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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, -
_process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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1. Introduction

This Final Report presents the results of work accomplished in accordance with the Scope of
Work to the Purchase Order No 4596310 (Appendix A). The amount of works includes the
following items.

1. Start of the manufacture of the Experimental Accelerating Stand (EAS) - the section for
proton acceleration from 5 MeV to 8 MeV, in which RF fields are excited by an electron beam at
the anomalous Doppler effect.

2. Theoretical investigation and computer simulation of field excitation and ion acceleration
in the EAS.

Under item 1, the EAS manufacturing is begun. To present time, a pedestal for the EAS and
a stainless steel vacuum chamber for RF resonator are made (length of the chamber is about 180
cm, diameter is about 40 cm); see, accordingly, referense numbers 10 and 9 on the assembly
drawing of the EAS in Intennm Report, 1993. Besides, parts of the EAS resonator with the
acceleration structure are manufactured, and its assembly is begun (see the assembly drawing of
the H-type resonator in the Interim Report, 1993).

Under item 2, 1t is realized three works: calculation of increment and frequency shift of the
EAS resonator excited by electron beam, calculation of the solenoid for creation of magnetic field
with required spatial distribution, and theoretical investigation and computer simulation of ion
acceleration in the EAS. ,

The first work use the method of perturbation theory developed by J. Slater and modernized -
by M. Kapchinsky and L. Yudin. In the case of RF field excitation in the EAS resonator by an
electron beam under anomalous Doppler effect the small parameter is the relation of plasma
frequency of a beam to electron cyclotron frequency. With help of modemized perturbation
theory it is possible to calculate and optimize the conditions of RF field excitation in the EAS. In
particular, in area of the resonance under anomalous Doppler effect it have been determined the
conditions favorable for analysis and functioning of a two-beam ion accelerator (in particularly,
the EAS), when RF fields are excited at zero shift of resonator frequency ( in known
designations these conditions are recorded as Im @ >0, Re @ =0 ). It have been determined the
values of the start current, the RF oscillations excitation increment, the frequency shift of the H-
type resonator for the main parameters of the EAS.

In second work the question of synthesis of stationary magnetic fields with required
dependence on longitudinal coordinate is described. Thus it is used the regularization method
developed by A.N. Tikhonov and V.Ya. Arsenin for solution of (so named) incorrect inverse
problems. The calculations enabling to create the required distribution of magnetic field in
solenoid consisting of separate sections (coils), by variation practically of any parameters of these
sections, are conducted. The results of calculations are checked experimentally.

The calculation of a solenoid for creation of a non-uniform resonant magnetic field in the
EAS have been accomplished. In this case the conditions of resonance under anomalous Doppler
effect is fulfilled on all length of the EAS resonator in spite of the fact that the phase velocity of
accelerating wave changes along the EAS (in known notation this condition is recorded as

@ = k,(2)-Vp —ay(2)).

In third work results of theoretical investigations and computer simulations of ion
acceleration in a two-beam electron-ion accelerator are represented (with taking into account of
the main EAS parameters). (Theoretical investigations and computer simulations of RF fields
excitation under unomalous Doppler effect conditions, with regarding the EAS, are described in
the Report-1993, and in 1-st part of this Report). Detailed study of ion acceleration dynamics and
its radial focusing have been realized. Computer simulations of ion acceleration and focusing
have been accomplished for wide set of parameters including the main EAS parameters.

The Report contains 34 pages, 14 figures, 16 references.
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2. Start of Experimental Accelerating Stand Manufacturing

In 1994 it is started the manufacture of the Experimental Accelerating Stand (EAS) - the
section for proton acceleration from 5 MeV to 8 MeV, in which RF fields are excited by an.
intense electron beam under anomalous Doppler effect conditions.

To present time a stainless steel vacuum chamber for the EAS RF-resonator (length of the
chamber is about 180 cm, diameter is about 40 cm), and a pedestal for the EAS have been made
(see, accordingly, referense numbers 9 and 10 in the assembly drawing of the EAS in the Interim
Report, 1993).

Besides, parts (workpieces) of the EAS resonator with the acceleration structure have been
manufactured, and its assembly is begun (for rcference see the assembly drawing of the H-type
resonator in the Intenm Report 1993).

On the next page it is represented the view of the one-half of the EAS resonator (top) in the
assembly process, and parts of the EAS accelerating structure (bottom). A scale of the bottom
photograph is represented by a vernier caliper with the length of 25 cm (see Fig.1).



Fig. |
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3. Calculation of Frequency Shift and Increment for the EAS Resonator
Exciting due to Anomalous Doppler Effect (Non-Uniform Case)

For development of different kinds of ion acceleration by means of electromagnetic fields
of cavity's oscillation excited by electron beams it is very important an investigation of such
problem as cavity's frequency shift that is caused by electron beam that is passing through the
cavity. If an electron beam is intensive enough then the frequency shift may be rather big and it
must be taken into account. In these conditions it is useful to have zero frequency shift because we
may do synchronism tuning as in"the case of "cold" structure.

1. For frequency shifts calculating we will use the Slater’s formula:

sw=———[FEav , (1)
4w, -

where dw is a frequency shift, W, - energy of cavity oscillation, E - electric field of oscillation,

j - RF current induced in the beam by electromagnetic field of cavity, star means complex

conjugation, all values here depend from time as exp(—iax¢) . Integration must be done upon the
volume of the cavity.

