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The Wire Transport Code was developed to study the dynamics of 
relativistic-electron-beam propagation in a transport tube in which a wire-
conditioning zone is present,' In order for the beam to propagate 
successfully in the transport section it must be matched onto the wire by 
focusing elements. The beam must then be controlled by strong lenses as it 
exits the wire zone. The wire transport code was developed to model this 
process in substantial detail. It is able to treat axially symmetric problems 
as well as those in which the beam is transversely displaced from the axis of 
the transport tube. The focusing effects of foils and various beamline lenses 
dre included in the calculations. 

The Physics of Hire Propagation 
The wire conditioning zone consists of a highly resistive wire suspended 

along the axis of a vacuum pipe and supported at either end by electrically 
conducting foils which are in contact with the pipe. A short time after the 
head of the beam has passed both foils the wire will reach an equilibrium 

*Work performed jointly under the auspices of the U. S. Department of Energy 
by Lawrence Livermore National Laboratory under contract W-7405-ENG-48 and 
for the Department of Defense under Defense Advanced Research Projects Agency 
ARPA Order No. 4395 A#12, monitored by Naval Surface Weapons Center under 
document number N60921-83-WR-W0113. 
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state in which it becomes positively charged to the degree necessary to 
maintain its potential at the same value as that of the pipe. That is, if the 
duration of the beam pulse is much longer than the RC time constant of the 
zone (where R and C are respectively the resistance of the wire and its 
capacitance) then when the body of the beam is over the wire the fields will 
be quasi-electrostatic. The wire will then strongly focus and guide the beam. 

For a beam with a parabolic density profile, f, the ratio of wire charge 
per unit length to beam charge per unit length, is given by 

(8-ft) --ft) 3 + 1 
f = L_I_AiZ_-V£J \±* (1) 

where a w, a and b are respectively the wire, beam edge and pipe radius. 
We consider only relativistic electrons so that we may use the paraxial 

2 approximation. The space charge repulsion of the beam electrons cancels the 
2 beam pinch fc.ce to 0(1/Y ) so that the dominant force on the electrons is 

due to the wire. The equation of motion for a beam electron in the wire field 
is then 

(2) 

2 2 -1/2 where I b is the beam current, v the axial velocity, y = (1 - v /c ) 
and m and e are respectively the electron mass and charge. If r is 
dotted into equation (2) we obtain 

i aV /A' »V / A . 2fIb m 
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3 where Ift = gyinc = 17000 By amperes and 0 = v/c. If this equation Is summed 

over all electrons and we define the rms emittance of a beam with no canonical 
3 

or mechanical angular momentum as 

t2 « R 2 \2 fn\ 
7 " W 

then we can derive the envelope equation for the beam in the presence of the 
wire field 

& . E 2 ? f l b ( 4 ) 

Setting the second derivative soual to zero yields the equilibrium or 
matched radius for injection onto the wire 

(5) 

Injection of a beam onto the wire with a radius unequal to R,,, will lead to 
radial pulsations and emittance growth due to the dissipatlonless process of 

4 phase mix damping. This occurs since beam electron orbital frequencies in 
the presence of the wire depend on transverse energy and angular momentum so 
that any coherent motion of the beam electrons will eventually degrade due to 
phase mixing. The wire damps out radial and transverse motion of the beam at 
the expense of emittance. 

An important consequence for beam transport on a wire may be deduced from 
equation (3). If this equation is summed over all electrons and we apply the 
standard definitions of rms radius and transverse velocity we obtain 
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i a 2R 2 V 2 - 2 f l b f6, 
* IF ' T ' " ^ ' ( 6 ) 

In equilibrium R is constant. This then implies that 

1/2 
c , , , (7) 

Thus when the beam exits the wire zone it will do so with a fairly high v.. 
If we consider the x component of equation (2) we can derive an approx

imate expression for the betatron wavelength of the beam in the wire field by 
2 putting r equal to the square of the rms radius 

32x x 2 f I b * 
T * " ~l—2" ' 

Thus 

•(S) ! *H>"."-V z f I b 
(8) 

The Wire Transport Code 
The wire transport code is a particle code that follows a single disc of 

the beam through the transport system. That is, it follows the motion of the 
particles contained in a thin slice of the beam that is at a fixed distance 
from the be«m head. Particles which strike the walls or apertures are removed 
from the problem; thus the code can accommodate current loss throughout the 
transport section. If greater resolution is required the code can make 
multiple passes through the beamline with different batches of particles and 
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accumulate the results. In this manner it is possible to run an arbitrary 
number of particles through the problem. The equations of motion for each 
particle are 

a 2 . . 
a z

z ~ 3 2 I A r 2 8 

3z2 

Z f I b 1 
- -j—? y — 

e \ r B I 

c i + V B & . VB L x z 3z y 

c Ey + v Bx " v B z |? 

(9) 

For axially symmetric problems a space charge term can be added to the 
equations in the form of an effective electric field 

2 2 y vr E. 
21 y r 
2 2 y vr 

(10) 

where I is the magnitude of the beam current enclosed in radius r. A term 
containing the dipole electric field of the wire due to transverse beam 
displacement is also included but has only a small effect. 

