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We report a new calculation of electron beam acceleration along linac using fundamental electrodynamics as basis.
Following laws are considered: increasing of work equals multiplication of force to elementary interval; power equals
work growth over time interval; force acting on charge equals charge value multiplied to electric field value. Using
electrodynamic characteristic, series impedance, equaled a square of electric field value divided by power, and also
taking into account laws mentioned above, an equation for the electric field radiated by the beam is calculated. A

transient process of electric field radiated by beam is considered.

PACS: 29.27.-a

1. MAIN REMARKS ON TRAVELLING
WAVE ELECTRON LINAC THEORY

Considering electron bunch acceleration in travelling
wave acceleration structure few remarks on classical
theory describing bunch movement along acceleration
structure should be given [1].

In the first, the equation stated below is of great
importance in order to obtain electric field radiated
by moving along DLWG charge:
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Here dW is accelerated particle energy gain due
travelling dz distance along waveguide axis, ¢ is
charge quantity, F is on-axis electric field amplitude,
o is attenuation factor, v, is group velocity, P is in-
stantaneous power and @ is disk loaded waveguide
(DLWG) Q-factor. It should be stated also that
equations (2)-(3) described by Perry B. Wilson are
correct for DLWG feeding by RF power source in
steady mode. It is wrong to believe that current en-
ergy speed equals group velocity. But actually group
velocity is responsible for transient mode and power
source current energy speed equals bunch velocity.

A relation mentioned by Wilson is series resis-
tance R, which plays important part too (further Ry,
is shunt impedance):
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In the next equation minus sign should be put be-

fore multiplication of direct current and beam field:
dP
(6)
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It is considered that there is no power feed. En-
ergy balance in the whole accelerating structure gives
(6). Ep is beam field which resists short bunch with
Iy current. Energy gain generated by beam is power
loss.

The next equation means beam generates 2 waves.
The second component is in antiphase, i.e. in power
source phase and attenuating as well as power source

field:
Eb(z) = I()Rsh(l — e—az) . (7)

It contradicts physics of the process. Moreover
boundary conditions are failed when z = 0 for bridged
waveguide.

It is cleared that fundamental theory of beam
loading which states that charge energy loss due radi-
ation equals half of induced voltage gives simple way
of beam field calculation.

2. BEAM FIELD CALCULATION BASED
ON WILSON AND RAMO THEOREMS

We consider a new approach to define relativistic elec-
tron beam field in DLWG. Relativistic electron bunch
with g charge is travelling along DLWG axis with con-
stant 8 = v/c = 1 velocity. It is assumed that charge
velocity is equaled to the speed of light. According
to Perry B. Wilson theorem, W, energy being lost by
travelling bunch with ¢ charge, equals half of charge
and induced voltage U multiplication [1]:

(8)

Assume that U voltage induced on x length equals
current induced by ¢ charge and multiplied by equiv-
alent impedance R on accelerating gap z length.

U=IR.

1

(9)
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According to Simon Ramo theorem induced cur-
rent equals multiplication of charge and velocity di-
vided by gap length [2]:

qc

=L (10)

Define R impedance on x gap length by means of
series resistance R):

R=R,x*. (11)

According to definition:
E2
=35
In the last equation E is electric field strength on
DLWG axis, P is RF power in current DLWG cross-
section.

Using (8)-(12) for W, U, I, R and R, obtain
beam energy loss gain W on DLWG =z length:

R, (12)

1 1
W = —qU = —¢°cR,x. (13)
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Dissipated power equals:
w 1 T
P=— =2¢2¢cR.Z. 14
r 299y (14)

Within considered case beam velocity equals the
speed of light, i.e. z/t =¢

Lo, E?
P72chp72Rp. (15)
‘Which means that:
.E =qcR, (16)

Therefore, field E radiated by beam with ¢ charge
is defined by charge, velocity and DLWG series resis-
tance. Current statement is also correct for velocities
under the speed of light v < ¢, i.e. it is correct for
any velocity of accelerating beam.

E = quR,. (17)

3. ELECTRON BEAM FIELD
CALCULATION IN DLWG. CLASSICAL
THEORY

As it is expected simple calculation could raise
doubts. That is why consider classical approach by
means of electrodynamics fundamentals. Calculate g
charge beam field on DLWG axis. Beam is travelling
with v velocity. Point charge is considered. When
travelling beam interacts with decelerating system
like DLWG F force will act on charge. Force equals
multiplication of ¢ charge on E beam field.

F=qE. (18)

Instantaneous power equals differential relation of
work dA divided by time interval dt, i.e.:

p_d4

== (19)

It should be noted that force equals relation dA
to dl, where dl is elementary distance on DLWG axis.

dA
F=—.
dl
(19)-(20) conclude that instantaneous power
equals multiplication of force to velocity:

(20)

dl
P=F—=Fv. 21
il (21)
Substitute F' from (18) to (21) and get:
P =gqgFEv. (22)

Define average power in DLWG P by means of E
beam field and R, series resistance:
_ E?
P=—

T (23)

While reminding that electromagnetic field in-
stantaneous power P and average P differ by factor
2, get the next relation:

pP=2P, (24)
E2
P=—. 25
) (25)
(22) and (25) infer
E=qRyv. (26)

It is assumed indirectly that we have point charge
bunch with g charge, v velocity on T My;g mode in
DLWG.