In the first order of perturbation th%ory values W, and E(F) must be treated as

characteristics of undisturbed oscillation of the cavity. Such "cold" characteristics are usually
known after tests and measures of cavity before it would be put to the experimental device.

Formula (1) is widely used; for calculating of RF current (7,w) induced in electron

beam by known field E(7,®) of a cavity they tried t‘o solve differential equations of particles'
motion in this field. For the cavity of complex configuration such problem is rather difficult due

to complicated view of function E(7,®).

We are supposing another procedure. Differential equations of particles' motion may be
solved in general form and reduced to calculation of definite integrals. For the case of the beam
focused by spatially uniform magnetic field this procedure was described in [1, 2].

In the frame where electron beam is in rest the connection between RF electric field and
RF current induced by it may be written as follows:

= [ PER. @

where stroke marks values in the rest frame of the beam, &)(F ,P) - tensor function of response. It

is important to note that this function depends only from beam characteristics and static fields by
which the electron beam is focusing and doesn't depend from RF fields of cavity's oscillation. For
Lorentz's transformations where one frame is moving onward to the other all components of this
tensor-function behave as relativistic scalars.

For the case of the beam which particles are not rotate in the absence of RF field (such
beams are produced from magnetized cathodes) the spatial dispersion vanishes in directions that
are transverse to magnetic field and beam velocity so we obtain

T f = IO =,
J () === [ A2 g)E(ry.c)dg 3)
Because of causality principle bounds in the integral are —©° and z or in the case of

cavity we must integrate from the beginning of the cavity till the point where J is calculating.
In laboratory frame relation (1) goes to the next:

i
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6)dg +E, ( jd’n 2,6)E (¢)dg dz . (4)
0

QbﬂN

b0 =— IG:WC J'er_JO‘

o : - - Ir. = . -
where 7y - relativistic beam factor, K=E; +—[u,B L] - Lorentz's field combination, # - beam
o c

velocity, ¢ - light speed, 0 and L - coordinates of cavity ends, a)l(z,g) and @,(z,{) -
transverse and longitudinal components of tensor response function.

As we are interesting in cyclotron resonances we must take into account only first
summand in (4) which is responsible for transverse beam-field interactions. Further, in the case of
axe-symmetrical oscillation we must consider only E, and By field components. Formula (4)
reduces to

2
_ oy
b0 =+ s IdP Zy K, (z);J: (2, O)K, ($)dldz ©

where 7y is relativistic factor.
For the beam in spatially uniform longitudinal magnetic field function of response was

PP - T |

Now in non-uniform magnetic field it is more complicated and may be found by method
from [3]. It is equal to

2 12] _ ]
s ) ).

where €Q(z) = e,H(z) / ymyc - cyclotron frequency, ¢, - electron charge, m, - electron mass,

H(z) - static longitudinal magnetic field, w, = (47mbe0 / moy) 2 plasma frequency of electron

beam in the entrance of the cavity, £; - initial value of cyclotron frequency. Relation (5) may
be rewritten as the difference
560 = l{j_ _qj+ ’ (7)
where
1) J‘ Zj‘ * ]' .Q(Z) 12 T w0 .?>
Yy =—7—— K | ————d. dldzdr) . 8
S W, wbo r(Z)o(Q(C)J/ eXPg(’ » S)Kr(C) Cdzdr) (8)



In (7) term ¥, describes an interaction between cavity's oscillation and slow cyclotron
wave of electron beam while ¥._ is responsible for excitation of fast cyclotron wave.

For EAS parameters where energy of ions must increase

Z
w W — 9
@ = W+ Wy — W) 9)
from W in the entrance to Wy in the exit of the cavity cyclotron frequency must decrease with
the length
[ (w Y2 |
u 4
Q@) =d = -1l 10
& LC[ZW(Z)I | (10)

integral from it is equal to

[ uL(2w,)!"2

Z.Q(s)ds=ajl- oW W)(J—ViT(z— J—) -2z (11)

——J

Here Wp = 940 MeV - proton rest energy..

While calculating frequency shifts (and increments) by means of perturbation theory in the
first order we may use non-disturbed fields of cold structure. As small parameter of expansion

here appears @} / Q? . Region of parameters w,~® corresponding to dense beams is included by
this approximation.
Longitudinal component of RF electric field in EAS's cavity is equal to

E (r,2)=A;l(x;r)cosk;(z~z;) - (12)

where j - number of the gap that is nearest to point with coordinate z, z; - center of this gap
(in EAS's structure "gap" includes the gap itself and halves of neighboring drift tubes),

ofW,/ "
by =kep =4 o)

1/2
longitudinal wave number in vicinity of the gap, k; = (wz / c? +ka- ) - transverse wave

(13)

-

number, A - complex amphtude, [,(x) - modified Bessel's function. Transverse field

components are

k. .
E (r,z)= Aj?{ll(xjr)51nkj(z—zj)
J
and

iw
- Bg(r,2)=——A4; jli(kjrycosk;(z-z;)
Kj



Lorentz's field combination is
1 [ uw 1
K,(r,2)= 1]( )‘_k smk {z—- zj)+z 2 cosk i(z— zZj J (14)
J

Formulas (9) - (14) must be substituted in (8) and (7) for numerical calculation of
frequency shift.

2. Dxrect calculation by formulas (7) and (8) 1s close to impossible. The cause is the double
integral in (8) by longitudinal coordinate. Restrictions on computer's memory don't permit to
choose sufficiently small step of integration so numerical error is very big here. For getting
approximate result we may choose a model where magnetic field changes step by step on every
gap of resonator. Since number of the gaps is rather big such approximation is not very rough.
Now we can change an integrals by sums, each summand will be the meaning of the integral on
one gap. One more approximation: beam radius a(z) 1s small by comparison with the length of

the gaps so we may write in (14) % Kk;r instead of I (x;r) .

