressure induced
by the beam occur during the proton burst (3.3 ps) and are of the same order
of magnitude as those due to the electrical current. In addition to the con-
tainemnt of the forces, the power deposited both by the current and the beam,
in total 4 MW about, can only be handled by circulating the material rapidly
through a closed loop with an external heat exchanger. A full mechanical and
electrical design is far from completion. Nevertheless, preliminary experience
[5],[6] has been acquired at the time of the construction of p-p colliders but
the targets were not tested in the beam. In the same line of development, a 1
MA lithium lens has been succesfully used for beam collection [7]. Increasing
the current by a factor 2 does not seem to be out of reach. Of more concern is
the high repetition rate of 50 Hz. In the present study, the conducting medium
is the secondary of a pulse transformer. The robustness of the target would



be obtained by metallic beads [8] which would act as wave breakers to avoid
the destruction of the walls. The cooling would be done by circulating a lig-
uid metal such as mercury. Creating n target stations and recombining the
pion beams in a single transport line would reduce the repetition rate by n.
Lattices of alternating gradient lenses for four beams are presently studied for
this purpose.

6 Conclusion

For a conducting target, a heavy material such as mercury is preferable to
lighter materials because it can produce pion beams of both signs in a small
emittance with minimum electrical power. Conducting targets produce more
brilliant pion beams than targets magnetized by a high solenoidal field. The
quadrupolar field associated with a uniform current density re-distributes in-
deed the particles in phase space more efficiently than a constant solenoidal
field. The ultimate issue is technological. The example considered in this pa-
per is related to a special scenario of neutrino factory and may actually be
the ultimate step in the development of pulsed targets. Applications to other
pion beams as used for MINOS, CNGS, K2K or JHF will be reviewed and
prototypes could be tested for these experiments.
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