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The propagation of the equilibrium electrons in a free-electron laser is analyzed and simulated in various
field configurations of the combined wiggler with an axial guide field. It is analytically proven that a reversed
guide field may provide a better propagation quality for an electron beam than a positive guide field, which
partly gives a theoretical understanding of the efficiency enhancement in the MIT free-electron laser experi-
ment with a reversed guide fie[@Phys. Rev. Lett67, 3082 (1991)]. Our simulation not only confirms the
earlier conclusion that at antiresonance in the uniformly-reversed-field regime the electrons on or near the outer
edge of the electron beam may execute highly irregular trajectories and may obtain sufficiently large transverse
velocity to be intercepted by the waveguide wall, but also reveals the phenomenon that some electrons close to
the axis of the electron beam may obtain sufficiently large transverse velocity to hit the wall before the exit of
the wiggler. Nonlinear simulations demonstrate a significant result that the combination of a down-tapered
wiggler plus an up-tapered reverse guide field may most effectively improve the propagation quality of the
electron beam[.S1063-651X97)15203-3

PACS numbegps): 41.60.Cr, 52.75.Ms, 41.85.Ja

I. INTRODUCTION gence deteriorates the propagation quality of the equilibrium
electrons, and certainly affects the performance of a free-
In a free-electron laseiFEL) the propagation quality of electron laser. The dynamical behavior of the electrons with
the equilibrium electrons affects the gain, operating fre-off-axis guiding centers was studied by using simulations
guency, and interaction efficiency. An axial magnetic field is[18—20, an average wiggler approaf®i,22 where the har-
often employed to guide the propagation of the electrormonics of the wiggler field were averaged out, and harmonic
beam through the wiggler, and to enhance the gain. As iexpansior23].
well known, the electrons will get a component of Larmor  In this paper, we study the propagation of the equilibrium
motion when an axial guide magnetic fieBj}e, is applied.  electrons in various field configurations and demonstrate that
There have been many articles in the literature devoted to théhe propagation quality of an electron beam may be im-
dynamics of the electrons in a combined wiggler with axialproved most effectively by the combination of a down-
guide magnetic fields. As an ideal case, the axis-centerehpered wiggler with an up-tapered reversed guide field. We
helical orbit and its stability were studied by means of aorganize this paper as follows. In Sec. Il a three-dimensional
one-dimensional wiggler model[1-3] and a three- helical wiggler field is expanded in harmonic series. It is the
dimensional wiggler model4—6]. The chaotic features of basis to analyze the off-axis electron’s motion. Then both the
this ideal helical orbit have been investigated by several auvaxial and the transverse velocities of an off-axis electron are
thors[7—14]. We constructed the Poineasurface-of-section derived. Based on the functional relationship between veloc-
maps[ 10,13 and calculated the entropy-like quantjtys] of ity fluctuation and the amplitudes of guide field and wiggler
the relativistic electron in the case of a reversed guide fieldfield, proposals are qualitatively deduced to improve the
and more recently TsUil6] revealed a new reverse guide propagation quality of the electron beam. In the present pa-
field singularity, which partly provided an explanation of the per the terminology *“velocity fluctuation” refers to the ve-
efficiency enhancement observed in a recent FEL experimerecity variation of the electrons drifting through the wiggler,
with a reversed guide fielpL7]. but is not the original velocity spreads that the electron beam
In practice, an electron beam has a large number of elegarries, which are quantified by the beam emittance. In Sec.
trons withoff-axisguiding centers when they get their trans- Il nonlinear simulations and comparisons are provided to
verse velocityv, in the adiabatic range of the wiggler. various field configurations to verify our proposal. Finally,
Therefore, even if the electron beam has initial spread  several conclusions are drawn in Sec. IV.
when it is emitted from the electron gun, electrons will di-
verge in the velocity space and/or configuration space as they
propagate through the helical wiggler, since they feel differ- Il. ANALYSIS OF ELECTRON’'S MOTION
ent values of the three-dimensional wiggler field. This diver- ) _ _ _ _
A. General expansion of three-dimensional helical wiggler
The three-dimensional field of a helical wiggler can be
*Mailing address. expressed in cylindrical coordinateR,(p,z) as follows[3]:
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By = 2Byl (KuR)COS @ ky2) B 2By, 1f<kvéR) Bu. =& B[ o(Rjcod 8-2)+1,(R)cod2e—6-2)]
v +8,Bu — 1 o(R)SIN 6—Z)+ | (R)sin( 20— 6— 2],
X SIN( @ ky2)8,+ 2Byl 1 (KuR)SIN 0 — ky2)8y @