When v # ¢ (26) could be rewritten as:

E =¢qR,0Bc. (27)

In the current equation 8 = v/c and when 8 =1
get:
E =qR,c. (28)
(28) could be rewritten also as follows. Since the
speed of light equals wave length A\ divided by oscil-
lation period it is:

A
=— 29
=72, (29)
q
==1.
g (30)
I is average g charge bunch current. Time be-

tween bunches is equaled to oscillation period of RF
power. Substitute (29), (30) to (28). As a result
beam field in relativistic case (8 = 1) equals:

E =IR,\. (31)

For v # ¢
E=1IR,5\. (32)

(32) might be used for calculation of electron linac
bunchers. (31) is usually used for calculation of elec-
tron linac acceleration sections.

Therefore, obviously equation (28) for obtain-
ing single bunch field in travelling wave accelerat-
ing structure calculated by means of classical theory
identical with (17) calculated by means of Wilson and
Ramo theorems.
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4. MULTIPLE BUNCHES BEAM FIELD
TRANSIENT PROCESS IN DLWG

Consider radiation process for a chain of electrons
with ¢ charge, interval A which is equaled to wave
length in DLWG (Fig.1).
The first bunch radiates field:
E=IR,\. (33)
It is taken into account that beam is relativistic
(v = ¢) and interval between point charge bunches
is equaled wave length A. Using results of [3] and
considering DLWG as chain of feedthrough quarter-
wave cavities (0 = 7/2 mode) or third-wave cavities
(0 = 27/3 mode) beam field E transient process is
defined as:
By = IRy\e @7 | (34)
In the statement above t is current time, T
is oscillations period and @, is DLWG loaded Q-
factor. While ¢ = 0: E; = IRy

B Ny

Fig.1. The chain of bunches travelling in DLWG

When the second bunch enters considered DLWG
cross-section beam field is:

Es = IR\ + IR \e O . (35)
And after the third bunch:
By = IR\ + IR\ @ + IR 9. (36)

Net series is a geometric sequence. Summary field
in considered cross-section is equaled:
IR, (1 ¢ &)

ETL _ T
l1—e <

(37)

When infinite quantity of bunches is taken into
calculation following beam field is observed in DLWG
with finite Q;:

IR,
Ey = %~ (38)

l—e @
Field envelope amplitude growth is obvi-
ously characterized by @; size (Fig. 2).
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Fig.2. Transient process for the chain of bunches
beam field

We take into account power losses in walls under
T oscillation period. As it is seen from (37) maxi-
mum field is generated after travelling of n bunches
in DLWG cross-section. After the bunch number n
beam field decreases according to law:
IR\ (1 - e*%)
EFE =

= 39
= (39)

It should be mentioned that time is counted here
before the bunch number n enters considered cross-
section.

5. CONCLUSIONS

As a result few remarks on classical theory for calcu-
lation of electron linac electrodynamic parameters are
given within current research. Method of beam field
calculation based on electrodynamics fundamentals
and different from classical one is proposed. Derived
way of beam field calculation is used in consideration
of transient process for the chain of bunches beam
field.

Moreover, this technique could be used not for
DLWG only but for other electron linac accelerating
structures which have their own benefits and draw-
backs.

Calculation of electron beam field presented
within current work allows to make more accurate
calculations of some electrodynamic characteristics
used in design and optimization of electron linac ac-
celerating systems including improvement of acceler-
ating structures design software.

Presented research has been conducted in realiza-
tion of two State Contracts in Compact Accelerators
Laboratory of National Research Nuclear University
MEPKI which has been financed within mentioned
contracts. It includes development of electron linac
with 4 MeV output energy (with usage of modern
klystrons and magnetrons of different wave lengths)
for generation of powerful bremmstrahlung in THz
wavelength range and also development of linear elec-
tron accelerator with 15 MeV output energy, maxi-
mum of 1 kA beam current and pulse duration about
1ns.



This work has been accomplished under support 4. O.A.Valdner, A.N.Didenko, A.V.Shalnov. Ac-
of The Ministry of Education and Science of The Rus- celerating waveguides. M: 7 Atomizdat”, 1973,
sian Federation within the program ”Science and ed- 216 p.
ucation of the innovative Russia” 2009 — 2013, State
Contracts P433, P1222, the program ”Developing of 5
the High School science potential” 2009 — 2010, sci-
entific work number 1.49.09 and also by State Order
from The Ministry of Education and Science of The
Russian Federation number NOO — I' — 611 — 4056.

A.P.Kulago, I.S.Shchedrin. Radiation of rel-
ativistic bunches in DLWG // II Cherenkov
readings: new methods in experimental nuclear
physics of elementary particles. M: "FIAN”,
2009, p. 48-56.

