© 1987 |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 thiswork in other works must be obtained from the | EEE.

TRANSIENT ANALYSIS OF A COUPLED ACCELERATOR AND DECELERATOR SYSTEM*

Harunori Takeda, MS-H829
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

For an energy-efficient accelerator system to be used for
a free-electron laser, the stability of an energy-recovery system
utilizing a bridge coupler placed between the accelerator and
the decelerator is studied numerically, Fnergy is recovered by
recirculating the accelerated electron beam through the decel-
erator; the recovered energy is then transported through the
bridge coupler to the accelerator. The calculation shows that a
large transient voltage oscillation is induced in the system. This
transient oscillation can he reduced significantly by slowly ap-
plying hoth the electron-beam current and the klystron power at
the beginning. I'wo types of instabilities are predicted accord-
ing to the scraping of the electron beam hetween the accelerator
and the decelerator. When the energy spectrinn of the electron
beam is scraped at the high end, the system induces an oscilla-
tion. However, when the low-energy end is scraped, the electron
recirculation may stop unless the klysiron power is boosted by
a feedback systen.

Iutroduction

To increase the energy efficiency in the free-electron laser
system, a decelerator is added to collect the energy of the elec-
tron beam and to recirculate it to an accelerator. The system
cousists of bridge-coupler cavities, accelerator cavities, an undu-
lator, and decelerator cavities. The bridge coupler feeds energy
from the klystron into the accelerator and couples the energy
flow from the decelerator to the accelerator. The accelerator is
followed by a drift space and an undulator. The electron beam
interacts with the undulator field and laser, transferring energy
to the laser. To simplify the argiument, we ignore the energy loss
of the electron beam in the nudulator. After the electron beam
passes a 1807 bend. it is gnided to the decelerator. The decel-
eralor takes the energy from the electron beam and recivculates
it to the accelerator throngh the bridge coupler.

We simulate the svstem numerically to explore the stability
of the rf voltage in each cavity and to explore the stahility of
both the electron-heam currend and the energy. We also eval-
nate the system stability when the currents are seraped: the
heam-transport system loses current, and the scraper between
the acceleraior and the undnlator reduces the recirculated cur-
rents. As the electrons are accelerated, the energy spectrnum
of the electrons changes its peak energy while maintaining the
same spectral shape. The amount of beam scraping is deter-
mined by the fraction of the specirum ent out while passing
through a fixed energy window. The detailed analytic descrip-
tion of this work is presented in a companjon paper.?

System Representation with
Parallel Resonant Circuits

The simulated system consists of elements for an accelera-
tor, a decelerator, and a bridge coupler. For the electran hean
that passes through the system, the electron-beam energy and
crrrent are time dependent: The electron-beam euergy at the
accelerator depends on the phase and amplitude of the of, and
the electron-heam current at the decelerator depends on the
amount of current. seraping. which, in tarn, depends on the
electron-beam energy at the accelerator,

With an analogy to clectrical cirenits, we formulate the
svstern with coupled resistance-inductance-capacitance (R1,07)
circnits. In onr svstem, the average current of the electron beam
and the equivalent klvstron current drive the voltage for each
element. Using {he analogy of parallel RLC cirenits, we can st
up cirenit equations for the heam currents and for the indiced
voltages. 'The aceelerator cavities, consisting of tanks of 13 cells
and 15 cells, are treated as one resonant REC element. Also, the
decelerator is represented with one RLC eleent. "The bridge
coupler has cavities, aud it is represenied by three coupled RLC
clements hecause the voltages in the connecting cavilics can help
clarify the excited modes.

*Werk performed nnder the auspices of the 175, Departiuent of Energy and
supported by the 175 Aviny Strategic Defense Conmmaned.
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The Equations Describing the Accelerator,
the Decelerator, and the Bridge Coupler

The system is described by five inductively conpled RI1LC
circuits. The coupling coustants k; are related to mutnal indne-
tance Af;; between the ith and jth clement given as k; /1,,1._]'.
The shunt resistance R, cavity 0,, and the cavity capacitance
C’; form an RLC ciremt for a jth element. The relations be-
tween them for an isolated parallel circuit are
s

W)
1

he'

R,
and

L0 = (1)

The characteristic frequency w; for the jth element must also
satisfy the following condition: At the klystron fregnency w,,
which is equal to 1300 Mllz, all the elements of the coupled
circuits must resonate when the intraclement coupling reduces
to zero. 'I'his condition is formmlated as the diagonal elements
of the eigenmaltrix for a stationary system eqnal to unity:

2usf7 1
(yr 4+ y2)f3 = 1
(y2 + ys)fi = |
(s~ ya)fi =1
Zysfs ok (2)

The stationary svstem assumes no driving terms and assumes
nondissipative cavities. In 1%, (2), y, is defined as 1/2(1-k7),
and f; is defined as w; /wa. By solving Fq. (2), the characteristic
{requencies w; are expressed as functions of coupling constants
k.