Models of the various focus coils on the beam line of the Experimental 
Test Accelerator (ETA) are incorporated into the code. Some elements are 
simple large aspect ratio (length/diameter » 1) solenoids. For these 
elements the on-axis component of S z is obtained from the usual closed form 
analytic solution. B is then assumed to be constant over the cross-section 
of the beam tube. The radial component of magnetic field is then found from 
aiv B = 0 to be 

3B 
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The other elements on the beam line contain iron flux leaders. Measure
ments of B vs. z at radii spaced 3/4" apart for the various elements were 
entered into the code and fit with cubic splines. B for arbitrary radius is 
then found from interpolation. B r is found from the solution of div B = 0 as 

B r = " 7 ( IT rt' (12) 

The x and y components of B r are then used in equation (9). Actual 
accelerator tunes, i.e., currents supplied to each focus coil are input into 
the code to facilitate accurate simulation of beam dynamics. 

The focusing effects of foils which support the wire and those which 
separate the vacuum transport section of the accelerator from the experimental 
tank are included in the code. For the sides of the foils without wires the 
solution for the axial (monopole) electric fields and the dipole electric 

5 fields have been given by Adler. The solutions for the monopoly and dipole 
fields of foil sides attached to wires have been found by us. The solutions 
to both sides are in terms of sums of Bessel functions. The sums are computed 
in the code and depend on the beam profile and size at the foil, '."he code 
iteratively solves for the beam size at the foil by extrapolating the beam 
size to the foil and computing the foil fields. The particles are then run 
through these fields and so on until the beam size at the foil does not 
change. In the case of the entrance foil to the wire zone this radius is used 
to determine the charge on the wire according to the following prescription 
which follows from setting the integral of the radial electric field from the 
wire to the wall equal to zero 
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W \ 

where f(r) is the fraction of the particles contained within radius r. 

In spite of the relative complexity of the various calculations a typical 
problem incorporating a wire zone, three foils, 12 focusing elements and 1280 
particles requires approximately 30 seconds of cpu time on a Cray-1. 

Calculations begin by specifying the locations of various elements in the 
beamline, a tune, rms emittance, canonical angular momentum, beam energy (y), 
current and x and y components of beam offset, The inclusion of space-
charge effects is an option. The initial beam density profile must be 
selected. The code then loads the individual particle velocities in such a 
way that the resulting beam is in equilibrium in the magnetic field at that 
location. Several different density profiles may be selected including 
parabolic, flat and truncated Bennett. Calculations are initiated far enough 
upstream of the wire zone so that the results are not sensitive to the 
locatinn of the starting point. 

Output for a typical problem is shown in figures 1 through 5, Figure 1 
shows the projection onto the x-y plane of the trajectory of a particle chosen 
at random from the beginning of the modeled section of beamline to the end. 
Figure 2 shows the on-axis component of 8 for the tune of the problem. The 
various focus coils and solenoids are indicated as boxes along the bottom of 
the figure. The horizontal line above the z-axis over the 3 foot long solenoid 
represents the axial position of the wire. The calculation has foils at each 
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end of the wire and at the end of the problem which represents the location of 
the experimental tank on ETA. Figure 3 shows the resulting rms radius as a 
function of z throughout the beamline. Figure 4 shows the emittance as a 
function of z. The increase in emittance is due to mismatched injection onto 
the wire (injection radius is larger than the matched radius). The emittance 
plot also shows the effects of particles scraping off on the wall of the pipe 
downstream of the wire. Figure 5 shows the resulting beam current vs. z. 
This plot can be compared directly to experimental values determined from 
monitors along the beamTine at various positions. 

In summary, the wire transport code has been described. It is capable of 
treating a wide variety of general beam transport problems in addition to beam 
dynamics on a wire. 
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Figure Captions 

Fig. 1 Projection of a typical entire particle orbit onto the x-y plane. 

Fig. 2 On axis value of B z vs. z for the transport section of the 
ETA. The 12 boxes lying along the z-axis represent the axial 
locations and lengths of the various focusing elements. The 
horizontal line between ? = 200 and z~= 340 represents the axial 
location of the wire. The problem terminates at z" = 580. A foil 
(not shown) that separates the transport section from the 
experimental tank is located at z = 570.5. 

Fig. 3 RMS beam radius vs. z. The damping of radial pulsations due to 
injection mismatch on the wire is evident as is the large 
divergence angle of the beam as it exits the wire zone. 

Fig. 4 RMS emittance vs. z. The emittance increase due to mismatched 
injection onto the wire is clearly visible. The reduced values 
downstream are due to current loss. 

Fig. 5 Current vs. z. The losses are due to particles hitting the walls 
on the large radial bounces seen in Figure 3. In addition there is 
loss due to a 3 cm radius aperture at z = 570.5 cm. 

jma:6142v/0275s 
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Figure 5 