)

where &, €,, and e, are the basis vectors in cylindrical
coordinatesB,, andk,, are the wiggler amplitude and wave-
number(i.e.,k,=2wx/\,,, \,, being the length of the wiggler
period, and |, and I, are thenth-order modified Bessel
function and its derivative with respective to the argument, — S
respectively. In the combination of a helical wiggler with an In(R)cos{n§)=m; (= 1) min(Rg)Im(r)cogmy),
axial guide magnetic field the dynamic analysis of the elec- (5)
tron’s motion with off-axis guiding centers may become easy
if the helical wiggler field is expanded in terms of the simul- w
taneous cyclotron radius, cyclotron angle, and the guiding- = . _ m R
center position. Before we consider the specific physical sys- In(R)sin(ng) _m;x (=1 men(Rg)Im(r)sin(my),
tem, let us first derive the general expansion of Bg.in (6)
terms of basis vectors, and e, shown in Fig. 1a). This
procedure is a purely mathematical calculation without any,nere
physical restrictions. The transformation of basis vector from
(€r.&,) t0 (& &) is

€r=&C0g ¢~ )+ &sin(¢— 6), )

e,= —&sin(¢— 6)+e,codp—6). 3

where we have normalize® andz asR= k,R andz=k,z.
With the aid of Graf's addition theorem of modified Bessel
function[24] for the triangleAOAG (see Fig. 1

©

§=pg— @, (7)

Y= (= pg)+ 0, ®

Then the transverse component of the wiggler field can bandagz kywRg, we obtain the general expansion of helical
rewritten as wiggler field as follows:

BWL:_érBW|=27Co II(R_g)II(WCOS{I(a_ ‘Pg)]cos{g—z_)'i_érBw|=§;SC ||+2(R_g)||(WCOi2€Dg—|(0— (,Dg)—((9+Z_)]
~&By 2 1(RI(TCodl (6= ¢)]siN0-2) 8By X 1142(Ry)I(1Nsin 204~ 1(8=0g) = (6+2)], (9)

Bu,=28, 3 11-1(Ry) (TSI (0= @) + ¢y~ 718, (10

It should be emphasized thRt, and ¢, are restricted by the be a series of cyclotron harmonics about the cyclotron angle
geometrical relationship 0. Generally speaking, the local field felt by the electron is

related with both the rotating motion around the guiding cen-
ter and the guiding-center shift, that is, related with the si-

multaneous Larmor radius, cyclotron angled, and the

Ry=[R*+r2—2Rr cog 6—¢)]*?, (11

<pg=arcta+RR§;r;((P;_: igi)) , (12) guiding-center positiofRy and ¢ .
?)—
or by the relationship B. Specific expansion on a helical orbit
RyC03¢g) =R cod¢) =1 cog6), (13 The expansion of the wiggler field on a helical orbit can
R.SiN @) =R sin(@)—r sin(6) (14) be easily derived from Eqg9) and (10). In the combined
g g .

Now we examine the physical meaning of E(®.and(10).

Suppose that in Fig.(4) point A denotes the simultaneous

location of the considered electron, and pdinis its guiding

wiggler with an axial guide magnetic field, the helical orbit
has the property ob—z=m/2 for group | orbits andh—z=
—m/2 for group Il orbits andz=k,v,t [1-6]. Substituting
this relationship into Eqg9) and (10), and, without loss of

center. Then Eqg9) and(10) indicate that from the point of generality, lettinge,=/2, one can obtain the expansion of
view of the considered electron, the wiggler field turns out tothe wiggler on a helical orbit



4686 SHI-CHANG ZHANG AND JOHN ELGIN 55

o]

&0 ol n D
% Bur=2By 2 = ,(Nlh-1(Ry)

nSe 1

. 4 X [&cognkyv t) +&sin(nk,v t)], (19

G 9 Il(ﬁ A e A . —_—
(Bwi)=2By s lo( Rg)[excos(kwv\\t)+eysm(kWUHt)]a

(20

g
&
®

vy . whereg, and @, are the unit vectors ix andy directions,
9s X respectively.

