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THEORY OF ELECTROMAGNETIC INSTABILITY OF AN INTENSE BEAM
IN A QUADRUPOLE FOCUSING SYSTEM

1. Introductica

Discrete quadrupole focusing systems, also called FODO lattices, have been used to
transport charged particle beams for a variety of applications. A FODO lattice is an alter-
native to helical quadrupole windings for strong focusing. Helical quadrupole (stellarator)
focusing systems have been found to be subject to an electromagnetic instability, which we
referred to as the three-wave instability.! =3 This has been observed experimentally for a
325 A, 950 keV beam with an 80 nsec pulse length.* In that case, the stellarator gradient
was 400 G/cm, the stellarator pitch length was 18 cm, and the axial magnetic field was 1.2
kG. The growth of the instability and subsequent beam loss was accompanied by 3 GHz
radiation, as predicted by theory.

Here, we consider the corresponding instability for transverse perturbations of a beam
centroid interacting with a FODO lattice field and a T E,; waveguide mode. The advan-
tages of using FODO lattices are: (i) variations in periodicity are easily introduced, (ii)
variations in periodicity can change the character of electromagnetic instability and re-
duce the overall growth rate, (iii) lower growth rates in some regimes and (iv) preliminary
particle simulations show saturation at low values. Even though the FODO lattice lacks
a stable regime, the small growth rates may allow a cure by any one of several methods,
such as loss in the waveguide.

The dispersion relation may be solved in the usual way, with the growth rates being
the imaginary parts of the roots of the determinant of a dispersion matrix. Due to the
periodicity of the FODO lattice, however, the dispersion matrix is of infinite dimension.
This instability®® was recently analyzed via Floquet theory® and via approximate disper-

sion relations based on two different approaches.5'® In this paper, we derive the dispersion
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relation and show that the exact growth rate, in agreement with the results from Flo-
quet theory, can be obtained from a truncated dispersion matrix. Furthermore, we are
able to approximately factor a zeroth-order form of the dispersion relation to find all the
beam modes. Identifying the beam mode that causes the instability, we are able to derive

analytic expressions for the growth rates and establish various regions of instability.




I1. Dispersion Relation

We consider an alternating gradient quadrupole field (Byz, Bgy ), where
Bgz = —Bgkef(2)y,  Bgy = —Bgkyf(2)z, (la—b)

Bgk, is the peak quadrupole field, f(z) is periodic, ky = 2w/, and A, is the period of the
quadrupole field. The representation for the quadrupole field in Eqs. (1a-b) is valid near
the z-axis, i.e., (22 + ¥?)'/2 << A /2m.

In equilibrium, the electron beam travels along the axis of a perfectly conducting
circular waveguide of radius r, at velocity v, and is monoenergetic with v, = (1 - 82)71/2,
where 8, = v,/c. Both the beam radius and beam centroid displacement are assumed to
be small in comparison to the waveguide radius. We include induced image charges and

currents due to the displaced beam. The induced electric and magnetic fields near the

z-axis are
myc? v, . .
Eing = -2 2 ;Z(zcez + ycey)7 (2a)
mec? v . .
Bind =2 ;{ﬂo(ycez - zcey)’ (2b)
g

where z.(20,2) = c(20,t = (2—25)/v0) and (20, 2) = Ye(20,t = (2—2,)/v,) are the beam
centroid coordinates, v = w?ri/4c? is Budker’s parameter, (v ~ |I.|/178 for an electron
beam where I, is the electron beam current in units of kilo-Amperes), w? = 4mwe?n./m,,
n. is the electron density, m, is the electron mass e is the elementary charge (assumed
positive), 7 is the beam radius and z, is the axial position of the electron at ¢t = 0.

We expect the TE;; mode to have the largest growth rate because its electric field

peaks on axis. It vector potential can be written as

A = [A;(r,0,2)e, + Ay(r,0,2)é,] e + c.c.

