© 1991 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of this work in other works must be obtained from the |EEE.

Matching and Transport of Beams
in a Continuously Twisted Quadrupole Channel

Tiefenback, M. G., J. P. Lidestri, V. L. Bailey, Jr., and S. D. Putnam
Pulse Sciences, Inc., 600 McCormick St., San Leandro, CA 94577

Abstract

Twisted quadrupole (stellarator) focussing can reduce dis-
persion in the bends of a recirculating accelerator, such as
the Spiral Line Induction Accelerator[l] (SLIA) under de-
velopment at Pulse Sciences. Envelope oscillations caused
by guide field/stellarator transitions add free energy to the
beam which can couple into the beam emittance. This ef-
fect can be reduced by phase space matching of the beam
at the transitions. We present experimental results on the
coupled 4-D problem of envelope matching into a straight
helical quadrupole channel, compare these results against
envelope code predictions, and discuss expected benefits
from such matching in a few-turn accelerator system.

Introduction

Helical quadrupole focussing[2] was added by Roberson,
et al.[3], to the beam dynamics of a modified (toroidal
guide fleld) betatron, greatly enhancing the energy mis-
match tolerance over that of normal and modified beta-
trons. Putnam(l] adapted this focussing to an open-ended
spiral geometry for multiple passes of high-current beams
through common acceleration cavities, sidestepping closed-
orbit injection and extraction problems. For practical rea-
sons, quadrupole focussing is incorporated in the SLIA
only within the bends. The chromatically varying envelope
mismatch at uncompensated stellarator /guide field transi-
tions can significantly increase the time-integrated trans-
verse emittance of the beam. Envelope mismatches can
also drive local emittance growth[4,5]. Mismatch mode co-
herence can be lost if particle oscillation frequencies vary.
In the emittance-dominated limit the matched beam size
scales as the square root of the emittance, and a 10% ad-
ditional radial excursion of the beam can result in a 20%
increase in eflective emittance. Of particular concern is
the relative phase of successive mismatches.

Phase space structure

The evolution of real beams -an be modeled by the K-V
distribution[6], in which unrealistic z’-y’ correlations en-
force uniformity of the beam current density. Practical
beam matching involves providing the proper z-y profile
and z-z'/y-y' focussing for the beam emittance. Ana-
lytical twisted quadrupole equilibria[2], including a guide
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Figure 1: Matching transition between solenoid and stel-
larator focussing, a thin-lens existence proof.

Current: 10 kA Energy: 3 MeV
4e, RMS 158 ¢cm mrad B, 4666 G
Ryaist 0.5424 cm Zwaist -9.24 cm
Stel. pitch 31.42 cm Gradient 405.5 G/cm
Lens 1 (2,G,6) -5.245 cm 1683 G 29.5°
Lens 2 (2,G,8) 0 cm 10.52 G 45.0°

Table 1: Thin lens matching example parameters

field[7], exist as z-y coupled generalizations of the K-V
model. These equilibria are elliptical in real space and
have skew z-y'/y-z’ focussing[2] and an overall rotation
determined by the guide field and the total canonical an-
gular momentum of the beam. Chernin[8] derived moment
evolution equations for coupled z-y systems and provided
us with Fortran coding to integrate the equations. This
program was used to design a thin lens doublet to match
a round, field-free beam into a stellarator channel[9] (Fig-
ure 1), showing the feasibility of nonadiabatic stellarator
matching. The relevant parameters are shown in Table 1.
The stellarator mouth is at z=0 cm. Consider the inverse
problem of matching from a stellarator equilibrium into a
solenoid. Select a quadrupole lens strength and orienta-
tion near the mouth of the stellarator to force the beam
profile to be circular at some point in the following guide
field (for many equilibria, no lens is necessary). At the
point of roundness, place a thin quadrupole with strength
and orientation chosen to zero the skew correlations of the
beam and equalize the z-z'/y-y’ correlations. The radial
oscillations can be controlled by adjusting the B,(z) dis-
tribution. For thick lenses, the cyclotron motion becomes
important.

3195

PAC 1991



Experimental setup

The experimental geometry is linear, referenced to the
cathode at z=0 cm. Two-layer solenoid coils (average radii
of 3.82 cm and 4.47cm) span from 37.8 cm to 80.0 cm
for the transition section (central field 1216 G) and from
87.1 cm to 343.7 cm (central field 1476 G) for the stel-
larator section. Two loop coils of average radius 8.3 cm
are used to adjust the B,(z) distribution. One is centered
at 82.8 cm, with central field 876 G to compensate for the
solenoid interruption, and the other is centered at 49.3 cm,
with central field -516 G to adjust the input beam enve-
lope. Quadrupoles are centered at 64.3 cm (peak gradient
57.5 G/cm, focussing in a plane 48.2° clockwise from ver-
tical) and 75.3 cm (peak gradient 92.2 G/cm, focussing in
a plane 1.6° degrees clockwise from vertical), of effective
length ([ B'(z)dz/Blnay) 5.5 cm. A stellarator coil (right-
handed, average radius 5.24 ¢m and pitch length 62.8 cm)
spans 89.3 cm to 340.6 cm, oriented so that at its entrance
the beam is defocussed in the vertical plane. The input
beam passes through a waist of radius 4.7 mm at z=48.4
cm, at a guide field of 610 gauss. The beam energy is 800
keV, the current is 195 amperes, and the time-integrated
normalized emittance is measured to be approximately 31
7 ¢m mrad, using Cherenkov imaging of beamlets from a
pinhole array.