C. Analysis of electron’s velocity

It is difficult to derive theexactsolution of the equation of

Y motion for a relativistic electron with off-axis guiding center
in a combined helical wiggler with axial guide magnetic
field. As a matter of fact, we have shown that there is no
purely helical orbit as the guiding center is off akiz2]. In

A order to give prominence to the effect of the velocity har-

9 monics, we approximately evaluate the magnetic forces on

an ideal helical orbit with equivalent Larmor radiusand

7 equivalent guiding-center positidry, .

R, The equation of the transverse motion may be approxi-
mately expressed by

N d(ymov,)

0 X g = €LV X (B (Bu) T, 8% B

(b) (21

FIG. 1. Coordinate systems employed in the harmonic expanwherey, my, —e, v, , andv, are the electron’s relativistic
sion of a helical wiggler field in@) general case, ang) specific ~ energy factor, rest mass, negative charge, transverse velocity,
case of a helical orbit. and the average of the axial velocity, respectively. Substitut-

ing Egs.(18) and(19) into (21) yields

By, =&By > In(R_g)In,z(r_)sin(nz_) VL:ULO[COS{QIIt—i_QDO)éx+Sir](Q\\t+(Po)éy]+vi,fIUCv(22)
n=—wx
. o 2(n-1) — — where
+e(,BWn:E_ — 14(Ry)I-1(r)cosnz),
(15 Vi fluc™ _nZl [éxvxncoinkwv_llt)+éyUynSin(nka_Ht)]a
and (23
* _ o o and the amplitudes,,, andv,, are
Bu,=2By 2 In(Ry)lnsa(T)COSN2E,.  (16) o
n=-e 4n29wvl\|n(r)
Pogm——— % -
If one averages Eq$15) and(16) within a cyclotron period, . r(nkyv;— Q) (nkyv + Q)
that is, integrates with respect zaver a wiggler period,, , - = = = —
one obtains X [kwv 1 n(Rg) + 1 1(Rg)/Ry], (24
() —.. AnQ0,1 o (1)
(Bu.)=—2By, — lo(Ry)&, 17 Vyn=—=—— —
" v o T r (k= Q) (N + Q)

(Bu2)=2B,l 1(N1o(Ry&,, (18) X[N2ky0n(Rg)/Ry+ QIA(RY].  (25)

which coincides with the expressions given in REZ1]. Here Q,=e[By+2B,l(r)l o(Re1/(ymee), Q,=eB,/
Here we see thaBB,,, ) and(B,,,) turn out to be the lowest (ymyc), c is the light speed in vacuuni, is the amplitude
approximation in Eqs(15) and (16), that is, the only one of the axial guide field, and 5 and ¢, are the integral con-
harmonic withn=0 in Egs.(15) and(16). It will be useful to  stants, which depend on the entrance condition, respectively.
rewrite Egs.(15) and(17) in Cartesian coordinatdsf. Fig. The equation of axial motion may be approximately de-
1(b)] as termined by
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Inserting Eqs(20) and(22) into (26), we obtain
V7=Vt Uy fluc: (27)

Uy = n; V€O Nk, 1), (28)

where the amplitude,, is

_4031(N1o(Ry) (Ry)

Uzn

nkyr?
(n+1)|r:1(r_)_ (n—1)|n__1(r_)_ 29
(n+1)kyv = (n=DL)kyv+

anduv,q is the integral constant, which depends on the en-
trance condition.

