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Longitudinal current losses in rf linear accelerators
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The effective longitudinal focusing force of the radio-frequelidy field in an rf linear acceleratgtinac)
allows for the loss of particles due to the natural tail on the thermal equilibrium distribution. Equations are
derived and numerical results are presented for the resulting fractional loss rate of particles from the rf bucket.
This loss rate represents the best possible case. Existing accelerators have beams that are not in thermal
equilibrium. Equipartitioning, mismatch, and phase oscillations, effects that are not treated here, can lead to
emittance growth, the formation of nonthermal tailshalog, and greater particle losses.
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I. INTRODUCTION rate from the thermal equilibrium distribution.
The bunched beams in existing linear accelerators are

Radio-frequency(rf) linear accelerators for applications generally not in thermal equilibrium. The ratio of the trans-
such as heavy ion inertial fusion, high energy colliders, tri-verse to longitudinal focusing force constants is increased as
tium production, and the transmutation of radioactive nucleathe beam propagates along the channel in order to reduce
waste require beam currents that are high enough that spaceurrent losses in the transverse direction, and as a result the
charge forces play a significant role in the beam evolutiorfransverse and longitudinal temperatures are not equal. The
and equilibrium properties. Nonlinear or oscillating space-relaxation of an anisotropic temperature leads to emittance
charge forces have been shown to result in tails or halos ogirowth [8] and the formation of nonthermal taifealog on
the transverse particle distributiqd—4]. At high enough the distribution, which can lead to further particle losses in
energies, particle losses into the conducting channel caboth the transverse and longitudinal directions. The particle
cause radioactivity, inhibiting routine maintenance. Fracloss rates that are found here represent a best-case scenario,
tional particle losses as small as fOper meter have been in which each bunch is in thermal equilibrium in the external
predicted to cause radioactivity in the accelerators propose@cusing field, and is free from oscillations in the phase and
for radioactive waste transmutati¢f]. The formation and in the bunch length. An accelerator with a bunched beam that
existence of transverse halps—3] and transverse thermal is maintained near thermal equilibrium has recently been
tails [4] in high-current beams have been studied in order tgroposed?9].
predict the particle losses resulting from nonlinear forces and
from oscillations due to mismatch in the transverse direction. Il. THERMAL EQUILIBRIUM
Here we consider particle losses in the longitudinal direction . . . -
in an rf field, which can also lead to current losses into the The thermal equilibrium line charge density with linear
conducting channel in high-current linacs. external focusing forces has a parabolic shape at zero tem-

The effective external focusing field of an rf acceleratmgperature’ and a Gaussian shape in the limit of h_|gh tempera-
and focusing wave is nonlinear and drops off after a certaiffure- For finite, nonzero temperatures the shape is determined
distance in the trailing end of each bur{&]. Particles mov- numerically by combining the Boltzmann relation with the
ing backward from the trailing end of a bunch can leak out ofPO'SSOn equation,

the region of phase in the rf wave in which the bunch can be [ ) (0]
contained(the rf bucket, and due to coupling between the V2, (r)— _ —n(r)— _ 8 n(O)eXp( _a é( ¢ )
longitudinal and transverse forces, they can then become lost €0 kgT

into the conducting channel. A bunch with an anisotropic (1)

temperature or a nonequilibrium density profile will relax i o L - .
toward a thermal equilibrium distribution, which has a natu-Where¢s is the self-potential including imagesjs position,
ral tail in the longitudinal direction. This tail will lead to the 9 iS the particle charges, is the permittivity of free space,
loss of particles from the rf bucket. Thermal equilibria have#(r) is the total potentiaiself and external focusingkg is
been found previously for a bunched beam with linear exterBoltzmann’s constant, antl is the temperature.

nal focusing force$4,7]. The method used in Rd#] is used The effective external focusing potential on the axis in the
in Sec. Il with the inclusion of nonlinearities in the focusing rf field in cylindrical coordinatesr(z) is [6]
in the rf bucket. In Sec. Ill, equations are derived and nu-

merical results are presented for the fractional current loss

sin

Enwo w2 .
pe(r=0,2)=— oo~ U_o) —sin(¢o)
I
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FIG. 1. The rf electric fielda) and the effective focusing poten- 0.00 1‘00 ’ 050 000 0.50
tial on the axis of the rf fieldb) for ¢o,=—40°. - e zo, /Y, )
whereE, is the peak rf electric fieldy is the frequency of FIG. 2. Normalized line charge density profiles with a synchro-

the rf field, v is the beam velocitythe velocity of the syn-  nous phase op,= —40° and a phase half-width dfp,,=40°. The
chronous particle in the lab frafeand ¢ is the synchro- profiles from 1 through 5 correspond to longitudinal space charge
nous phase. When the bunch size is much smaller than the wine depressions of 0.95, 0.8, 0.65, 0.5, and 0.3, respectively. The
bucket, this is approximately a quadratic potential with aaspect ratio in the beam frame j§z,/r ,=5.