= [A4(r,0,2) + A_(r,0,2)) e " 4 ec.,

where

Ay(r,0,2) = ‘/dkibiu(ki) [Jo(p117)és + Jz(”ur)e:tizoé;] eikez




A, are complex amplitudes associated with the (+) right-handed circularly polarized
(RHCP) wave and (—) left-handed circularly polarized (LHCP) wave, J, is the n,;, order
Bessel function, by, are complex constants, w is the radian frequency, ki are the wave
numbers associated with the RHCP and LHCP waves, é4 = (€, +1€;)/2 and c.c. denotes
the complex conjugate. The boundary condition, requiring the tangential component of the
electric field to vanish on the perfectly conducting waveguide surface, gives the condition
Ji(r = p1rg) = 0, where p,37y is the the largest positive zeroth of Bessel function J| and

! denotes d/dr.

The wave equation for A is given by

8? 1 8 4r
2 —
(Vi+5m -~ 5am ) A= -0 @
where Vﬁ_ =V2- —:z is the transverse Laplacian, and J. = —en.nr?v, is the macroscopic

transverse current associated with the beam centroid. Assuming that the particle motion

is driven by field on axis, the current can be written as

m.,c dzc é dyc ~

Je = 8(=)b(y)(— &y); (5)

where [z.(2,t),yc(z,t)] are the coordinates of beam centroid.

The wave equation can be rewritten as

Q-.Ig_

L [(a; tiay)e ™ + c.c] = —4m— 6(:::)6( ) (zc +1y.), (6)

where a. , = (e/moc?)Az,y and L = V% + 8%/82% + w?/c?
The vector potential in (6) has the form

(az £ ia,,)e-"‘"t = o(p117)e

(7)

+ mec’- /dkﬂ:bill(ki)-]z(p.nr)eiizeei(kiz—wt)

(-]

After L operated on the normez'ized vector potential, Eq. (6) can be written as

€

3 thr z w2
~e iwt [/ dkze kx (c—2 - k?F - #31) Jo(#n")bml(k#)

moc




. w? .
+ [ dbaeiter (;,— — K- nil) Jz(ﬂn")e*'”biu(ki)] +ee.

- 4%5(:)5(,,)%(% +iye). (8)

There are two equations associated with (8). We multiply the equation with the upper
sign by f:" d6/2n [° Jo(pu117)rdr and the equation with the lower sign by foh e'29dg/2x
for' Ja(p117)rdr, then combine the results to pick out b_;;. Similarly, we multiply the
equation with the upper sign by f: e~29d9/2x I " Jo(p117)rdr and the equation with
the lower sign by f:” d8/2x [;° Jo(p117)rdr, then combine the results to pick out b,;.
The results are

w? 2 oc> d
"“"f [/ dk e"‘*’ (— - k2 ”’11) bq:n(kq:)] +c.c.= ‘—l:—lm c —’(zc :fiyc)a (9)

where Iy = pi(p3, 72 — 1)J(p117g). Let

(zc +1yc) = / dkséy(ks)e 2w 4 o e (10)

We substitute Eq. (10) into the wave equation, Eq. (9), to obtain a pair of equations that
relate bz, to €+. Keeping in mind that the variable of integration is a dummy variable in

each case, we solve for b,1; and b_;;:

2
. 2v mee w — vk

baaa(k) =~ g o o ey Ea(k) (11)

Next, we need to solve for the dependence of particle motion on the radiation field.
We assume that 22 + y? < r: such that the centroid motion depends only on the field on

axis. The beam centroid equation of motion can be written as

dz
(Et? ~ kZv 2) (ze £1ye) + Qgkgvo f(2) (e F iyc)

0 0 : —iw
== <at °az> [(az + iay)lr=0e™™" + c.c], (12)

where k2 = 2u/(ﬂ373r:), and Q, = eB,/y,m,c.
Returning to the quadrupole field, Eq. (1), let

= Zf,, cos(nkyz). (13)




For simplicity, we keep only the n = 1 term of the expansion. Substituting (7) and (10)
into (12), we group terms with the same electromagnetic wave number k and evaluate the

fields on axis. We solve for {, in terms of biy;-

[~ = 0ok )? = £202] £4(8) + gko(f /2100 [k + k) + nl — k)]

. C €

—z—

Yo MoC2

(W — Vok)bayy (k). (14)