D. Improvement of the beam’s propagation quality

The first terms in Eqs(22) and (27) denote the initial
velocities on a helical orbit, which depend on the entrance
conditions, while the second terms in Ed22) and (27)
represent fluctuation velocities relative to the initial veloci-
ties v, and v,. As the off-axis-guiding-center electrons
have differenR, andr, the values of theio,,, vy,, andv,,
must be different. Arelectron beanin the combined wiggler
with axial guide magnetic field has a large number of off-
axis electrons with different distances from the axis, i.e.,
with different Larmor radii and guiding centers. Therefore,
the divergence of the electron beam in velocity space is in-
evitable when the electron beam propagates through the wig-
gler, no matter how small the initial velocity spread is. Not-
ing that both the magnetostatic wiggler field and axial guide
magnetic field do no work, and that the electron’s energy
maintains its initial value at entranfe—(v 2 o+ v %)/c?] 12
when the electron beam propagates through the wiggler, we
understand that a relatively small fluctuation of transverse
velocity corresponds to a relatively small fluctuation of axial
velocity, and vice versa. Evidently, in order to improve the
propagation quality of an electron beam, it is essential to
suppress the velocity fluctuations,, andv, , of the elec-
trons. o o

In Egs.(24) and(25), | ,(Ry)>0 andl (Rg)>0 hold, thus
in the case of a reversed guide fi€fd,<0) the numerator is
smaller than that in a_positive guide fie{,>0). For ex-

FIG. 2. Cross-sectional views of the 5000 test electrons at th%mple at resonancé(,|~k U_H) v, andu,, are approxi-
’ W xn yn

exit of the wiggler for(a) group | withB;=4.06 kG,B,,;=0.63 kG,
1,=90 A, (b) group Il withBy=10.9 kG,B,,,;=0.63 kG,| ,=300 A,
and (c) reversed guide field witlB,=—10.9 kG, B,,o=1.47 kG,
I,=300 A, where the initial state of these 5000 test electrons is th
Gaussian random distribution. Herein and hereafter the relativisti
energy factor of the beam is 2.4677 with an initial Gaussian sprea
of 1%, the average radius of the beam is 0.25 cm, the wiggle

mately proportional td,(R,) in a reversed guide field, while
vyn @anduvy, are approximately proportional tig(R,) in a
gositive guide field. Therefore, we_draw an important con-
lusion that a reversed guide fie(€,<0) may provide a
etter propagation quality for the electron beam than a posi-
five guide field({2,>0). This conclusion may partly give a

period is 3.18 cm, the wiggler length is 2 m, the adiabatic range haf1€0retical understanding of the efficiency enhancement in
a length of six wiggler periods, and the drift tube is a cylindrical the recent FEL experiment in MIT where the positive guide

waveguide with a radius of 0.51 cm.

dv, e

T

pALLIY

———V; X(By,).

field was replaced by a reversed guide figld].

From the physical and mathematical points of view, we
may dissociate a tapered field slightly varying with the axial
distance as many discrete statuses, each of which corre-
sponds to a situation of a constant field, and then analyze one
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FIG. 3. Velocity distributions of the 5000 test electrons at the
exit of the wiggler for(a) group |, and(b) reversed guide field,
where the parameters are the same as those in Fig. 2.

FIG. 4. Evolutions of the normalized axial velocity versus the
axial distance for(@) group I, and(b) reversed guide field, where
100 electrons are plotted which are selec&dandomfrom the
5000 test electrons, and parameters are the same as those in Fig. 2.
after another. Although the above formulas are derived in a
untapered field and cannot reflect teeactbehavior of an
electron in a tapered field, we mayalitatively deduce the
tend of the velocity fluctuation of the electron beam in ta-
pered field by investigating the functional relationship in the
above formulas. It is easy to show that in EB9) v,, is an
increasing function of wiggler field, and also is an increasing
function of Q, in a positive guide field, but is a decreasing
function of || in a reversed guide field. Therefore, a down-
tapered positive guide field seems to be better than an un- 3

tapered positive guide field, and an up-tapered reversed 000 — RAESASEEEASURRA RN RRRERERRA SRR
guide field is better than the uniformly reversed guide field. 0 50 100 150 200 == 390 J50 400
Considering the functional relationship mentioned above, we (a) oz

propose a combined field configuration of a down-tapered 610

wiggler with an up-tapered reversed guide field, which may -

most effectively improve the propagation quality of the elec- 0.08

tron beam. In the following section we shall present detailed .
simulations of propagation of the electron beam to verify this
proposal.