Expression (8) now looks out

b * %
—iwcaf QY 127 J‘ ;9 (2) l—ij |
¥, = Z L e — (0 £Q(5))ds Ix (15)
ol Welo o, @77 LEg I

Y o L 1 9,(0) 1]
2 I akfpk(g) -ij(a)iQ(s))ds ¢+ J J jwiQ(s))ds ¢ bz
k=lp,_, N “o }d by p[ - Jd

‘'where N is number of the gaps, €; is the value of cyclotron frequency along the gap with
number j , b;; and b; are coordinates of the beginning and the end of the j-th gap, Y is field
amplitude in the middle of the cavity and o is relative field amplitude in each gap. Function

¢;(2)=k;sink;(z - Z;) +l—lclz—wcosk ;(z—z;) represents distribution of the field upon each gap. In

(15) we've account already that beam radius varies biy the law a(z) =gq; 1/9%2 (2) and made an

integration on transverse coordinate 7 . So J is the beam current and J, = 17 kA is Alfven
current. Each integral in (15) can be calculated analytically. Ultimate expression is hard to see but
easy for calculate:

—iocd QY 21 &
qji* = 2 . Xj
64u YWCJO j=1

o (16)



where

- 2 | ". —lzr .‘l v
) w2
k' j | 1 ] j 17
+ 12 1 ju 12 3 ( j)z—ltfe‘r{m u JJ (17)

2.2
(xQ;) P ;O +k; 2wp 2p2
_imu ¢ >
k kiu? - (@+Q))* ’

and B=u/c - relative beam velocity. :
Usually it is convenient to express a frequency shift through form-factor F :

t

2 .
6w=%w%F | (18)

. 2 _ _
and to use instead of the ratio ¥ /V two other charactenstics of the cavity: shunt resistance
C B

Ry and quality factor @ . For the cavity with proper fields like (12) we can write

1 I

C
Form-factor also consists from two summands

F=F -F

+

(20) -
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In dimensionless form they are:

. —2
' wa; ¥ 1 cR (N a-) &
F‘—’z_zgé}%( c —C, ) ;‘l -j’. 2(9’211) ’ (21

where y; are given by (17).
3. Numerical calculations based on formulas (20) and (2 1) with parameters for EAS device
are shown below on Fig. 2. :

F*10-4
153 Re(F]
1.0 3 //’\ s
0.5 3 / / \ \\
0.0 3 / / \
/ / ~JImF)
05 3 - .
-1'05 LB IR R BRI rTiTrrrrrrr T 11 1T 1T 1T T T 1 rryrrrria TTTI1ITTTYTTT
300 320 340 360 380 400

Beam energy, keV

Fig.2. Real and imaginary parts of form-factor vs. beam energy. |
Maximum increment corresponding Im(F) = 1.3- 104 is equal to 1.3-10% sec’! for electron
beam current 200 A. Taking into account natural damping due to finite cavity's quality factor
leads to diminishing these values on 22%. Start current of EAS resonator is 37 A.
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4. Calculation of a Solenoid for Creation of Magnetic
Field With a Required Spatial Distribution

1. For development of the two-beam ion accelerator we need to produce an axially
symmetrical magnetic field with a required longitudinal dependence. This field may be formed by
a sectionalized solenoid. Magnetic field created by sections (coils) depends on their parameters,
then by calculations and variations of these parameters, one can produce a required spatial
distribution. Solution of this problem is not easy; in this case the regularization method of A.N.
Tikhonov [4] may be used. In previous papers [5-8] calculations were carried out in which
magnetic field linearly depends on sections' parameters. As a rule, this linear parameter was a
magnitude of current in each section. Unfortunately, in this case it is difficult to reach optimum
loading for each section. Then power supply of a solenoid would be rather complicated.

2. In this work more general solution is given in which a nonlinear parameter (Nj; Ny,...N,)
of sections is determined. It can be, for example, thickness of winding, length of section, inner
radius, etc., i.e. sizes, on which the intensity of field depends, generally speaking, nonlinearly
(see also Ref [11]). -

We consider the sectionalized solenoid, consisting of n coaxial sections of arbitrary winding
sectional view. Let the intensity of field, created by i-th section in point z, is described by function
H; (N;, z), and intensity of field, which is necessary to be created on axis of solenoid on interval
[a, b], - by function B(z). Then

b

[:

S H;(N; .2) = B@) | (1)

and task is reduced to finding of vector N=(N;, N,,...N,). As far as the equation (1), in
general case has not exact solutions,then speech goes about finding a quasi-solution minimizing
smoothing functional [4]

2 n
F(Nj,..Ny.B) = Ja(z)L S Hy(N; ,z)—B(Z)} dz+p 2 N, )
Jj= .

where ofz) is a weight function, 8 is a parameter of regularization. The weight function ¢(2)
is entered for improvement of approximation of function B(z) on ends of interval [a, b].
The conditions of minimum of functional (2)