We substitute (11) into (14), to obtain

(e k)Exl) = ~ 2220 ekt k) + £k~ by (19)

where
Sl k) = (0/50 ~ kY (~1+ u ) (16)

@/~ =)
and kj = 2v/7,I1;. Eliminating _, we find that the longitudinal waveguide modes are
coupled:

T, ) (B) = 5 K3 [Smsbolk 4 260) 4 Smirbulk-2%9)],  (17)

where
Sm(w, k) = S(w, k + mk,), (18)
T, k) = Sons SSomag — %Kﬁ (S + Smsal, (19)

K2 = Kkof1/v2 and K, = Q,/v,.
From Eq. (17), the dispersion relation for the TE;; mode in the presence of the beam

is a function of the determinant of an infinite tri-diagonal matrix of the form

( 0 0 ...\
K T, 5225_3 0
det| .. %s,, 1 Kgs, .. |-o. (20)
ae 0 %“S.’,s T+2 .
\ 0 0 /

It can be shown from Eq. (20) that the growth rate of the instability is periodic in

k. For a given unstable frequency w,, the unstable wave numbers are at all k = ko + nkq,




where n = 0,+1,.... is an integer, and ko is the unstable wave number associated with a
vacuum waveguide mode. Coupling to an infinite number of modes may be avoided in the

approximation that
K3

4
ke

<1. (21)

It will be shown below that 2%: < 1 is required for phase stability. To zeroth order, the

approximate dispersion relation is

To = 0 (22)

To first order, we find

det| Kg,, 1, Kig, 6 |=o0 (23)
0 '—§‘S+a T,




II1. Analytical Beam Line Decomposition

Much insight can be obtained from analytical decomposition of the approximate dis-
persion relation, Eq. (22). This can give us analytical expressions for the growth rates
and instability boundaries in parameter space.

The dispersion relation can be rewritten with the current coupling terms grouped

together in a term 7,

W_1WoW,11Ilo = &0, (24)
where
W (w, k) = (m/c)2 —(k+ mlcq)2 — pfl, (25)
2 2 K: 2 2
Op(w,k) = o? mCm4+1®m_1 — 9 [am+l +°‘m—1] ) (26)
am(w’k) = w/v, — (k + mkq)’ (27)
and

kbamam+lam 1[Wm+1W -1+ Wme—l + Wme+1
—kE(Wey + W + Winy) + k)
1
—Esz:Wm [afn_,_lW,,._; + azn—lWﬂH'l] . (28)

The polynomial II; can be rewritten as
Ho(w, k) = (Qo - kq)on - quK;ao, (29)

where

pir= (oo ) (5 2)| [(or - (B m2)]. o

A good approximate beam mode decomposition can be obtained by dropping the last term
of (29), since K}/ k: is typically much less than 1. There are six waveguide modes, i.e.,
W_,WyeW, 1, and there are six beam modes. The four beam modes in (30) have the same
characteristics as those in the helical quadrupole case.?

The beam line decomposition helps to define the approximate boundaries separating

the orbit instability and the electromagnetic instability.




Orbit Instability

As in the helical quadrupole case, the electron beam develops orbit instability, when
kZ/4 < K3, (31)

with or without electromagnetic modes in a waveguide. This is confirmed by the numerical

solution of the complete dispersion relation (23) and by particle simulations.

Electromagnetic Instability

Electromagnetic instability exists at the intersection of the
W_i(w,k) =0 (32a)
waveguide mode and the
k+(—ke/2+ (/k2/4 - K3)—w/vo =10 (32b)

beam mode. This instability is repeated for all wave numbers, k = ko + nky, where
n = 0,+1,42,... When the intersection does not exist, we find that the beam is still

unstable for

(33)

but the growth rate is much smaller.
In the limit of zero beam current, a stability diagram based on Egs. (31) and (33) is

shown in Fig. 1




IV. Analytical Expressions for Growth Rates and Group Velocity

Following the same procedure as outlined in Ref. 2, analytical expressions for the
spatial or temporal growth rates of the electromagnetic instability can be obtained. The
derivation for the spatial growth rate is presented first. Electromagnetic instability occurs

at a frequency and wavenumber, (wq, k. ), which satisfies (32a) and (32b), i.e., frequency

