
TITLE: 

AUTHOR(S): 

SUBMITTED TO: 

BEAM SELF-EXCITED RF CAVITY DRNER FOR A DEFLECTOR 
OR FOCUSING SYSTEM 

E. Alan Wadlinger AT-1 

XVIU International Linac Conference 
Geneva, Switzerland 
August 26-30,1996 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility 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. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. - -- -- 

- 
___ - - - 

- - - - - - - - - - - - = E  -~ - -  - -  - -  - -  

LOB Anam08 
N A T I O N A L  L A B O R A T O R Y  

Los Alamos National Laboratory. an affirmative action/equal opportunity employer, is operated by the University of California for the U.S. Depamnent of Energy 
under Contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. The Loti Alarnos National Laboratory 
requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. 

mN0.836R5 

DISTRIBUTION OF THIS DOCUMENT IS 

Y 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 

. 



BEAM SELF-EXCITED RF CAVITY DRIVER FOR A DEFLECTOR OR FOCUSING SYSTEM 
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Accelerator Operations and Technology Division 
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Abstract 
A bunched beam from an accelerator can excite and 

power an rf cavity which then drives either a deflecting or 
focusing (including nonlinear focusing) rf cavity with an 
amplitude related to beam cun-ent. Rf power, generated when 
a bunched beam loses energy to an rf field when traversing an 
electric field that opposes the particle's motion, is used to 
drive a separate (or the same) cavity to either focus or deflect 
the beam. The deflected beam can be stopped by an aperture 
or directed to a Merent area of a target depending on beam 
current. The beam-generated rf power can drive a radio- 
frequency quadrupole that can change the focusing properties 
of a beam channel as a function of beam current (space- 
charge-force compensation or mwng the beam distribution 
on a target). An rf deflector can offset a beam to a 
downstream sextupole, effectively producing a position- 
dependent quadrupole field. The combination of rf deflector 
plus sextupole will produce a beam current dependent 
quadrupole-focusing force. A static quadrupole magnet plus 
another rf deflector can place the beam back on the optic axis. 
This paper describes the concept, derives the appropriate 
equations for system analysis, and gives examples. A 
variation on this theme is to use the wake field generated in 
an rf cavity to cause growth in the beam emittance. The 
beam current would then be apertured by emittance def ing  
slits. 

Deflector System 
Figure 1 shows the concept in a system designed to 

aperture a high current beam. The RF generator and deflector 
are conceptually shown as two units. The beam deflection 
angle is proportional to the beam current. This deflection 
becomes a displacement at the beam collimator. Permanent 
magnet non-linear focusing magnets can enhance the 
operation of the RF deflector. 

Beam Interaction with an Rf Field 
In this section, a differential equation describing the rf 

field generated in a cavity excited by a bunched beam is 
derived and solved. This di€€e=ntid equation depends on the 
energy deposited in the cavity by the beam and the energy lost 
in the cavity due to resistive wall losses. We consider a 

mode single-cell cavity @TL type) whexe the electric 
field is along the beam direction and is concentrated on the 
axis of the cavity between the drift tube noses. 
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Fig. 1. & Deflector Concept. The bunched beam from the 
accelerator drives a cavity that produces rf power which then 
drives a beam deflecting cavity. The deflecting cavity could 
be followed by nonlinear magnets and then phase-space 
defining a p e m s  to remove the deflected beam. 

Work done against the rf electric field by particles 
traversing the gap addsenergy to the rf field. 'This gain in the 
field energy, AU,, due to one particle is 

AU, = JeEg cos(ot + q)dz 
Z g P  

0 2 A  z=vt ,  -=- 
v pa' 

e is the charge on an electron, Zg is the gap length, Eg is the 
gap voltage, o is 271 times the rf frequency, j3 is the velocity 
of the particle with respect to the velocity of light, A is the 
free space rf wavelength, v is the particle's velocity, t is time, 
and cp is the rf phase when a particle enters the gap. 

Assuming that the change in particle energy in crossing 
the gap is small compared to the particle's kinetic energy and 
treating v as a constant, Eq. (1) is integrated to obtain 

(3) AU, = eEoTpA cos q 

where, E, is an average field strength defined by 



and T is a transit time factor. The transit time factor is 
defined as 

T = sin( 2j/( 2) . 
Equation (3) gives the energy gain in the rf electric field 

due to one particle crossing the rf-gap. 

