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ABSTRACT

Magnetic diffusion through a spatially periodic assembly of metal

conductors yields a large amplitude, quasi-static pump for use in

free-electron lasers. The experimental observations are compared

with predictions of a 2-D triangular mesh, finite difference mag-

netic diffusion code (TRIDIF).
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I. INTRODUCTION

The relativistic electron beam of a magnetically pumped free-

electron laser is subjected to two external fields: a uniform,

axial magnetic field which guides the beam, and a

transverse, quasi-static, periodic magnetic field which causes

stimulated Compton' or Ramans scattering in the drifting electrons.

The- two fields are produced independently of one another and are

driven by separate power sources. Typically, the guiding. field

is furnished by a solenoid, and the magnetic "wiggler" field is

obtained by passing current through helical windings',.SI, 7 , or

through a series of metal rings' inserted in the solenoid and sur-

rounding the electron beam. In order to achieve interesting levels

of coherent radiation in the millimeter or submillimeter range of

wavelengths, one must strive for large wiggler amplitudes B and

small wiggler periodicities Z. The simultaneous requirement of a

large B1 and a small Z is technically difficult, and the largest

value of the ratio BI/ achieved to date is -800G/cm with

0.6<< 3.2cm. In section II below we describe a novel type of

"diffusive" wiggler' which is simple and efficient. Orily a single

power source is needed to generate both the guiding magnetic field

and the transverse wiggler field.

II. EXPERIMENTS AND COM-TUTATIONS

As is illustrated in Fig. 1, the relativistic electron beam

propagates down a drift tube surrounded by a solenoid containing a

periodic assembly of copper rings10 separated by electrically in-

sulating rings. If the current through the solenoid is time vary-

ing, then the solenoid field will diffuse gradually through the

copper rings, but will quickly penetrate the insulating rings.
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This will give rise to a spatially modulated magnetic field in the

region of the electron beam. We present here the results of de-

tailed experimental studies and numerical computations of the tem-

poral and spatial distribution of magnetic fields in our diffusive

wiggler pump.

The experiments were carried out using a 92cm long, 3OmH so-

lenoid having 25 turns per centimeter length, and able to accomno-

date rings with a maximum radius of 3.3cm. The solenoid is power-

ed by a 3.75mF capacitor bank which can be charged to a.maximum of

4kV, giving a peak current of 720A.- The current pulse through the

solenoid is a half sine wave of frequency 16Hz, and is measured

using a 0.010n resistive shunt.

Both the radial and axial magnetic fields are measured for a

variety of ring periodicities t, and ring radial wall thicknesses

W. The fields are measured using a gaussmeter and Hall effect

probes. The probe elements are approximately 2mm square in a

plane perpendicular to the field, and extend less than 0.05mm

along the field. Since the- fields vary on the scale of a few

centimeters, spatial averaging of the fields due to the finite

probe size can be neglected. The gaussmeter is able to follow the

instantaneous magnetic field to within 2% at the 16Hz character-

istic frequency of our system. The overall uncertainty in the

measurements is approximately 5%.

To check the experimental results and then establish the scal-

ing of the field modulation with the ring thickness W, periodicity

Z and the solenoid current risetime, a 2-D triangular mesh finite-

difference magnetic diffusion code entitled TRIDIF11 has been used.

TRIDIF is a modification of the PANDIRA-SUPERFISH" code which
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was. designed to compute transient magnetic field diffusion and

eddy current problems. The code solves the usual diffusion equa-

tion for the magnetic vector potential,

yp = -7x (VxA)+4 0Js

where is a source current density produced within 'the solenoid

windings and a is the conductivity of the medium. An example of

the computational mesh used for the i=2cm, W=1.lcm case is shown

in Fig. 2. Figure 3 displays the computed field lines at t=2.Oms,

early in the current risetime of l5ms. The boundary conditions

used in the calculation were aV /an=O at all boundaries, where V)

=rAa is the azimuthal magnetic stream function.