V(wa/€)* — uiy + kg = (wa/vo) + ke/2 — /K3 /4 — K], (34a)

and the corresponding wave number is

kg = vV (“’a/c)2 = F’%l + kQ' (34b)

The derivation of the spatial growth rate is given below. The dispersion relation (24)

w, satisfies

can be rewritten as

(k> = k3)((k + kg)? — k3)((k ~ kq)* — k7)
{(k — k2)?[(k — ka)? ~ AKZ)[(k — ka)? — AkZ] + 2k, K3(k — k1)} = —50,  (35)
where, at w = w,,
Fo(k) k2 (k — ky)2(k — k2)?(k — ky)? {(k? — k2)((k + kq)? — k2)
—k3[(k? ~ k3) + ((k + kq)* — k3)]} (36)

2174
— B Rk + k) Rk koY,

ko = VT s, bt = /v, ks = (0/0) — g ks = (0/10) + by b = (/10) + By 2,

Aky = (/k2/4 — K3,and Ak; = 4/k2/4 4+ K7. Defining k = ko+k,+6k, the imaginary part

of 6k is the spatial growth rate. Requiring ko + kq = k4 — Ak, and using the approximate
beam modes (32b), the zeroth order dispersion relation (35) can be approximated by

.

Pobk? 4+ pybk + 0 =0, (37a)
where
Pa = 40k (A} — Ak )ko(k — k2)* (k2 — k3 )((k + kq)® — k)| k=ke wmwa s (37b)
10




Py = 4k KAk — ky)ko(k — k2) (K2 — B2)((k + ko)? — KD)lkmbewmuss  (37c)

and

g = a’olk:k.,w:w‘ . (37d)

The derivation of (37a) assumed 6k < 2ko and §k < 2Ak;. The analytical growth rate

expression evaluated at (wq,k,) is

Im(6k) = /(ps/Pa)? /4 — 0/ Pa. (38)

We can also give the analytical expression for the temporal growth rates. The disper-

sion relation (24) can be rewritten as

S~ )@ — W)W - )

455

(G500 = 00— n) = Bl - w)? - B0 - 2k kI 0 - )} = 50, (29)

where, at k = k,,

2
o) =750 — w10 - nP (0 = 0 { 0 — oD)? - o)
2
- Bl - o))+ - o)) (40)
k2K4 2 2 2 2
o (et e R

wor = (k= kg)? +plie, wo = VA +pdie, wi = /(k +kg)2 + pdie, we = (k ~ kq)vo,
ws = kvo, wg = (k + kg)vo, wg = (k — kg/2)vo, Awy = ,/k2/4 — K}vo, and Aw, =
VF/4+ K 2v9. Defining w = w_; + éw, the imaginary part of éw is the temporal growth

rate. Requiring w_; = wy + Aw;, the analytical temporal growth rate expression can be

Im (6:’) =\ /4-q

(w —ws3)
(Aw? — Aw?)(w — wq)?

simplified to
, (41a)

wo1=wa k=k,

where

; (41b)

wW=w_)

9 = CQﬂgqu: AW]

11




and
_ Cloﬂg&o
9 = 4Aw (Aw? — Awd)w_ ) (w — we ) (w? — W) (w? — w?

(41¢)

] PR

From our numerical solutions of the higher order dispersion relation (23) we conjecture
that when a higher order dispersion relation, such as (23), is considered, spatial and
temporal growth rates at other intersections in (w, k) space of waveguide modes and other
beam modes will collapse to expressions similar to Eqs. (35) and (41). (These intersection
occur at w = w, and k = kg + nk,).

Because the beams have a finite length and because the group velocity of the instability
is slower than the beam velocity, the instability can propagate out of the tail of the beam.

From (38) and (41a), dropping the p, and g; terms, the group velocity of the instability is

1/2
vy = bw/bk ~ (ﬂ"((“’“/ o) - "31)“2) : (42)

we/c

The number of e—folds, N, that can occur within a beam of length £, is

N = min { Li e fbv,) T } (43)

where L, = 1/6k is the e-folding distance, L is the total distance traveled by the beam

and v, is the beam velocity.