0 F(N;,...,N,.,B)

d Ng
_ give the system of nonlinear equations

=0

M

Ia(z S H;(N;,2)~ B(2) dz-+ Ny =0 3)
15 ]

which is possible to be solved by one of known methods (see, for example, [9]).
For solution of system (3) by Newton method we expand the function H; (N,, z) in Taylor

series in point Nl-l_l and are limited by linear terms of series. We have

12



T M

X Ay N+ BNE = G, 4)

l
where

& 9 Hi(N; o H(N
Ay = .[OC(Z)——M 9 Hy(Ny.d) - dz, (5)
a O Ni y, ot 9 N Ny =N
| 1
B n 3 H;(N;
G = la{B@ - 3 mi - E0D NI [
a i={_ 9 Ni Ni=N,-I_1 J
o Hy(N
2 Hi (Ny,2) b ©
3 Ny

Ny = Ny

N ,-l - significance of required vector on /-th iteration. The parameter of regularization f is possible
to be determined from equation

b 2
Ja@[HNY.....N2,2)- B@)| dz+ B _ﬁl NP2 =572 -
a . . J=

where 6 - the relative error; the vector N 0= (NIO ,...',N,? ) satisfies to set of equations (3), if the

n
functional H(N;,...,Np,2) = 2, H;(N; ) is convex [4].
i=1 '

In case of arbitrary nonlinear functional H(JVy,..., N,, z) it is possible to use alternative way
of choosing of regularization parameter [10]. : :

The weight function (z) should have rises on ends of the interval [a, b], because
approximation of a field grows worse there. But in elementary case the weight function may be
simply a constant. )

3. The algorithm (4)-(6) was realized on a computer for the case of a solenoid consisting of
sections with a rectangular sectional view of winding. Then approximation functions H(N;, 2)
have the form:

[ [2 2

 2m- U5 Ri+yR? +(-£&)

H; () == =) -
l ¢ L l A+ (2-E)?

Ri+\/Ri2+(Z—a,~ _51_)2-{ Oe

p + a-a =62

—(z—al- —§,~)ln
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: A\

where J;-current density, Gauss units; §-coefficient of filling; £;-coordinate of section beginning,
cm; r;-inner radius of section, cm; R;-outer radius of section, cm; a;-length of*section, cm; c-
velocity of light, cm/s.

For values be found three kinds of section parameters were accepted: the thickness of winding
d; =R; - r;, length of section a; and coordinate of section ;. The density of current in all sections is
identical, that excludes overloading of the end-sections. In this case the wire consumption is more
rational, and power supply is simple since all sections are connected in series. All this in final
result minimazes dimensions, weight and cost of solenoid. '

As a weight function o(z) it is used the following one:

z—e€

a(z) = 1+( 3

The results of calculations (for the case of winding thickness variation) are adduced on Fig. 1.
Here the function B(z) is designated by dashed line (this 1s a field required),

4
) , (z=[0,b), e=0,5b, d=0,25b)

n
H (NIO N,? ,2) = ZH,-(Ni ,2) 1s designated by continuous line (this is a field created on axis
i=1
of a sectionalized solenoid ). As is visible, the good concurrence of these functions on all interval
[0, b], b=140 cm, is observed.

For check of the method described in this work the solenoid consisting of nine identical coils
was made, and required configuration of magnetic field was reached by calculated mutual
arrangement of these coils. The results of measurements of magnetic field are submitted on Fig. 2
where the shaped line corresponds to the calculations, and the continuous one - to the experiment.
The maximal error on the working interval from 0 to 80 cm (caused basically by not very good
accuracy of coils manufacturing and field measurements) does not exceed 5 %.

By this method the calculations of a solenoid for creation of a non-uniform resonant magnetic -
field in the EAS are accomplished. In this case the resonance condition under anomalous Doppler
effect is realized on all length of EAS resonator in spite of the fact that the phase velocity of
accelerating wave changes along the EAS. For calculation of solenoid the EAS parameters

adduced in Tables 1 and 2 of Final Report, 1993, are used. Results of solenoid calculations are
adduced in Table 1 of this Report. Besides the large coils of solenoid (No 1-14, 17) the small coils
which focus an electronic beam on way from a gun to the resonator (No 15-16) are discounted
also. The deviation of created magnetic field from required one [determined by condmon

0=k, (2)V, —wy(z)] on all length of resonator does not exceed 1 %.