The driving terms of the conpled cirenits are the klystron-
frequency compounent of the clectron-heam current at the ac-
celerator, the current equivalent of klystron power, and the
klystron-frequency component of the electron-heam current at
the decelerator.  Because there is a time delay between the
exit of the accelerator and the entrance of the decelerator, the
electron-beam phase varies at the entrance of the decelerator,
The phase variation, with respect to the reference klystron, de-
pends on the electron-beam energy at the exit of the accelerator.
The phase slippage of electrons i the accelerator or in the de-
celerator is neglected.

The oscillating rl voltages in each element can be rvepre-
sented as a superposition of five dominant modes. These modes
are obtained by solving eigenequations in a stationary config-
uration: setting the () of the cavities equal fo 2 and ignor-
ing the driving terins. The voltage profile at each element for
each stationary mode is shown in Fig. 1. The mode with
the highest frequency is shown at the top with {he dotted 0-V
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1300.00 MHz 7/2 mode
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Accel. Cupl. Bridge Cupl Decel.

Fig. 1. Voltage mode patterns al each element.
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reference line; the mode with lowest frequency is shown at the
bottom. The third line from the top is the n/2 mode with
which the accelerator or decelerators are designed to operate
at the 1300-MHz frequency. This mode has nodes at the cou-
pling cells in the bridge coupler. Using the parameters described
later, the frequency of each mode calculated from the eigenanal-
vsis are 1294.86 Mllz, 1299.08 MHz, 1300 MHz, 1300.916 Mz,
and 1305.14 MHz.

The Equations Describing a Transient State

The reinrn electron heam acts as a time-delayed feedback
to the system. The system behavior for such a conbignration is
not well known., To answer the uestions of when the station-
ary stale is established, how stability depends on the energy-
scraping window, or how stability depends on clectron-heam
current, we oblain the equations for the transteut state of the
svstem, which begins when the electron heant enters the excited

accelerator cavities.
By subtracting tlhe eqnations for the stationary system

from the equations that describe the general systens, the equa-
tions for {ransient state can be obtained. Defining w; as the

complex transient voltage [I'v,e’“” multiplied by \/(7_7, the tran-

sient state equatious are
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where Pj is defined as 1/Q;, (I1p — Io)e¥1 s the ramped
electron-beam current that enters the acceleralor with ampli-
tude I1p, and (AT)sin ¥, is the equivalent current of the klystron
power entering the bridge coupler. The klystron power ramping
15 included in A7, The transient voltage and phase at the decel-
erator are driven by a difference between return-electron current
and the reference stationary current. The reference phase ¥,
and amplitude 15 of the stationary current assiimes no scrap-
ing. Also, the transient voltage and phase at the decelerator are
driven by a derivative of the arrival phase of the return electrons.
To inchide the time delay of the return-electron beam, this de-
celerator driving term is evaluated at a {ime when the electron

heam leaves the accelerator.
n general, the transient state defined as a vector of complex

voltages of vruh element can be expressed as a superposition of
the live stationary eigenvectors. Becanse the systenn resonates
at the 7/2 mode hefore the electron-beam loading, the mixture
of the other four modes occurring in the transient state can be
interpreted as a result of the interaction between the electron
beam and the cavity system,

Beam Loading and Initial Trausient RF Voltages.

Before the electron heam loads into the aceelerator, only
the klystron power drives the system. The system is in a sta-
tronary state. When an electron heam gains energy in the ac-
celerator cavity, the stalionary state is modified becanse of the
beam loading. The difference between the stationary states, one
bheam loaded and the other not beam loaded, is the initial tran-
sient voltage. [f the magnitude of the transtent vollage is larger
than the energy acceplance window of the scraper, a part of
the electron beam is scraped and fewer electrons enter the de-
celerator. The recovered energy at the decelerator decreases,
and the energy recirenlated to the accelerator decreases. If the
scraping occnrred at the low-energy end of the electron beam,
the accelerated energy of the following electron beamn is more
out of the energy acceptance window and fewer electrons pass
the window. The stored energy tn the system is reduced, and
none of the electrons arriving later at the accelarator pass the
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acceptance window when the scraping occurs at the low-energy

end of the heam, )
When the high-energy end of the beam is scraped, the elec-

tron pulses arriving later at the accelerator are less accelerated.
More electrons may pass the cnergy acceptance window, and
the system regains the energy by decelerating more electrons.
As a result, the transient stale can oscillate without reaching a
stationary stdtt

The energy distribution of the electron heam as shown in
Fig. 2 is used to caleulate the part of current sevaped in the
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Fig. 2. The electron energy distribution.
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numerical simulation. The energy of the peak of distribution is
set eqital to thie energy ol the accelerated electron beam.
Accelerator and Electron-Beam Parameters?