The long magnet is an analogue of the 0.8 meter major
radius stellarator bend currently in fabrication at Pulse
Sciences, Inc., for the proof of concept experiment. The
“straight bend” enabled meaningful physics measurements
in energy scaled experiments, and comparison of the beam
dynamics in a straight geometry with that in the bend
should aid us in understanding toroidal effects. The pa-
rameters of our beam were chosen to model the 5.0 MeV,
10 kA beam expected after the first induction stage of the
SLIA at Pulse Sciences. In the anticipated 10 kA system,
the space-charge term in the envelope equation is much
smaller than the emittance term (emittance proportional
to the square of the beam size). However, the emittance
is low ecncugh in these experiments that space-charge is
comparable in importance to the emittance.

Results

Our primary measurement technique is open-shutter pho-
tography of a Cherenkov convertor. A description is given
in the paper by Lidestri, et al. {10], at this conference. The
images are digitized with a high-resolution scanner, over a
range of film exposure calibrated against mini-Faraday cup
current density measurements for a dynamic range greater
than 10:1. The beam radii shown here are edge radii,
rather than RMS radii. We have placed a small-diameter
beam stop on the front surface of the Cherenkov convertor
near the center of the beam. An intensity contour is chosen
surrounding the stop, of the same diameter. The intensity
contour at the same level, surrounding the beam, is used
to define the beam size. This protocol, while well-defined,
does not yield the RMS beam profile. (We are currently
working on an RMS reduction of the beam parameters.)
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Figure 2: Beam envelope (experimental and calculated)
along the channel without matching elements.
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Figure 3: Beam envelope (experimental and calculated)
along the channel for the nominal matched configuration
of the text.

The matching fields were chosen using the measured edge
radii as estimates of the RMS beam radii, and require ex-
perimental tuning.

We measured the beam envelope for the nominally
matched configuration listed above, as well as for an un-
matched case with neither the discrete quadrupoles nor
the loop coil at 49.3 cm, and with a field strength in the
transition solenoid of 1515 G. The unmatched results are
shown in Fig. 2. The continuous lines show the calculated
envelope. The measured major radius is systematically
lower than the calculated value, which may be due to a
systematic deviation of our measured edge radius from the
RMS radius or to errors in the initial conditions used in
the envelope calculation. The calculated major radii fol-
low the pattern of the measured values, especially near
the entrance of the channel. Two frequencies are evident
at first, with the mismatch amplitude being dominated
by the lower frequency mode. The initial amplitude and
phase of the oscillations in the measured radii are very
similar to those of the calculation, but a frequency shift
and significant damping are evident downstream. The en-
velope model assumes a constant beam emittance, with no
damping or phase-mixing of the mismatch oscillation.

Detailed matching decreases the mismatch oscillation
amplitude, as shown in Fig. 3 (same scale as Fig. 2). The
remaining mismatch seems to be dominated by a high fre-
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Figure 4: Orientation of the beam profile relative to the
local stellarator frame.

quency mode, in contrast to the unmatched case. The
beam is relatively quiescent downstream, with a measured
major radius approximately 10% below the RMS radius
expected from the (well known) beam current. This indi-
cates that the edge radius we quote is probably systemati-
cally smaller than the true RMS radius, as noted above for
the mismatched beam. For both configurations, the beam
radii settle near the same values, dominated by the current
of the beam rather than the emittance.

The orientation of the envelope ellipse relative to the
local stellarator frame is shown in Figure 4, including the
calculated orientation of the envelope. The deviation from
the local twisted quadrupole frame is reduced significantly
by matching. The envelope damping is quite rapid, with
a scale length of on the order of 1 meter (5 cyclotron pe-
riods, 1.5 helix periods), and should be accompanied by
an increased emittance. However, our measurements of
the beam emittance at the exit of the long solenoid in the
two cases are not significantly different. This is probably
because our present optical diagnostic techniques do not
include low-level regions of phase space.

In a report on a series of measurements of mismatch-
driven emittance growth in a space-charge dominated
beam of heavy ions{5], the growth was due to the develop-
ment of a low-level halo of particles in phase space. Two-
slit. emittance measurements using direct electrical pickup
of the particles had a dynamic range of greater than 200:1.
The evolution of a matched beam was compared against
that of a beam with a large symmetric mismatch (z and
y oscillations in phase) and a beam with a large antysym-
metric mismatch (z and y out of phase). In the symmetric
case, only slight envelope damping was seen over ~ 6 zero-
current betatron oscillation periods, with no significant
growth in emittance. The antisymmetric mismatch was
strongly damped, on a scale length of less than 2.5 zero-
current betatron periods, and the RMS emittance grew by
a factor of approximately four. Most of the increase came
from regions of phase space with an intensity of less than
5% of the central peak. The peak phase space intensity
dropped by only 25% with respect to that of the other
beams. Such behavior would not have been resolved in
our measurements to date.

Conclusions

Qur present emittance measurements indicate that the
central phase space density of the beam is not greatly af-
fected by mismatches. However, the observed dispersion
of the mismatch oscillations is inconsistent with zero emit-
tance growth. As we improve our diagnostics, we should
be able to resolve this anomaly. The planned two-pass
SLIA system has six guide field /stellarator transitions. If
each uncompensated transition caused only a 10% increase
in the radial excursion of the beam, emittance growth to
three times the original emittance could result, depending
upon how thoroughly the mismatch were dissipated be-
tween transitions. Given the envelope damping results, it
seems prudent to maintain phase space matching to avoid
a large increase in the RMS emittance. Restoring the beam
to a circular cross-section for guide field transport between
stellarator bends also allows arbitrary choice of the phase
of subsequent stellarator fields. Because of the bend, this
phase is fixed when the magnet is fabricated.
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