14



Table 1

15

coiljnum-| wire | space | coordi- | len- | inner | cur- |thick-| resis- Po- | wire |weight,
hu | ber | sec- | factor | nate of | gth, radius,| rent, jness of| tance, wer, | length, kg
tm-| of j{tion,| ofa coil, cm | cm A win- Ohm W m
ber|turns|mm?| win- | cm ding,
in ding cm
coil
1| 76 |56.0f 0.8 -140 ] 58 [39.0 [140.0] 923 | 6.18-10% | 1210 207 103
2| 65 |56.0] 0.8 10.81 | 5.8 | 39.0 {140.0] 790 | 5.21-102 {1020 | 174 86.8
3 | 40 [56.0] 0.8 | 21.44 | 5.8 | 39.0 [140.0| 4.87 | 3.09-10 | 606 103 51.5
4| 22 ]56.0] 0.8 | 32.33 | 5.8 [ 39.0 [140.0] 2.64 { 1.66:102 | 325 | 55.4 27.6
s 130 [56.0] 0.8 | 43.47 | 5.8 | 39.0 {140.0] 3.66 | 2.29-102% | 448 | 76.5 38.1
6 | 38 [56.0] 0.8 | 54.87 | 5.8 | 39.0 [140.0] 4.60 [ 2.93-102 | 574 | 98.0 48.8
7139 [56.0] 08 | 66.53 | 5.8 | 39.0 [140.0] 4.71 { 3.01-10¢ | 590 101 50.2
8 [ 39 [s6.0] 0.8 | 78.45 | 5.8 | 39.0 |140.0] 4.65 | 3.01-10% | 590 101 50.2
9| 40 [56.0] 0.8 | 90.62 | 5.8 | 39.0 [140.0] 4.78 { 3.09-10% | 606 103 51.5
10] 35 [56.0] 0.8 [ 103.05] 5.8 | 39.0 [140.0] 4.27 | 2.69-102 | 526 | 89.9 | 4438
11] 21 |56.0] 0.8 | 11574 | 5.8 | 39.0 | 140.0] 2.52 | 1.58-102 | 309 | 52.8 26.3
12] 31 |56.0] 0.8 | 128.68 | 5.8 | 39.0 |140.0] 3.76 | 2.36:102 | 463 | 79.2 394
13] 66 [56.0] 0.8 | 141.88 | 5.8 | 39.0 [140.0] 8.01 | 5.30-102 | 1040 | 177 88.3
14| 78 [s6.0] 0.8 | 155.54 | 5.8 | 39.0 [140.0] 9.42 | 6.37-102 | 1250 | 213 106
1512001({4.91} 0.7 500 | 6.0 | 53 [1227] 234227102 | 343 | 66.7 2.91
1613801491 0.7 440 [19.0] 95 [1227] 140 ] 77410t | 117 227 9.91
171 80 [56.0] 0.8 -14.0 | 5.8 [39.0 {140.0] 9.66 | 5.86:10% | 1150 | 196 97.7
Resistance of the solenoid 0.155 - 10! Ohm
Power of the solenoid 0.109 - 10° A\
Weight of the solenoid 0.923 - 103 kg
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H, Oe/A

8 ' } s
t t t

T

) 20 40 60 80

Z,cm
Fig. % Relation of magnetic field (Oe) to solenoid

current (A) versus longitudinal coordinate
(cm)

16

100



5. Theoretical Investigation and Computer Simulation of Ion Acceleration in a
Two-Beam Electron-Ion Accelerator (with Regarding the EAS Parameters)

In the previous Report (1993), and in first part of this Report we have investigated the
problem of accelerating RF-fields excitation in H-type resonator by high current electron beam
under anomalous Doppler effect conditions to ground future experiments on the EAS installation.
The perturbation theory was used for obtaining of nonlinear self consistent set of equations of
wave excitation even for the beam of sufficiently big density (w~awy) if the following condition is
fulfilled:

0 w, - o
PR ﬁ,,,.ﬁ) o lkurs) << (M)

The expression (1) corresponds to the small ratio of spatial growth rate & k to wave number (k,); it
is conditioned by small geometric factor determined by the negligible volume that electron beam
occupied in the resonator of H-type (designations to expression (1) are listed below).

* In the present Report the dynamics of accelerated ion in the field of already excited wave is
considered. In this case an essential feature is the topography changing in the electron beam body
which can radically modify the radial - phase dynamics of accelerated ions. It was supposed that
the presence of electron beam in H-type resonator lead to negligible changing of dispersion
characteristic of the excited wave. We take into account the topography modification by means of
changing of transversal wave number for the wave excited in H-type resonator at anomalous
Doppler effect (ADE). Besides the influence of space charge forces of the electron beam on ions
dynamics will be considered.

Let us consider excitation of H-type resonator placed in an external magnetic field A, by an_
electron beam of density n, under the conditions of ADE:

=k, V) -wy _ 2
Here w is the frequency of the excited wave;k, is the wave number corresponding to 7 - mode:
k=2n/L; L is the length of the structure period; ¥, is the velocity of beam electrons;
wy = eH,/mcy,, is the cyclotron frequency, ¥, is relativistic factor of beam electrons.

The components of the electric field of the excited wave can be taken in the form:
in the vacuum region (r,<r<r,, r, - drift tube radius, #, - beam radius.) (see , e.g. [12]):

k
E, = Eglo(k,r)cos®, E, = kJ-EOII(klr) sin® | 3)
in the electron beam région (0<r< r,) (see , e.g. [13]):
£
E, = EpJlo(xr)cos®, E,=£—“—EOJ1(KT)sin<D, - (4)
i 1 .

where E, - field amplitude on the axis; @ = M{J-“_—t) - ion phase taken from the maximum of

the accelerating wave; V= a)/kz (z) - changing wave number (V (v h(z 0) = Voho = =w/ky); o

J,, 15, I, - usual and modified Bessel functions, and .'

k =k, , k= "€ [e ky €,=1-———— g, =1 )
(w"'szO
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w5 = 475”032/’”70’ Wy =Wy [Yo-

Suppose that ions of initial energy W;, are injected into a resonator along the axis.
Acceleration process. using the motion equations of ions in the electric fields (3), (4) is
investigated. Besides, we take into account an influence of electron beam space charge on ions
radial oscillations.

By introducing of dimentionless variables:

R eE Voho
s =koz, p=kor, Py =koly, €g=——5—,€,=€5), ( ij/ o 6
| mkoVono ko Voh

one can obtain the following set of equations (in other cases analogous equations were
investigated in Ref. [14, 15]):

for O<r<r,
' 3
d’® ei— Voho d(D-i ] [K‘ p)co(b Voho deh(g) -
= e — - sd — .
dc? L Vp(s) ds | %k, Vi) ds |
2 .
d’p [ Voo a0 lTdp (x c (x YT
=—8| ——-——l—J — d+—J | — ind . n
dc? OLV h(C) dg | [dg 0 kop S -!—koJl kop in®@+v|i ", pJ (7b)
for ry<r<r, '
3
d’® ] Vpho dd’]" { Vpho — Vono deh(G)
dg LVouls) ds | "\ Vi Vonls)  ds
2
’p ——elr Vpho _ii?i-l d_P[ Voho P
S dgj[dg°v,,
s ’ ’ (8b)

The last expression in (6) is obtained to satisfy the continuity of the longitudinal components of
the electric field on the vacuum-beam boundary r=r,.