The utility of the above approach was first established by-

comparing the computer results with all of the available experimen-

tal data for these configurations. In these comparisons, the mea-

sured time-dependent solenoid current shown in Fig. 4 was used as

input to the code. No normalizations or time-shifts were required.

The solenoid was modeled by a simple, thin, uniform current densi-

ty shell located at the radius of 3.77cm. Due to the cylindrical

symmetry of the ring assembly, the radial field Br is zero on axis.

Thus, for free-electron laser applications, an annular electron

beam is required. Consequently, all fields were measured and com-

puted off axis.. We have chosen a radius r=0.86cm, which repre-

sents the "beam position" of Figs. 2 and 3.

Figure 4 shows the temporal behavior of the magnetic fields,

and Fig. 5 illustrates their spatial behavior for the case where

the periodicity Z=4cm and the ring thickness W=2.lcm. In Fig. 5,
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the results are plotted at time t=10ms, the time when the radial

field modulation was maximum (see Fig. 4)*. The solid curves are

the measured data, and the dots denote the computed results. Ex-

cellent agreement is observed. Note that the field is primarily

axial. Thus, the same solenoid used to produce the periodic radi-

al field Br also provides the guiding magnetic field Bz. (The 'am-

plitude modulation of Bz does not participate in the free-electron

laser interaction.)

Information on the scaling of the peak field modulation at

r=0.86cm with the width W and periodicity Z was obtained by making

measurements on experimental assemblies for Z=2,4,6, and 8cm and

W=l.l and .2.1cm. Experimentally, the pump period Z is varied

simply by arranging the rings in a different order. The results

are shown as solid (W=2.1) and broken (W=1.1) curves in Fig. 6.

The TIDIFcomputations are shown as solid (W=2.1) and hollow

(W=1.1) dots. The comparison is again seen to be quite good over

a considerable range of periodicity and width.

An experiment was also performed with an adiabatic field

shaper designed to increase the transverse field modulation more

gradually' at the beam injection end of the solenoid. This is

readily accomplished by decreasing the thickness W of the first

one (or more) rings as is illustrated in Fig. 7. Figure 8 shows

the measured and computed spatial field distributions in the vicin-

ity of the field shaper at t=10ms. The agreement between experi-

ment.and computations is seen to be good except for small values

of z where the computed axial magnetic field Bz is larger than the

measured field by about 12%. This discrepancy is due to

fringing field effects neglected in the computaticns. In the



experiments the axial position z = 0 shown in Fig. 8 is - 7 cm

from the end of the solenoid. Using this value, we can account

for a discrepancy of - 10%. However, this is not a serious prob-

lem, since the quantity of interest, the radial magnetic field

modulation Br is predicted with good accuracy.

We see from Fig. 8 that the axial magnetic field Bz outside

the region occupied by the copper rings is almost twice as large

as the spatially averaged Bz inside the rings. Thus the electron

gun stationed near the origin z=0 is immersed in a much stronger

axial field than that occurring in the interaction region of a

free electron laser system. Consequently, on entering the inter-

action region, the electroi beam expands radially. This causes a

"cooling" of the beam (the radial electron energy decreases) and

is advantageous' to the operation of the laser.

TRIDIF was next used to predict additional scaling over a

wide range of ring periodicity I and wall thickness W as shown in

Fig. 9. A 15ms solenoid current risetime was used for all cases.

The time of peak field modulation was*found to vary significantly

with respect to the time of peak current, with larger values of W

peaking later in time than smaller values. This feature is caused

by the longer time required for the field to diffuse from the out-

side to the inside of the thicker rings.

The predicted scaling with the solenoid current risetime T

is shown in Fig. 10 for a fixed periodicity of Z=2cm. Since the

optimum thickness for a given periodicity and risetime is of the

order of one skin depth S=(T/Tryoa) 1 /z, smaller values of W require

shorter risetimes for best performance. The dependence of this
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optimum on the risetime T is fairly weak, since S-Tl/z. The ef-

fects of diffusion in the coil could affect these results for

thick solenoids and short risetimes.