’U_|/(
¢
o
el
Lol
iy

0043 |
Ill. NONLINEAR SIMULATIONS ]
OF E-BEAM PROPAGATION 0.02 E
In order to demonstrate the advantage of the field combi- 0.00 P e
nation of a down-tapered wiggler plus an up-tapered reversed (t;) 50 100 150 ]foo 250 300 350 400
wZ

guide field, we give comparisons by simulating the propaga-
tion of the electron beam in various field configurations. In
the nonlinear simulations, we assume that the initial states of FIG. 5. Evolutions of the normalized transverse velocity vs the
the tested electrons in velocity space and configuration spaegial distance for@ group | and(b) reversed guide field, where

are a Gaussiarandomdistribution, and we trace 5000 test 100 electrons are plotted, which are select¢dandomfrom the
electrons with initial energy spreatly,o/v,=1%. Each test 5000 test electrons, and parameters are the same as those in Fig. 2.
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electron is governed by the equation of motion details of the propagation of the electrons, we plot, in Figs. 4
and 5, the evolutions of the axial velocity and the transverse
(30 velocity of 100 electrons which are select@drandomfrom
the 5000 test electrons. One can see from Figs. 4 and 5 that
] ] ] ) . after the adiabatic range the axial and transverse velocity
Here B, is the wiggler field shown in Eq.(1) with  fiyctuations are, respectivelv,/c~0.02 andAv, /c~0.08
By =Buwo[1+ {(z—2y)] where the amplitude of the wiggler i, the case of the positive guide field, while in the case of the
is tapered with slopd at the_positionz,, the axial guide nitormly reversed guide field the axial and transverse ve-
field is tapered with slope at zy, locity fluctuations areAv,/c~0.007 andAv,/c~0.03, re-
(31) spectively. These results demonstrate that a positive guide
field yields more serious velocity fluctuation than uniformly

d(ymgv
(yd—tO)=—e[Es+v><(BW+Bg+ Bo)].

By=Bo[ 1+ €(2—20)1&,~ 5 €Bo(XE+Y8,),

and E, and B, are the self-fields of the electron be4gs): reversed guide field when the electrons propagate through
the wiggler.
Es=— (Mmp/2e) Rwiég, (32 In summary, a uniformly reversed guide field may present
a better propagation quality for an electron beam than a posi-
Bs= —[(Mo/2€)v oRw28, , (33)  tive guide field. This conclusion coincides with the result

derived in Sec. Il.
wherew, is the plasma frequency of the electron beam, and
z=k,z is the normalized quantity of. The equation of mo- B. Up-tapered reverse guide field configuration

tion is solved in terms of the Runge-Kutta method of order Alth h th i | d field is in f th
four, and the invariany{1—(v/c)?]*2 is chosen to monitor though the uniformly reversed field is in favor of the

the accuracy of the iterations. In the simulation we choos®&am propagation compared with a positive guide field, both
the typical parameters of the MIT experiment as followsth® MIT experiment17] and the theoretical analy<i23] as
[17]: the relativistic energy factor is 2.4677, the average raWell as Eqs(24) and(25) in Sec. Il indicate that the electron
dius of the electron beam is 0.25 cm, the drift tube is abeéam diverges at the antiresonane8,,=1.47 kG,
cylindrical waveguide with radius of 0.51 cm, the wiggler Bo=—7.6 kG. Now we give a comparison between the
period is 3.18 cm, the wiggler length is about 2 m, and thePropagations of an electron beam in a uniformly reversed
adiabatic range of the wiggler has a length of six wigglerguide field and in an up-tapered reversed guide field. Figure
periods. The profile function of the magnetic field in the 6 gives the details of the evolutions in configurations space
adiabatic range that is included in our numerical analysisand velocity space for 100 electrons, which are selected at
results from our simulation of the reported measurements afandom from the 5000 test electrons, where 16 electrons of

the MIT experimental facility(cf. Fig. 4 in Ref.[26]). these 100 electrons hit the wall of the cylindrical waveguide
at the positions plotted by the horizontal lines. Figure 8
A. Untapered field configurations shows a loss of about 17% of the 5000 test electrons on the