The last terms in the right parts of the equations (7b) and (8b) describe radial oscillations of
ions in the volume charge fields of the electron beam compensated partially by ion charge. In the
most cases, including beams parameters of experiments on EAS one can supposed n;<<np,

As it follows from equations (7), (8) there are two qualitatively various cases of 1on
acceleration and radial focusing in dependence of beam parameters. So, as it was mentioned
above, for negligible small beam density or essentially detuning of cyclotron resonance on ADE
(and, then, for £,>0) the radial structure of accelerating field is similar to vacuum one, i.e. electric
field increases with radius growth. As it well known in this case there is not existed
simultaneously radial and phase stability of accelerated particles. ,

In other case (g,<0), near Doppler shifted cyclotron resonance (anomalous and normal
Doppler effects), and when density. of e-beam is high enough to change radial topography of
accelerating field in its region near the axis, the maximum value of electric field £, is on the beam
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axis and it reduces gradually to the beam boundary. Naturally there is the possibility of radial-
phase stability for ions, accelerated by such fields.

For the first (beam non-sufficient) case the set of ion motion equations can be represented in
the following form:

3
d’® er Voo d® | (Voo ® Vono V(<)
= _—— -_— S —
ag? s ds | Vo P SOT Tva ) de ©)

ph p
2 l— | %4 d(D-lzrd vV \% -l
a’p :—eol pho | [—pl 20 s® -1 ﬂgp in® + vg( p)J

dc? LVph(g)_dQJ dg 0 Von Vph

Here 0<p<p,, p;=ky, r, inner radius of drift tube.

p  for p< p,

slo) {pi/p for pp < p < pg
In the second (beam sufficient) case ion dynamics is governed by equations set (7)-(8). The
law of phase velocity changing along the resonator was chosen to satisfy the requirement of ion
acceleration from initial energy W;,=5 MeV to final energy W=8 MeV on the resonator length

L=161 cm. '

Below the results of ion dynamics simulation will be represented taking into account these
two cases.

So, further simulation of ion acceleration in EAS are based on the following main
approximations.

1. During simulation we used the parameters of EAS, previously coordinated and taken to making
“in hardware”. (see Table 2). For generality the vanation of some parameters of EAS is
undertaken (current and radius of the electron beam, intensity of the accelerating field,
equilibrium (synchronous) phase etc.).

Table 2. The main parameters of the Experimental Accelerating Stand (preliminary data)

1. Input proton energy ' 5 Mev
2. Output proton energy 8 MeV
3.  Proton current ‘ 30 mA
4. Electron beam energy ) 350 keV
5. Electron beam current 150 A
6. Pulse duration : 2.5 mksec
7. Pulse frequency 1 pps
8.  Electron beam initial radius \ 1.3 cm
9. Electron beam final radius 24 cm
10.  First drnift tube radius 2.76 cm
11.  Last drift tube radius ‘ 3.5cm
12, Magnetic field intensity '
for EAS input : 609 Oe
for EAS output 439 Oe
13.  Resonator length 161 cm
14, Operating frequency . 148.5 MHz
15.  Accelerating field intensity 56 kV/em
16.  Synchronous phase 60°
17. Shunt impedance 35 MOhms/m
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2. Simulation of 1on acceleration in EAS is curried out at the stage when RF-field has been
already excited. The process of the RF-field excitation in H-type resonator by e-beam at ADE
has been considered in our report in 1993.

3. It is supposed that e-beam is “hard” enough and relatively weakly perturbed with RF-field, so
that the e-beam influence on the RF-field structure in e-beam volume can be described linearly

by using of tensor of dielectric permeability <g;>. The eigen frequency of the resonator is
weakly disturbed by the beam (Aw=0), see chapter 3). Nevertheless in the region, that is placed
with e-beam, the RF-field radial structure can change: I,(k,7) — J (k).

4. Coulomb interaction of the accelerated ions on this stage did not take into account.

In the process of simulation two regimes of ions acceleration in EAS have been considered:

I. Regime of nearly whole filling of drift tubes with electron beam.

I1. Regime of partial filling (approximately one half).

In each regime four cases of radial focusing of accelerated ions have been investigated.

1. Vacuum case when accelerating field in the region of the equilibrium phase defocuses the ions
in radial direction and radial focusing by space charge field of e-beam is absent (accelerating
field E,~E l(k r); parameter, corresponding to space charge field, v=0 (see equations (5) (6)).

2. The case of radial ion focusing by direct (dc) component of space charge field of e-beam
(E~Eglo(k,r); v #0).

3. The case of radial ion focusing by alternative (RF) component of excited synchronous
cyclotron wave: direct component is compensated and it is not taken into account
(E~Edokyr); v=0).

4. The case of radial ion focusing both direct (dc) space charge field and alternative RF-field of
excited slow wave (E,~E J,(k,r); v#0).

Procedure of simulation.