12




V. Numerical Examples

Here, the dispersion relations (22) and (23) are solved numerically. We verified that
i) Eq. (22) is a fair approximation to (23),

ii) the approximate beam mode decomposition Eq. (29) of (22) is good,

ii1) the boundary of instability is as predicted by Eqs. (31) and (33) and

iv) analytical growth rate expressions are in good agreement with the results from

(23).
Parameters for numerical examples are typical of a high-current, induction-accelerator
beam, I, = 1 kA and 74, = 5. We chose a quadrupole gradient of Bok, = 221 G/cm,

1

fi = 4/m, quadrupole wave number of k;, = 0.5 cm™' and the waveguide radius of r, =

3 cm. These parameters fall in the electromagnetic unstable regime in Fig. 1, where

Vid /(72 -1) = 0.125 cm™! and P = 0.448 cm™! (see. Eq. (33)). Figure 2 plots the

(w, k) diagram corresponding to the zeroth order approximation to the dispersion relation,
Eq. (22). The solid circle in Fig. 2 marks the instability denoted by Egs. (32a,b). The
instability encircled by the dashed curve is an erroneous one. It is modified when higher
order expressions for the dispersion relation are solved. Figure 3 plots the first order

approximation to the dispersion relation Eq. (23).

Figure 4 plots of the spatial growth rate as a function of wave number, k, for w > 0
from (23). The instability is periodic in k. The growth rates of all the instabilities are

identical, except one. The instabilities at (k = ko — k, and k ~ ko — 2k,) are from coupling

to T,,, where kg ~ 0.22 cm™.

at (k ~ ko + 2k, and k ~ ko + 3k,). The instability at (k ~ ko — 2k,), similar to the

The instabilities from coupling to T_; (not shown) are

instability marked by the dashed circle in Fig. 2, is erroneous, and is modified to give
the same growth rate as that at ko + k, as more terms of the full determinant (20) are
included.

Figure 5 plots the spatial growth rates as a function of frequency w/c. for w > 0

for i) zeroth order approximation from Eq. (22), dashed (- - -) curve, ii) first order

approximation from Eq. (23), solid ( ) curve, iii) exact growth rates from Floquet

formulation,® (+ symbols) and iv) analytic growth rate expression from Eq. (38), (e

13




symbols). The growth rate of the zeroth order approximation, the first order approximation

and the Floquet formulation are in excellent agreement.

The unstable beam mode given by Eq. (32b) is in excellent agreement with the line
in (w, k) space in the dispersion diagram obtained by numerically solving the dispersion
relation. Two of the six beam modes given by Eq. (29) are not as accurate. One of
these two beam modes appears on the left-hand-side and one of these two beam modes
appears on the right-hand-side of Fig. 2 Since the incorrect beam modes are not the
unstable beam mode of interest and are sufficiently far from the unstable beam mode, the
analytical growth rate expressions are in good agreement with the numerically obtained

growth rates shown in Fig. 5.

Figures 6, 7, and 8 vary the quadrupole gradients while keeping all other parameters
the same as that used for Fig. 2. Figure 6 compares the numerically (—) and analytically
(o) obtained spatial growth rates for three different quadrupole gradients (a) Bk, fi = 200
G/cm, (b) Byk,fi = 400 G/cm and (c) Byk,f, = 600 G/cm. Figure 7 compares the
numerically (—) and analytically (o) obtained temporal growth rates. The comparison of
numerically obtained (hashed area) and analytically obtained (o) group velocities is shown
in Fig. 8.

The boundaries of the instability regime predicted by Egs. (31) and (33), in the limit
of zero beam current, are in good agreement with numerically obtained boundaries.

Numerical verification of the weak unstable regime (V) was carried out by varying the
energy of the electron beam while holding the rest of the parameters constant: quadrupole
gradient of Byk, fi = 200 G/cm, quadrupole wave number of k; = 0.5 cm™?, the waveguide
radius of r, = 1.5 cm and current I, = 1 kA. For 4, > 2.85, the beam is in the unstable
regime (I), while for 7, < 2.85, the beam is in the unstable regime (V). The boundary
for the instability is given by Eq. (33). Small growth rates are observed numerically for
Yo < 2.85 from the first order dispersion relation (23), (see Fig. 9).