6. V.A.Dvornikov, I.A. Kuzmin, S.S. Proskin, et al.
A study of physical processes describing extreme
density charge bunches acceleration in DLWG
with stored energy // Nuclear physics and engi-
neering. M: MAIK ”Nauka/Interperiodika”, v. 2,
N1, January-February 2011, p. 3-17.

References

1. P.B.Wilson. High Energy Electron Linacs// Ap-
plications to Storage Ring RF Systems and Lin-
ear Colliders. Stanford, California: SLAC-PUB-
2884, November 1991(A), 46 p.

2. S. Ramo. Cprrents Induced by Electron Motion 7. S.S.Proskin, V.A.Dvornikov, I.A.Kuzmin, et
// Proceedings of the I/R/E. September 1939,

5RA-58E al. Study of Physical Processes of Acceleration
p. 584-585.

of Electron Bunches with Extreme Density by

D. Altman. Microwave circuits / Translation
from English by editorial board under supervis-
ing of I.V. Lebedev. M: "Mir”, 1968, 487 p.

means of Stored Energy in Disk Loaded Waveg-
uide Sections // Proceedings of IPAC 2012, New
Orleans, Louisiana, USA.

DJIEKTPOJINMHAMUKA B JINHEMHBIX YCKOPUTEJISIX SJIEKTPOHOB
C. C. ITpockun, B. A. /Ieopruxos, H. A. Kysvmun, H. C. IIledpun

Paccmorpen pacder yCKOpeHHUs CTyCTKOB B JIMHEHHBIX YCKOPUTEISAX SJIEKTPOHOB, OCHOBAHHBIN HA MOCTYJIATAX
siekTposuHaMuKky. [lepednciienbl OCHOBHBIE IIOCTY/IATHI: yBeJnYeHne PA0OTHI PABHO [IPOU3BEIEHUIO CUJIbL HA
JIEMEHT MPONIEHHOr0 PACCTOSHIS; MTHOBEHHAS MOIITHOCTh PABHA OTHOIIEHUIO MPUPOCTA PADOTHI Ha, OTPE30K
BPEMEHU; CUJIa, AeHCTBYIOMAsA Ha 3apsll, paBHA BeJIUYHHE 3apda1a, YMHOKEHHOTO Ha HAIIPSKEHHOCTH 3JI€K-
TPUYIECKOrO 1oJisi. VICIOMb3ys 9/IeKTPOINHAMUIECKYIO XaPAKTEPUCTUKY, MTOCJIEI0BATETHHOE COIIPOTUBIIEHNE
KPYIJIOro auadparMupoOBaAHHOTO BOJHOBOIA, PABHOE OTHONIEHUIO KBAAPATA HAIIPAKEHHOCTH SJIEKTPUIECKOTO
[IOJIg K MI'HOBEHHOH MOIITHOCTH, W BBIII€ HAa3BAHHBIE IOCTYJIATHl 3JI€KTPOIUHAMUKHY, [IOJIyYEHO BbIDAXKEHUE
T 3JIEKTPUIECKOTO TIOJ U3AydeHusd. PacCMOTpeH MepexoaHbIil Tpotiece moad W3JyIeHus IyTa, CTyCTKOB.

EJIEKTPOJANHAMIKA B JITHIMHUX IIPUCKOPIOBAYAX EJIEKTPOHIB
C. C. IIpocxkin, B. A. /leopniros, 1. A. Kysvmin, 1. C. Hledpin

PosrissayTo po3paxyHOK MPUCKOPEHHs 3TYCTKIB y JIHIMHIX MPUCKOPIOBAYAX €JEKTPOHIB, OCHOBAHUI HA IO-
crynarax ejgexkTpoaunamiku. [lepemiveni ocHOBHI mocTymaTu: 36iIbITeHHST POOOTH AOPIBHIOE 3100yTKY CHJIN
Ha €JIEMEHT TPOHIeHO] BiJCTaHi; MUTTEBA MOTYKHICTH JOPIBHIOE BITHOIEHHIO MPUPOCTY pobOTH HA BiIpi-
30K Yacy; CWJja, JiI0va Ha 3apsji, piBHA BEJUUWHL 3apsAay, TOMHOYKEHOTO HA HAIPYKEHICTH IJTEKTPUIHOTO
1o71s1. BUKOpHCTOBYI0UM €IEKTPOAUHAMIYUHY XapaKTEPUCTUKY, MOCTII0BHUN OIip KPYIJIoro miadparMoBaHO-
'O XBUJIBOIIPOBOJIA, KW JOPIBHIOE BIIHOIIEHHHUIO KBAAPATA HAIPY2KEHOCT1 EJIEKTPUYHOrO OIS HA MUTTEBY
TIOTYKHICTH, Ta MepeideHi BUITE MOCTYAATH eTeKTPOIMHAMIKN, OTPUMAHOHO BUPA3 /IS €EeKTPUIHOTO OIS
BUMIPOMiHIOBaHHS. PO3T/IAHYTO TIepexiannii mporec Mo BUMTPOMIHIOBAHHS ITyTa CTYCTKIiB.
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