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The Harmonic Generation Free Electron Laser[1] is a short pe-
riod, high—gain amplifier FEL configured as an optical klystron.
It is designed to lase at.87um using a 30 MeV electron
beam at the Accelerator Test Facility at BNL. Each of the thred
superconducting wiggler magnet sections (modulator, dispe
sion, radiator) has been built and the magnetic fields have beg
measured. This paper compares the measurement results w
three-dimensional nonlinear computer models created with th
TOSCA code.
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|. Introduction

The HGFEL currently under construction at BNL will lase on
the 3rd harmonic of a conventional G&eed laser. The wiggler Iron Field Clamp
is split into 3 sections. The first section (modulator) energy—
modulates the electron beam in resonance with the fundamemiglure. 1. One end of the modulator magnet section, showing
wavelength of the seed laser. Following this, the dispersitee main coil and trim winding configuration.
section causes the energy modulation to become spatial bunching
(also at the fundamental). Finally the bunched beam enters the

radiator which is tuned to the 3rd harmonic and lases. The trims are necessary because the steel in the nominally 1/2—
strength pole at each end are less saturated than the full-strength

HGFEL Wiggler Parameters poles, leading to an error in the magnetic scalar potential at that
Modulator | Dispersive| Radiator point. The optimum trim configuration has been found to be as

Period (cm) 2.6 - 18 shown, where 2 coils in series on either side of the 1/2—strength
Ay 1.35 - 0.6 pole buck the main field, and 1 coil in the last slot provides fine
B-field (T) 0.79 0.81 0.51 adjustment. Typical trim strengths are 530 Amp-turns in the
N poles 24 5 168 2-slot trim and the 1-slot trim off when the main coils are at

Gap (mm) 8.6 8.6 6.0 their operating value. Note that when the main coils are set at

low enough current, the iron is unsaturated, and the trims are

The computer models were created with the finite—eleméfinecessary. In the future it would be advantageous to design

program TOSCA [2]. The primary goals of the computer simdbe number of turns in the last slots to account for the saturation
lations of the magnets are to: at the operating point so that only very small corrections are

1. Predictthe current excitation necessary to reach the desirr%glu'_red' ] N .
magnetic fields. Using appropriate boundary conditions, the entire magnet
2. Design the appropriate magnet end winding configuratiéfey be modelled using just one octant of the 3D space contain-
so that the electron beam is not steered when the ironi§ the real magnet and surrounding air. Nonlinear saturation
saturated. is taken into account using a B—H lookup table, and iteratively
3. For the dispersion section, design the yokes and coils$@/Ving until a predefined maximum change in the solution at
give the full range of dispersion needed without introducir@y node is achieved. The model containedx550° nodes,
beam steering. and takes about 8 cpu-hours to execute on an IBM RS6000/370.
Figure 2 shows the measured B-fields and its second integral
(equivalent to the electron trajectory) for the modulator. The
mean peak field is 7787 gauss with RMS variation of just 0.2%.
The modulator magnet is machined from a single iron yok&he peak fields in the simulation agree with the measured value
It has 12 2.6 cm periods. The operating current is 80 Ampswithin 0.8%. The simulated fields are not shown in the figures
through 96 turns in each main coil. The peak magnetic fieldbgcause the differences from the measured values are indistin-
7900 gauss. The entrance and exit windings use the lowest omgi@ishable on this scale. Of particular interest is the behavior
binomial transition [3]. There are 1/4” thick field clamps at eachear the magnet ends. Figure 3 shows the 2nd integral of the
end of the yoke to ensure that the magnetic scalar potentiaBigield for the modelled and measured fields with trims off. The
zero there. In addition to the main windings, there are two setéference in deflection angles is less thafurad. The close
of trims at each end to perform steering correction[4](Fig. 1dgreement indicates that the model accurately predicts the level
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Figure. 3. Measured (solid line) and modelled (dashed line)The computer model is again one octant of the three dimen-
2nd integrals of the modulator B-field at the entrance of thgonal space containing the iron and surrounding air plus the
modulator. Main coils at 80 Amps, trims off. appropriate boundary conditions. It contains640® nodes,

and takes about 2.7 cpu—hours to solve. The execution time is
reduced substantially from the modulator magnet because there
are fewer coils. The time scales linearly with the number of

lll. Dispersion Magnet coils.

The dispersion magnet (Fig. 4) is spaced 5cm downstreamThe magnet was originally desl,ignedhbased.on Ire'sults frolm
from the modulator. It has just 3 excited poles with a tot OISSON, a 2D magnetostatic solver. The 3D simulation results

length of 120 cm. The winding scheme is 23-147—-147-23 tur gbtained after the iron was cut) differed dramatically from the
There is a trim 60” to compensate for beam steering. He ) because the finite size in the excluded dimension (transverse
dispersion means change in longitudinal phaswith enérgy orizontal) severely limits the cross—sectional area available for

of saturation and necessary trim correction.

- . L . flux transport in the iron. Thus the iron is far more saturated
. The dispersion relation is approximately [5
4 P PP y Bl than predicted by the 2D model. The final coil configuration
dy ke€? L z P was modified based on the 3D results, and the measurements
a4y Wzyg,/o dz[/o dZ'By(Z)} (1) show very good agreement with this model. The peak field in

the simulation differs from the measurement by 0.3%. The peak
whereks is the radiation wavenumber. It is important that thenagnetic field at 100 Amps is 8100 gauss and the maximum
dispersion be adjustable over as wide a range as possibl@itgpersion is limited to 34.



4000! . i due to iron saturation is also accurately modelled. For the dis-
= ‘\ persive section, simulation agrees with measurement to 0.3%.
= 2000} 1 These results differ substantially from the 2D models because
o Of i the limited cross—sectional area of the magnet changes the flux
i -2000! density in the iron. The radiator model does not yet perform
& as well and efforts are underway to gain better agreement with
- 4000¢ 1 measurements.
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IV. Radiator Magnets

The radiator section consists of six separate iron yokes, each
with 18mm period, 0.51 Tesla peak magnetic field, and 6.1mm
gap. Each yoke is physically very similar to the modulator mag-
net (Fig. 1) with two exceptions: the period is shorter, and the
pole faces have a parabolic cut to provide horizontal electron
beam focusing. The results of 3D simulations and measurements
of the radiator magnets have been reported previously [4]. The
earlier work studied the advantages of various entrance configu-
rations of the coils in an effort to reduce the effects of saturation.

Figure 6 shows both the simulated and measured magnetic
field and its 2nd integral at the entrance of the radiator section.
The agreement between model and measurement is not as good
as for the previous sections. There are several discrepencies
between the computer model and the as—built configuration that
may account for the disagreement. The model has a 5.6mm

gap whereas the real magnet uses a 6mm gap. This changes the

saturation in the iron and may account for different beam steering
at the magnet entrance. The model also differs from the real
magnet in that it has no parabolic pole face. A new simulation
model is now being designed that matches the magnet as built.
Itis expected to perform as well as the modulator and dispersion
section models.

V. Conclusions

Three dimensional simulations of each of the three distinct
sections of a FEL configured as an optical klystron have been
performed, and the results compared to measurements. These
simulations include nonlinear saturation. The simulated on—axis
magnetic fields for the modulator section agree with the mea-
surements to 0.8%. Beam steering near the magnet entrance
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