For solving of the ordinary differential equations set (7-9) Adams method of 4-th order was
used [9]. The calculations were carried out for 180 particles (“ions”). At the resonator entrance
they uniformly filled initial phase interval and the electron beam area (it was taken six rows on
beam radius). Their initial velocity was equal to initial phase velocity ¥,;(0). Only accelerated
particles were taken into account i.e. those ones which did not fall on the £‘ift tubes sides, and did
not leave phase interval @=[-1/2x, 3/2x].

The results of simulation.

Firstly, let us consider regime I (r,=2.75 cm), the cases 1-4. At the resonator entrance (z=0)
ions are uniformly distributed over the phase @ and electron beam radius p, (by six rows at radius
0 <p <p,). The ion phase @ is taken from the maximum of the accelerating wave (see (3), (4)).
Ions distribution are represented on the radial - phase plane (r, @) at z=40; 80; 120; 160 cm. (The
value z=160 cm corresponds to the resonator exit; the dimensionless radius: p=k,, where k,=0.3
cm). Fig.5a, b corresponds to the case 1.1, i.e. to absence of ion radial focusing. Accelerating
wave amplitude E, is equal to 56 kV/cm (5a), and 100 kV/cm (5b). (Accelerating rate T for the
middle area of the EAS is equal to 28 keV/cm: T=eE cos®,, where &; is the synchronous phase).
Strong radial defocusing have place near @=m/2 (where E, have a maximum value), already for
z=40 cm. At the accelerator’s exit a relative amount of accelerated ions (M=Ngee/Ninjecs.) not
exceed 20 % (generally, there are ions going along the axis where E,=0). Fig.6a, b corresponds to
the case 1.2, i.e. to ion radial focusing by dc component of Coulomb field of an electron beam
with current values of 150 A (6a), and 300 A (6b). In this case this type of focusing 1s not
efficient because drift tubes’ walls are placed too close to beam boundary. For £,=56 kV/cm and
1,=150 A — 11=0.2; 1,=300 A — 11=0.3; 1,=600 A — 11=0.45.
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In Fig.7a, b it is represented the case 1.3 which corresponds to RF focusing by an accelerated
field. In this case good ion focusing has place: for E;=56 kV/cm — 1=0.50 (7a), and for E£,=100
kV/em — n=0.59 (7b). »

~ Fig.8a, b corresponds to the case 1.4 where ion focusing is realized simultaneously by dc and
ac (RF-) components of space charge of an electron beam. For £,=56 kV/cm and beam current
1,=150 A — n=0.54 (8a). For £,=100 kV/cm, and /,=150 A — 1=0.67 (8b). In comparison with
the case 1.3, it is followed that RF focusing is more sufficient in this regime.
~ Let us investigate now the regime Il (for r,=1.3 cm), cases 1-4.

In Fig.9a, b the case I1.1 1s represented. Now beam boundary is not close to drift tubes’ walls,
and some ions can be accelerated without focusing: for E =56 kV/cm — n=0.31 (9a for
E,~100 kV/cm — 1=0.26 (9b).

Fig.10a, b corresponds to the case 11.2 for E;=56 kV/cm, and /,=150 A (10a); 300 A (10b).
For these parameters Coulomb forces provide good radial focusmg (n=0.61). Following the
simulation results one can compile a Table 3. ‘

Table 3
E#~56 kV/cm
L(A) | 50 | 100 | 150 | 300 | 600
1 | 0.4 | o0s3 | o061 | 061 | 0.6l
E/~100 kV/cm
L, (A) 50 100 150 300
n 0.29 0.34 0.4 0.68 -
E =200 kV/cm
L (A) 50 100 150 300 | 600
n. 0.25 0.25 0.28 035 | 073

Note that saturation of 1 have place at /, =3E,, where /, in Amperes, and E, in kV/cm.

As we can see 1n Fig.11a, b, we have good ion RF focusing for the case I1.3 also. For E,=56
kV/em — 1=0.59 (11a), and for £,=100 kV/cm — 1=0.66 (11b).

. In Fig.12a, b it is represented results for the case 11.4 at beam current 1,=150 A, and E =56
kV/em (12a), E,=100 kV/cm (12b). Then n=0.62 (12a), and 11=0.72 (12b).

As it follows from all these data, full ion radial focusing is prov1ded for EAS parameters
E,=56 kV/cm, I,=150 A in cases 11.2-11.4. In case 11.4 the least ion beam radius is achieved:
pi=0.2-0.3, orr—06 0.9 cm.

Let us also adduce the simulation results for relatively small fields: E,=30 kV/cm (ps-21
and E,=40 kV/cm, p;=46° (see Table 4).

: Table 4
E,=30kV/cm. Case I1.1; n=0.33: pl—l 08 : ‘
Case I1.2. 1, (A) 30 50 100
n 0.39 0.39 - 0.39
o} 1.08 0.75 0.40
Case 11.3: 1=0.42 ,
Case 11.4. 1, (A) 30 50 100
n 0.42 0.42 0.42
P; 0.55 0.55 0.41

Ey=40 kV/cm. Case I1.1: n=0.33; p;=1.10
21



Case I1.2. - 1, (A) 40 80 120 150
n 0.44 0.51 0.51 0.51
o} 1.10 0.50 0.50 - 041

Case 11.3: n=0.52

Case 11.4. I, (A) 40 : 80 120 - 150
n 0.52 0.52 0.52 10.52
p; . 061 - 0.50 040 0.38

As it follows from these data, for these fields 1ons can be accelerated in EAS even without
radial focusing. Radial focusing lead to radial compression of ion beam (see cases 11.2, 11.4).