For larger current and smaller quadrupole gradient, the difference of growth rates
between regime (I) and (V) is much larger. Figure 10 is a plot of the temporal growth
rates for different values of 4, for the parameters: quadrupole gradient of Bk, f, = 100

G/cm, quadrupole wave number of k, = 0.5 cm™!, the waveguide radius of r;, = 1.5 cm

14




. and curreni I, = 10 kA.
In fact, instabilities at the intersection of unstable beam mode (32b) and all other
waveguide modes also exist in the electromagnetic unstable region (I), except that their

growth rate is much smaller, (see the small blip at w/c >~ 0.672 of Fig. 5).

15




VI. Summary and Comments

Electromagnetic instability on an intense beam in a FODO lattice was studied by
deriving and analyzing a dispersion relation, which is a matrix equation of infinite dimen-
sions. We showed that numerical solutions of an appropriately truncated matrix equation
give growth rates in excellent agreement with the exact growth rates as determined from
Floquet Theory.’. Furthermore, analytical growth rates were obtained and are in good
agreement with numerical solutions of the dispersion relation. Stability boundaries in pa-
rameter space were established and verified. The analysis will be extended to consider
cases which include an additional nonzero axial (solenoidal) field.

The nature of the instability is such that growth should be observable for high current
(> 1004), moderate energy (v < 100) electron beams. Furthermore, the group velocity of
the instability is slower than the beam velocity so that, in general, growth will not be ob-
served in beam pulses of less than several nanoseconds for these parameters. For instance,
this instability is not knownto have been observed in rf linear accelerators, presumably
because the growth rates are too small and/or the electron beam pulse length is short.

Ion beams are not expected to produce electromagnetic instabilities because ion beams
are typically very slow, i.e., 8 < 0.2. The parameters of typical ion beam falls in the weak
unstable regime of the instability diagram. Damping of the TE,; mode could easily be
accomplished with finite Q values in the waveguide or the accelerator cavity.

Any high current induction driven electron accelerator utilizing FODO lattices would
be susceptible to this instability under the idealized conditions stated here. Realistic
effects, such as energy spread, nonlinear mode mixing, wave saturation may significantly

reduce the effect of the instability.
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Appendix A: Proton or Ion Beams

For proton or ion beams, the coefficients of the dispersion relation are modified. We
will consider ion beams with velocity v;, mass m;, charge per ion g and ion current I; =
gevin;(nri), where n; is the ion density particle density and r, is the ion beam radius.
The complete dispersion relation is identical to Eq. (20), with the definitions of several

constants replaced by those given here:

Q= 7;':,03:,, (4.1)
K, = Q,/v;, (A4.2)
v= L nterd) = LI (4.3)
and
k2 = T?—ls (A.4)

Dominant instability exists if the beam mode
k+(—kq/2+ (/k2/4 - K2)—w/v; =10 (A.5)

intersects the W_; = 0 waveguide mode. Weak instabilities exist at intersections of (A.5)

with other electromagnetic waveguide modes.
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Fig. 1. Instability diagram in the limit of zero beam current.
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Fig. 2. Dispersion diagram of the zeroth order approximation of the dispersion relation Eq.

(22).
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Fig. 4. Spatial growth rates for w > 0 as a function of wave number k.
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Fig. 5. Spatial growth rate as a function of frequency w/c for i) zeroth order approximation,

dashed (- - -) curve, ii) first order approximation, solid ( ) curve, iii) exact growth
rates from Floquet formulation, (+ symbols) and iv) analytic growth rate expression,

(e symbols).
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Fig. 6. Spatial growth rates for w > 0 and (a) Byk,fi = 200 G/cm, (b) Byk,fi = 400 G/cm
and (c) Bokyfi = 600 G/cm, while keeping all the parameters the same as Fig. 2.
The analytically calculated growth rates are indicated by (»).
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Yo < 2.9.

28