We assumie 15 equivalent cells for the aceclerator or for the
decelerator to simplity the nuerical calenlation. Designating
(A) for accelerator structure, (1)) for decelerator structure, and
(B) for bridge coupler, the parameters for the equivalent parallel
circuil are
Ry = Rp = 86.4 (M),
Ry = 5.76{MQ),

Quality Factor: Q4= Qp= 18 x 103,

Qp = 2 x 103

[‘1 = ’[_) = 11. 5‘...7((‘777) x 15
{p = 11.527(cin},

Coupling Constants: ky =2 x 1073, ky = 1.1 x 1072

Shunt impedence:

Length of Clavity: = 172.91 (emn),

k3= 1.1 x 1072, k,; 2 x 10-*3
Capacitance Cyq—Cp = (:?_, = 2.55 x 107( ),
and Inductance: Lao=Lp= _316’5 878 x ]O”(H),

Cp = w%q 4.25 x 107 1( ),

L= - C = 3.527 x 1077(H),

where $¢ = 1.3GH .

The electron-beam current component for the rf frequency
is approximately equal to the electron-heam current averaged
over a macropulse. We assume the average beam current of
115.6 mA or 46.2 mA.

An Instability of Scraping Beam at Low Energy
and an Instability of Scraping at High Energy

We gradually ramp the average eleciron-heam current to
the maximum 115 mA during the first 4 us. The slow ramping
of the electron heam reduces the transieut oscillation of the volt-
ages. The electron-heam window is assumed to be 21 + 1.68 MV.
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This is an 8% energy window. As seen in Fig. 3, the electron
bheam scraped as much as 23% at 4 us immediately loses its
current when the low-energy end of the beam starts scraping
at 12 ps; no electron current is arriving at the decelerator at
15 pus. The beam-loaded voltage at the accelerator is shown in
Fig. 4. For the first 15 s, it droops a few megavolts and droops
down to about 17T MV after 25 ps. However, with the beam
current at 46.2 mA, the drooping is much slower and the beam
still recirculates at 30 s,
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Fig. 3. Drooping of recirculated current.
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Fig. 4. Drooping of accelerator voltage.

To compensate lor the energy drooping of the system
because of the beam scraping, we ramp the klystron power
linearly by 4% at the first 4 ps. The system becomes sta-
ble, and the initial transient oscillation damps, as shown in
Fig. 5, for the accelerator-voltage amplitnde. However, the sys-
tem stability is violated casily with a small change of klystron
power. A threshold where the instability starts (recireulated
electron current dies) is searched by raising the low end of the
energy window. The threshold, in terins of a ratio of electron-
beam current scraped to the total beam current, was about 25%.
However, for a setup with a total beam current of 46.2 mA, the
threshold is higher; it is abont 50%.

Lowering the energy window so that the high end of tie
energy distribution is scraped, the system exibits a periodic
oscillation; the recirculated electron-heam current is partially
scraped and restares periodically (Fig. 6). The voltage ampli-
tudes at the accelerator and decelerator are shown in Figs. 7
and &, respectively. At the peak of the accelerating voltage, the
current is at its minimum. Al the minimum of the accelerating
voltage, the current is at the maximum. 'T'he phase difference
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Fig. 5. The accelerator voltage hecomes stable when klystron
power is boosted.
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between the decelerator voltage, as shown in Fig. & and the
accelerator voltage is m; this shows that the second or fourth
mode in Fig. 1 is excited. The oscillation [requency of the ac-
celerator voltage is ahout 0.9 Mz, as obtained from Fig. 7.
This is consistent with the frequency of the second or fourth
mode obtained from the cigenanalysis.
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Fig. 6. The beam scraping at the high-energy end induces
oscillation in recirculated current.
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Fig. 7. The acceleralor voltage oscillales at 0.9 MHz from
the /2 mode.
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Fig. 8 The decelerator voltage oscillates with a half period
displaced trom the accelerator voltage.

The threshold of inducing this instability in terms of the
fraction of current lost is about 7.5%. For the system setup with
total beam current of 46.2 mA, the threshold is about 5.0%.

By varying the heam-drift distance between the accelerator
and the decelerator, the electron-arrival phase to the decelerator
can be changed. When this is simulated, the voltage behavior at
the accelerator and decelerator are identical, whether the heam
is arriving earlier or fater at the decelerator with the same mag-
nitude of phase-angle offset from the valley of the decclerating
voltage.
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