linear focusing force, centered at 0. The rf electric field

and the effective focusing potential on the axis are shown i'?najority of the beam is contained within the region

Fig. 1 for a_synchronous ph_ase_tpf)= —40°. A more de? Z>vo¢ol wy, for which the transverse component of the rf
tailed description of the longitudinal focusing and a derlva-field provides a defocusing force

tion of Eq. (2) can be found in Ref6]. For the bunch to be Figure 2 shows a set of thermal equilibrium line charge

close to equilibrium with an external focusing potential that - : ) N
o ; . —density profiles with a synchronous phasepgt= —40° and
allows some current to be lost, it is assumed that in the time ) . :
phase half-width ol ¢,,=40°. These profiles were found

scales of interest the fractional particle loss is small enougfé)l N ) hod with simul | ad
that the equilibrium of the remaining particles is not signifi- y Newton’s method with simultaneous overrelaxafiaa],

cantly affected by the losses. as was done in Ref4]. Line charge densities are in units of
An approximation for the rf focusing field off the axis is PLo. the line charge density at the center of the equivalent
found by transforming the potential of E®) into the beam parabola, which is defined to have the same root-mean-
frame, expanding in even powers pfand solving for the —square(rms) value forz, the same number of particles, and
coefficients from Laplace’s equatiofi0]. The result de- the same synchronous phase. The temperature of each profile
scribes the rf focusing in the beam frame, in which the rfis defined by the longitudinal space charge tune depression,
field has no magnetic component. In the laboratory frame th&z/Kz0, which is calculated from the envelope equatj®m
rf field has a magnetic component that results in a transverde: andk;o are, respectively, the longitudinal focusing wave
force; this force, however, can be included in an effectiveconstants with and without space charge; a tune depression
electrostatic potential in the laboratory frame provided tha©f zero corresponds to zero temperature and a tune depres-
the particle velocities are nonrelativistic in the beam frame.sion of one corresponds to the high temperature l(imetg-
Magnetic lenses(solenoids or quadrupolesprovide a ligible space charge forces
transverse external focusing force that is approximated as The amplitude of the external focusing for the profiles
continuous along the channghdependent of) and linear shown in Fig. 2 is adjusted in each case in order to keep the

in radius in cylindrical coordinates. The potential for this 'ms value forz constant for profiles with different tempera-
force is written asp, o= 2yomuv2k3,r2q, wherem is the par-  tures. The phase half-width is defined as the phase half-width

ticle mass,yo=(1—v2/c?) 2 is the relativistic factorg is of the equivalent parabolic line charge profile. The aspect

the speed of light, ané,, is the transverse focusing wave 'atio in the beam framey(zn/ry) is S for the profiles of

constant. The resulting effective electrostatic potential in thd19- 2; YoZm @ndr , are, respectively, the half-lengt the
laboratory frame is beam framg and peak radius of the equivalent uniform el-

lipsoid [4]. The profiles of Fig. 2 are similar to those with

Envo 0z linear focusing[4,7], except for the asymmetry due to the
be(r,2)~ L yomuk2r2q+ T sin( ©o— ;) —sin(¢g) extension of the bunch into the nonlinear regions of the ef-
@rf Yo fective rf focusing field. The profiles drop off more slowly in
O E the backward direction, where current losses occur. Figure 3
rf mUo . wZ . ; - .
+ U—cos( ©o) |+ " sm( P07 ) shows the density profile for a bunch with an aspect ratio of
0 if

YoZm!T m= 2, a synchronous phase gf= — 30° and a phase
1o \? 1[ox\* 1 [w4)\® half-width of A ¢,,=20°. The longitudinal space charge tune
X Z( - ) +a< - ) + 2304( » ) ) depression ik, /k,,=0.4 and the transverse space charge
Yobo Yovo Yovo tune depression ik, /k.,=0.48. The radius is in units of
®) rm, the longitudinal distance is in units af,, and the den-
in which the expansion im for the rf field is taken up to sity is in units ofng, the density of the equivalent uniform
sixth order. Since the synchronous phasgis negative, the ellipsoid.
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FIG. 3. Density as a function of position in cylindrical coordi-
nates, withpy=—30°, Ag,,=20°, y9Z, /I v=2, andk,/k,,=0.4. 20 Lt
0.20 0.40 0.60 0.80 1.00
Ill. CURRENT LOSSES FROM THERMAL EQUILIBRIUM ki ky