Firstly, we simulate the propagation of the electron bearﬁ/vavegwde waI'I, and only 83% O.f the .test.elgctrons pass
in untapered wiggler plus an untapered positive guide field OFhrough the wlggler. Here the S|mu_lat|on IS N exce_llent
plus an uniformly reversed guide field. Figure 2 shows thefdreement with the measured data in the MIT experiment
cross-sectional views of the 5000 test electrons at the exit o¥nere the beam current decreased from 300 A at the entrance
the wiggler for(a) group | with By=4.06 kG,B,,,=0.63 kG, of the wiggler to 248 .A at the gxn qf the wiggler. F|gurgs
1,=90 A, (b) group Il with B;=10.9 kG, B,,,=0.63 kG, 6(a)—6(d) show a serious deterioration of the propagation
1,=300 A, and(c) uniformly reversed field wittB,=—10.9  quality of the electron beam at anti-resonance, which sup-
kG, B,,o=1.47 kG,1,=300 A. Although the electron beam ports the earlier opiniofil9,23 that the output power dip at
does not diverge in the configuration space for all the thre¢he antiresonance observed in the MIT experin(dny re-
circumstances, thaxis of the electron beam substantially sults from both the loss of the beam current and the poor
deviates from the symmetrical axis of the cylindrical wave-propagation quality of the electron beam. It should be
guide when the guide field is positive. This deviation cer-pointed out that the previous literaturgk9,23 only found
tainly affects the interaction between the electron beam anthat at antiresonance the electrons on or near the outer edge
the rf fields of the waveguide, because it changes the locatioof the beam may execute highly irregular trajectories and
of the beam in the waveguide. In the MIT experiméht], may obtain sufficiently large transverse velocity to be inter-
indeed, the efficiency of the beam-wave interaction is 9%gcepted by the wall of the waveguide. As shown in Fig. 6,
2%, and 27% for the group |, group Il, and reversed fieldhowever, our simulation reveals that the electrons even close
parameters, respectively. Besides the configuration devidy the axis of the beam maybe obtain sufficiently large trans-
tion, the velocity fluctuation of the electron beam in the pro-verse velocity to hit the wall before the exit of the wiggler,
cess of propagation through the wiggler may be an importanalthough their orbits are nearly helical.
factor to affect the beam-wave interaction. Figure 3 displays As we expected in Sec. Il, Figs. 7 and 8 indicate a dra-
the comparison of the velocity distributions of the 5000 testmatic improvement of the beam propagation at antiresonance
electrons at the exit of the wiggler for the group | and for theby an up tapered reversed guide fielkgat,, =40 with slope
uniformly reversed field. It is found that the velocity span in e=0.01. No electron hits the wall of the waveguide before
a positive guide field is much wider than the velocity span inthe exit of the wiggler, and the divergence of the beam in
the uniformly reversed guide field. To further examine theboth configuration space and velocity space becomes small.
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FIG. 6. Evolutions ofa), (b) the normalized transverse position o (d) the normalized velocity vs the axial distanceaatiresonance
with B,0=1.47 kG,l,=300 A, and uniformly reversed guide fieB})=—7.6 kG, where 100 electrons are selected at random from the 5000
test electrons and plotted; figurés, (f), (g), and(h) display the evolutions of the normalized transverse position and normalized velocity
of an electron, which is close by the axis of the beam.
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FIG. 7. Evolutions of(a), (b) the normalized transverse position, aiejl (d) the normalized velocity vs the axial distanceaatireso-
nancewith B,,,=1.47 kG,1,=300 A, and reversed guide fieBy=—7.6 kG up-tapered é&kt,z,=40 with slopee=0.01, where 100
electrons are selected at random from the 5000 test electrons and plotted; (@yuifes(g), and(h) display the evolutions of the normalized
transverse position and normalized velocity of the electron corresponding to the one in(Bigé) 6(g), and(h).
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FIG. 8. Comparison of the beam loss at antiresonance between