III. CONCLUSIONS

The diffusive wiggler described above is a simple, passive

system in which the pulsed solenoid provides both the guiding

axial magnetic field and the transverse periodic pump field. The

achievable pump amplitudes are large as can be seen from Fig. 6

and 8. To obtain even larger amplitudes, one can increase the

solenoid current from the nominal value of 720A used in the exper-

iments. (The amplitude increases linearly with current.) Fcr

purposes of comparison we note that an "active" helical wiggler8

having a radius of 1.7cm and a period Z of 2cm gives a transverse

field of 21G on axis (r=O) and -10OG at r=0.8cm, per kiloampere

of current flowing through its windings.

The ripple periodicity Z is readily changed in a diffusive

wiggler merely by rearranging the way the copper and insulating

rings are stacked. We note that the fields change on a time scale

of milliseconds. This means that during the short time (tens of

nanoseconds to'microseconds) a typical pulsed, relativistic elec-

tron beam is on, the magnetic fields are essentially constant.

Thus, by varying the time during the magnet pulse at which the

beam pulse is turned on, and by varying the charging voltage on

the solenoid capacitor bank, the radial field Br and the spatial-

ly averagedaxial field Bz can be varied at will, inderendently

of each other. We have also shown that a beam shaper is readily

constructed by slowly varying the ring thickness W of the first
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few rings.' This allows adiabatic injection' of the electron

beam into the interaction region. We note that the construction

of a beam shaper with active helical windings is technically dif-

ficult.

The excellent agreement of experiment with the TRIDIF compu-

ter code gives one confidence as to its reliability in computing

magnetic fields in parameter regimes (Figs. 9 and 10) that have

not been explored experimentally.
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CAPTIONS TO FIGURES

Fig. 1. Sketch of a diffusive wiggler pump of periodicity Z and

ring thickness W (W is of the order of a skin depth S=

(T/1ryo.a) 1/z where T is the rise time of the solenoid current)

The first ring is smaller and comprises the adiabatic

field shaper. The spaces between the copper rings are

occupied by Plexiglass rings.

Fig. 2. Cross-section of the wiggler overlayed with the computa-

tional mesh, for the case Z=2cm, W=1.lcm.

Fig. 3. Computed magnetic field lines at a time t=2ms after puls-

ing on the current through the solenoid (Z=2cm, W=1.lcm,

I max=7 2 0A).

Fig. 4. Time development of the solenoid current, and the radial

and axial magnetic fields at r=0.86cm (Z=4cm, W=2.lcm,

- Im= 72 0A). The solid lines are from measurements, the

dots are from TRIDIF.

Fig. 5. Axial distribution of the magnetic fields at r=0.86cm,

for the case Z=4cm, W=2.lcm, at a time t=10ms at which

the radial field modulation is maximum. The solid lines

are from measurements, the dots are from TRIDIF.

Fig. 6. The radial magnetic field amplitude as a function of the

wiggler periodicity 1, for two values W, at times t at

which Br is maximum. The lines are from measurements,

the dots and open circles from TRIDIF (r=0.86cm, I

720A).

Fig. 7. The field lines in the vicinity of the adiabatic field

shaper (t=5ms, =6cm) . The dashed line represents the

"beam position" r=O.S86cm.
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Fig. 8.

Fig. 9.

Fig-, 10.

Axial distribution of the magnetic fields in the vicin-

ity of the field shaper (t=10ms, Z=6cm, r=0.86cm). The

solid lines are from measurements, the dots from TRIDIF.

Computed radial magnetic field amplitude as a function

of ring thickness W, for several values of the periodi-

city L, at a time t when Br is maximum. The current

rise time is I5ms; Im = 720A; 6 is the skin depth.

Computed radial magnetic field amplitude as a function

of -the rise time of the current in the solenoid for dif-

ferent values of W, at a time t when Br is maximum (Z=2

cm, I max = 720A).
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