The loss of particles occurs at the local maximum in the £y 4. Normalized line charge density at the longitudinal posi-
total potential, which is slightly closer to the synchronousion where losses occur v /k,o, for go=—40° andA ¢,,=40°,
phase than the local maximum in the effective focusing pogp°, and 20° (curves 1, 2, and 4, respectivglyand for
tential in Fig. 1. The fractional particle loss per meter alonga ¢ =20° andg,= —30° (curve 3. The aspect ratio in the beam
the channel is found from the flux of particles due to thermakrame isyyz,,/r = 2.
motion across this boundary. This flux is proportional to the
line charge density, which is determined numerically fromsmaller aspect ratios have more significant nonlinearities re-
the thermal equilibrium profiles. sulting from the rf field, and slightly higher loss rates with

The flux of particles with density, and longitudinal ve- the samek,/k,q. Figure 5 shows the normalized line charge
locity distribution f(v|) across a perpendicular boundary in density as a function ok,/k,, for a synchronous phase of
the beam frame is ¢@o= —40°, a phase half-width ok ¢,,,=30°, and aspect ra-

tios of 2, 5, and 1Qlines 1, 2, and 3, respectively
" As an example, consider the equipartitioned rf proton
o= fo Mooy f(v))doy @ Jinac from Ref.[9], which has a frequency ab;=5x 10°
s~ and a peak rf electric field of 3:210° V/m in the high
With a Maxwellian velocity distribution with temperature energy structure, particle mass of 1670 2’ kg and a
T, in the beam fram¢12], the number of particles per unit charge of 1.& 10 1° C. The velocity varies from 6410
time crossing the boundary in the beam frame ism/s(at22 MeV withy,~1.02) to 2.6 10° m/sat 938 MeV
[pLo(zi)/a](kgTp/277m) Y2, in which p,(z,) is the line  with y,=2). The normalized rms longitudinal emittance is
charge density in the beam frame at the boundary where th&37x10°® mrad; y,z is 8.7<10°% m at 22 MeV and
total electric field is zerop, (z) is the same quantity in the 3.5x10 3 m at 938 MeV. Usingp,= —40°, values for the
laboratory frame, which is related to the beam frame linenormalized line charge density are obtained from Fig. 4. At
charge density by, ,=p, /y,. The resulting fractional loss low energy(22 MeV) A ¢,=20°; with k,/k,,=0.95(a high
per unit distance along the channel in the laboratory frame itemperaturg Fig. 4 gives a value for the normalized line
charge density of about 10, resulting in fractional particle
Cpuz) | kT M2 g  losses of about B 10~ %/m along the channel if the beam is
~ gNuvg | 2mygm/ ® perfectly matched and free of oscillations about the synchro-
nous phase.

This can be rewritten as

. 3 pL(z)) €nz 1
Lol 5 iz

wheree,,=z(y3kgT/mc?) Y2 is the rms normalized longitu-
dinal emittance[6], z is the rms value forz, and
Bo=volC. p (7)) pLo, the normalized line charge density at
the longitudinal position where the total electric field is zero,
is determined numerically for each profile. Figure 4 shows
the normalized line charge density at as a function of
k,/k,o for a synchronous phase af,=—40° and phase
half-widths of A ¢,,=20°, 30°, and 40%lines 1, 2, and 4, I S I N
respectively and for a synchronous phase gf= —30° and 020 040 k3’6?0 080 100
phase half-width ofA ¢,,=20° (line 3).

The profiles in Fig. 4 all have an aspect ratio in the beam F|G. 5. Normalized line charge density v&,/k,, for
frame of ygz,/rn,=2 and a pipe radius ofb=3r,,  ¢,=-30° andA¢,,=20° with aspect ratios ofyzy,/rm=2, 5,
=3(9)Y% (r is the rms radius In general, bunches with and 10(curves 1, 2, and 3, respectivily

log 10[ PL(z1) /P Lo]

-16
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IV. CONCLUSION particles from the rf bucket due to thermal motion in the
A mechanism has been described by which current can bnatural tail in the equilibrium distribution. These loss rates

lost due to thermal motion during the acceleration and Ion—gre of fundamental importance for rf linacs because they rep-

gitudinal focusing of bunched beams in If linacs. Thermalresent the best possible case. Effects such as equipartitioning

equilibrium density profiles have been found for a buncheaand mismatch and phase oscillations, which are not included

beam focused by the nonlinear forces of the rf bucket in an i this paper, can lead to emittance growth, the formation of

linac, and by the linear transverse focusing of magnetic Sor_lonthermal tailghalos, and greater particle losses.

lenoid or quadrupole lenses. Equations have been derived This research was supported by the U.S. Department of
and numerical results presented for the fractional loss rate dEnergy.
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