an untapered reversed guide fi¢kd=0) and a reversed guide field 0.14 3
up-tapered ak,,z;,=40 with slopee=0.01, wherel,4 denotes the Oﬂz_f
value of the beam current at the entrance of the wiggler. The loss of 3
17% of the beam current whes=0 is in excellent agreement with o.10 E
the observation in the MIT experimeft7]. o 0087
5" 0.06
0.04 3
The above comparison demonstrates that an up-tapered 0023
reversed guide field may provide a better propagation quality N
for an electron beam than a uniformly reversed guide field. 0'000 U 0
The qualitative deduction in Sec. Il is in agreement with this ’ ' 210 wile ' ‘
nonlinear result. v
C. Combination of a down-tapered wiggler 0.14
with an up-tapered reversed guide field 0.12 3
In a free-electron laser the self-fields of the electron beam 0.10
plays an important role if the beam current is high. For ex- ¢ o.o0s =
ample, the self-fields of the electron beam may cause a new & ., ]
kind of unstable orbif6], induce chaotic behavidi7,10], R
generate a new reverse guide field singuldri§], affect the 0043 £
dispersion property of the waveguide mod&g], and tend 0.02 7 e SN
to reduce saturation efficiency and enhance beam spreading  ©.06 ]
depending upon the magnitude of the external beam focusing 0.500 0.905 081G 0.915 0.920 0.925
[28]. In this subsection an electron beam with a high current (@) v/

I,=2000 A is considered. Figure 9 provides comparisons of
the velocity distribution at the exit of the wiggler at nonreso-  gig. 9. velocity distributions of the 5000 test electrons at the
nance withB,,=1.47 kG,B,=—10.9 kG for(a) untapered exit of the wiggler at nonresonance wiityo=1.47 kG,By=—10.9
fields ({=0, €=0), (b) untapered wiggle{=0) plus a re- kG for (a) untapered fieldS¢{=0, e=0), (b) untapered wiggler
versed guide field up—tapered ng0:40 with €=0.0012, ({=0) plus a reversed guide field up-taperéd=0.0012 at
and(c) a wiggler down-tapered witlj=—0.0018 plus a re- kwZgo=40, and(c) a wiggler down-tapered=-0.0018 plus a
versed guide field up-tapered wig-0.0012, both beginning reversed guide field up-tapere@=0.0012, both beginning at

at k,z=40. The results shown in Fig(&® and 9b) confirm  k,z=40, where the beam current is 2000 A, and other parameters
the conclusion obtained at antiresonance in the last subseare the same as those in Fig. 2.

tion: The propagation quality of the electron beam in up-

tapered reversed guide field is better than in uniformly re-

versed guide field. More importantly, it is demonstrated inlowing conclusions can be drawn.

Fig. 9 that the combined configuration of a down-tapered (1y"a yniformly reversed guide field can present a better
wiggler with an up-tapered reversed guide field may be th%/

t offecti h o th i lit ropagation quality for an electron beam drifting through the
most eflective approach to improve the propagation quall iggler than an untapered positive guide field. Additionally,
of the electron beam.

at antiresonance in the uniformly-reversed-field regime not
V. CONCLUSIONS only the elgctroqs on or near the quter edge of the bgam may
' execute highly irregular trajectories and may obtain suffi-
In this paper we have presented detailed threeciently large transverse velocity to be intercepted by the wall
dimensional analysis and nonlinear simulations for theof the waveguide, but also the electrons close to the axis of
propagation of the electrons in various field configurationsthe beam may obtain sufficiently large velocity to hit the
including the circumstance with high beam current. The fol-wall before the exit of the wiggler.
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(2) The propagation quality of the electron beam in andown-tapered wiggler plus up-tapered reversed guide field is
up-tapered reversed guide field may be better than in a unproposed, and further calculation including the radiation
formly reversed guide field. fields is undertaken.

(3) The most effective approach to improve the propaga-
tion quality of the electron beam may be the combined con-
figuration of a down-tapered wiggler with an up-tapered re-
versed guide field. This work was supported by the National Natural Science

Based on the above conclusions, a free-electron laser withoundation of China and the UK Royal Society.
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