To determine ion beam emittance € sets of imaging (representing) points in (r,r'/ﬁph)

coordinates were obtained for all above - mentioned cases and parameters. Generally, we have
interest to main EAS parameters.

In Fig.13a it 1s represented a set of imaging points in the wave frame for E,=56 kV/cm,
1,=150 A, r,=1.3 cm, in case of ion focusing by dc component of electron beam space charge

(case 11.2). In this case the value of emittance (in the wave frame) is € =7-0.039 (cm-rad).

In Fig.13b it is represented a set of imaging points for £;~56 kV/cm, I,=150 A, r,=1.3 cm, in
case of ion focusing by dc and RF components of electron beam space charge (case I1.4). In this

case €=r-0.019 (cm- rad)

Let us note that in case of Fig.13b one can see an ordered arrangement of imaging points
which better can be seen in next Fig.13c (for parameters £,;~=200 kV/cm, /,=150 A, case 11.4). It is

seen that imaging points not occupy all area of the ellipse with its semi-axes p=0.3, p/ B ph =04,

but they are arranged along five ellipse curves (it is corresponds to garmonic oscillations of ions
due to focusing process). In this case a real emittance is sufficiently less than effective one [16]
determined by standard method for the external ellipse.

In Fig.13d it is represented a set of imaging points for case II.1 (without focusing) at E,=56
kV/cm. The imaging points are placed along a straight line going out of the origin of coordinates
while the defocusing force F, =|e/E, is proportional to the radial coordinate. One can see a few
imaging points with r < 0 corresponding to ions moving to the axis.

By simulation one can determine a velocity spectrum N(V;) of accelerated ions. In Fig.14a, b,

¢ this spectrum is represented in (N , db) coordinates for the resonator exit. The spectrum of

Fig.14a corresponds to the conditions of Fig.9a (E,=56 kV/cm, without focusing). The spectrum
of Fig.14b corresponds to Fig.10a (E;~56 kV/cm, [,=150 A, focusing b’ dc component of
electron beam space charge). The spectrum of Fig.14c corresponds to Fig.12a (£,=56 kV/cm,
1,=150 A, focusing by both dc and RF components of electron beam space charge).

From the expression for the phase of an ion in the accelerating wave we have:

dz Odg ai V(Z)J

where V(z) is the ion velocity in the laboratory frame.
From (10) one can obtain the expression for the velocity spread of accelerated ions:

(10)

v v T aae T 1_do|
£ Mimax  {min [Vph(L)' Vpho ds I,maxJ [VP’I(L) Vpho ddmi“J
22
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For data represented by Fig.14 we have:

AVi_4V =016
Vph Vi,syn B .
There 1s relatively big value of the ions velocity spread. It is explained by sufficient

amplitudes of phase oscillations of accelerated ions.
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6. Summary

In this Report are presented the results of the second stage of the project “Development of a
two-beam high-current ion accelerator based on Doppler effect”. In accordance with Purchase
Order No. 4596310 the work is fulfilled including the following items:

I. Start of the manufacture of the Experimental Accelerating Stand (EAS) - the section for
proton acceleration from 5 MeV to 8 MeV, in which RF fields are excited by an electron beam at
the anomalous Doppler effect.

II. Theoretical investigation and computer simulation of field excitation and ion acceleration
in the EAS.

The following results are obtained.

1. Under item I, the EAS manufacturing is begun. To present time, a pedestal for the EAS and a
stainless steel vacuum chamber for RF resonator have been made. Besides, parts (workpieces) of
the EAS RF resonator with the acceleration structure have been manufactured, and its assembly is
begun.

2. Under item II, it is realized three works: calculation of frequency shift and increment for the
EAS resonator exciting due to anomalous Doppler effect in a non-uniform case; calculation of the
EAS solenoid for creation of magnetic field with a required spatial distribution; theoretical
investigations and computer simulations of ion acceleration in a two-beam electron-ion
accelerator (with regarding the main EAS parameters).

3. In area of the cyclotron resonance under anomalous Doppler effect it have been determined the
conditions favorable for analysis and functioning of a two-beam ion accelerator (in particularly,
the EAS), when RF fields are excited at zero shift of resonator frequency. It have been
determined the values of the start current, the RF oscillations excitation increment, the frequency
shift of the H-type resonator for the main EAS parameters.

4. The method of stationary magnetic field synthesis with required dependence on ]ongltudmal
coordinate is described. Thus it is used the regularization method developed by Acad. A.N.

Tikhonov for solution of (so named) incorrect inverse problems. By this method the calculation
of a solenoid for creation of a non-uniform resonant magnetic field in the EAS is accomplished.
In this case the conditions of resonance under anomalous Doppler effect is fulfilled on all length
of the EAS resonator in spite of the fact that the phase velocity of accelerating wave changes
along the EAS.

5. The results of theoretical mvest1gat10ns and computer simulations of ion acceleration in a two-
beam electron-ion accelerator are represented (with taking into account of the main EAS
parameters). Detailed studies of ion acceleration dynamics and its radial focusing have been
realized. Computer simulations of ion acceleration and focusing have been accomplished for wide
set of parameters including the main EAS parameters.

6. The investigations carried out show this acceleration method to advantage and lead to
expediency of a research and development continuation. -

In this Report Drs. B.I. ‘Ivanov, V... Butenko, M.I. Kapchinsky, V.V Ognivenko,
I.N. Onishchenko, V.P. Prishchépov have taken part. '
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