Beam Bunch Rf Energy Gain 
The individual charges in a beam bunch enter the rf- 

cavity at different phases p. The phase distribution of the 
particles is described by the function ~(9). The total charge 
per beam bunch is 

Let, 
average rf field power gain 

beam bunch 
AUB = 

be the energy deposited in the cavity by a complete beam 
bunch, and use Eq. (3) to obtatn 

-n 

The integral in Eq. (7) can be defined in terms of a 
dimensionless charge-distribution form factor as 

--s 

The value of F is less than 1 (it is equal to 1 for a 6 function 
distribution). This form factor is rather insensitive to beam 
bunch length. For example, assume that p(@ is described by 
the rectangular distribution 

-Po <P<Po 
otherwise ’ 

where v0 is the phase extent of the distribution. Then, 

When q0 = 0, F =  1 ,  and when p0 = d2 (severe debunching), 
F = 0.64. Equations (24) and (25) (derived below) show that 
the maximum-generated electric field scales as F. We see that 
the rf-electric field is somewhat insensitive to sigdicant 
beam debunching. 

Let UT equal the total rf field energy in the cavity. The 
rf electric field will scale as the square root of UT. 
Combining Eqs. (7) and (8) and defining the constant k1 as 

p e s  

AUB = qk,TpAFUp . 

The constant kl depends on the electric field distribution in 
the cavity and is a function of the cavity geometry. We will 
later assume a model for the electric field distribution that 
will permit a rough calculation of kl . 

Resistive WalI Losses and Q 
Equation (12) gives the rf field energy gain due to one 

beam bunch crossing the rf-cavity gap against the rf electric 
field. There are power losses in the cavity due to the finite 
resistance of the cavity walls. This power loss can be 
determined fmm the Q of the cavity defined as 

Q = (13) 

where WL is the average rf power loss per unit time. The rf 
energy loss in one rf cycle (time 5 = 2 7 c / o )  is then 

RF Time Dependent Field Equation 
The change in total rf power per time is 

- AuB wL2z f0  
At 27rfo 2nfo 2KfO . , 

Using Eqs. ( 1 2 ) ,  and (13) gives 

Equation (15) is easier to solve if Eo [from Eq. (1 l)] is 
substituted for UT. Equation (15) becomes 

Assuming that the rf power is zero when f = 0, Eq. ( 1  6) can 
be integrated to give 

The charge per beam bunch, q, can be calculated from 
the instantaneous average beam current, I, and is 

q=27rIf0 . (18) 

Substituting Eq. (1 8) into (17) gives 

E, = E ~ ,  ( 1  - e-Or’’Q) 



Where 

Relationship Between RF Electric Field and 

RF Power 
A crude estimate of kI can be obtained by assuming that 

most of the rf electric field is concentrated between the drift- 
tube noses and is a constant. The maximum stored energy in 
the electric field can be calculated and related to UT to give 
kl . The value of UT calculated from the electric field is 

Solving this equation for Eg and using EQ. (4) gives 

Comparing Eqs. (1 1) and (22) gives 

Equation Summary 
Combining Eqs. (4), (ll), (13), (20) and (23) give 

2QITFZ 
- = max. average electric field, (24) 

Eo,* - w&,dgpa 

--= - 2QnF max. gap electric field, 

2Q212T2F22 
= max. total rfenergy, (26) - 

'Tmm - 0 'Eo7rR;  

2 Q12 T2 F2 Zg 
= max. rf power loss /time. (27) 

w4nm = WE07T% 

Examples 
We calculate Egm, and W L  using Eqs. (25) and (27) 

for a 100 FA beam at 800 MeV. Assume a 10% beam duty 
factor, then I = 1.0 mA. We let d27t = 200 MHz, Q=lOOO, 
rp = 1 deg, 2 = 1.0 cm, and R = 1.0 cm ( E ~  = 10-9/367t). 

Equations (25) and (27) give .Egm, = 5 . 7 ~ 1 0 ~  V/m (rf-gap 
voltage) and Wh = 5.7 watts (maximum power extracted 
from the beam). 

g g 

We calculate the beam deflection due to a transverse rf- 
electric field. From, 

(28) 
dP - = eEcos(wt), 
dt 

we obtain 

uL = j?eEcos(wtpt= 2 eE sin rp, 
w 

-PO 

The deflection angle 

For E = 0.57 MV/m, q40 = 7t/2 (complete rf half cycle), 
5 rf deflection cavities (each of length pw2 = 0.68 m), and an 
800 MeV beam, we find that X' = mdians. This will 
produce a deflection of 1 cm in 10 meters. Given this same 
geometry, a 10 mA beam will have a deflection angle of 
radians and will be deflected 10 cm. 

There are issues to be addressed if this system is to be 
used for limiting beam current for personnel safety. These 
include: sensitivity of the rf cavities to &tuning, possible 
long term degradation in cavity Q due to oxidation of cavity 
surfaces, determining the envelope of off-nominal linac 
operational parameters that will cause the beam to diciently 
debunch so that the rf deflection system will no longer work, 
and rf cavity conditiomng. 
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