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Abstract way to get a compact and efficient structure at low frequen-
. L . . . cies. Electrostatic quadrupole lenses, in an alternating-
For applications like ion implantation, rf linacs using

double-gap structures with external resonators can be us%r(?d'em arrangement, provide transverse focusing. In gen-

. . eral, accelerator performance can be limited by weak fo-
because they are practical at low frequencies. However, . . :
cusing, poor matching, or poor bunching. We found that

since the two gaps associated with a given resonator C%Hé present machine has adequate focusing for accelerating

not be individually phased, it is not obvious how to build11B+ at 3 mA but transmits only about a third of the par-

a linac that can efficiently accelerate particles having dif- o . .
. . ; ticles injected. The losses are caused mainly by emittance
ferent mass/charge ratios. This paper describes the beam

. . prowth in the rf gaps. This is a nonlinear effect caused by
dynamics of double-gap rf linacs and shows how to maxF. . . .
ifferent particles seeing different rf phases as they cross

mize the range of mass/charge ratios. Our theory also te|ls (f gaps. Improved bunching and matching could dou-

us how to rescale a linac tune (i.e., reset the voltages aBFe :
. : . e the output current. To further increase the current or to
phases) so that a new patrticle, having a different mass or

charge, will behave similarly to the original particle. get good performanc_e for heavier ions, we need to improve
the transverse focusing.

1 INTRODUCTION 2.2 Study of New Approaches

Eaton Corporation builds high-energy ion implanters for New structures and focusing A single-gap rf struc-
semiconductor device fabrication. These machines aretifre (resonant cavity) has the advantage that we can phase
linear accelerators that accelerate ions to energies updach gap independently. We investigated the feasibility of
several MeV. Recently, Eaton has been working with Logesonant cavities at low frequencies (40 MHz). While it is
Alamos to study ways to improve their machines to megjossible to get a cavity of reasonable size at this frequency,
the future needs of Eaton's customers[1]. The main reve found the efficiency to be low. We studied variable-
guirements for a near-future ion implanter linac are frequency radio frequency quadrupole (RFQ) structures.
The high cost of variable-frequency rf power is a problem.
The high transmission of mo&tFQ linacs is the result of
adiabatic bunching. However, this is not practical for an ion
implanter because of the length constraint. A segmented
RFQ or an RFQ with a separate buncher may turn out to be

Additional requirements are low power consumption an{)easible. We studieq modifications to the (;lrift tube noses
low energy spread. This project consists of analyzing tH8 & 9ap structure to mtroduce.quadrupole fleld§ that would
present Eaton linac, studying new approaches for improv(_g@ntrlbute to transverse foc.usmg. .We glso stpdlgd alternat-
performance, and determining the best design based B¢ Phase focusingy@F). As in previous investigations, we
present double-gap technology. The main part of this pglgund that the acceptance of such machines is low.

per describes a new theory and design procedure, which

we developed to determine the maximum performance of IMProved bunching A well-designed linac with a
double-gap structures. conventional (single frequency) buncher can accelerate

about 75% of the particles injected. While multiple-

frequency bunchers are probably not worthwhile, two sepa-
2 BACKGROUND rated cavities are desirable even for a single-frequency ap-

2.1 Study of Present Eaton Machine proach_, bef:ause of th_e range of particle velocities associ-

ated with different particle masses.

The Eaton linac uses 13.56 MHz rf cells to accelerate and

provide longitudinal focusing. Each cell consists of a drift Scaling studies We determined optimum quadrupole

tube, fed by an external helical resonator, in a groundesfrengths and period lengths required for an alternating gra-

cavity. This provides two rf gaps per cell and is a practicallient focusing system, taking into account the defocusing

Various ion species. From B+ to " Ast.
Variable energies. Up to several MeV.

High current. Several mA.

Short length. Not more than about 2 m long.
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effect of the rf gaps. We also verified that we can reduc@/e assume all ratios are the same at every cell in the linac.

the length of the linac by raising the frequency while main(A constant velocity ratigs/ 3, implies the velocity ratio

taining the electrostatic and rf voltages. This is beneficiaquals the velocity-gain-per-cell ratigs /A 3,.)

when the quadrupoles and the rf gaps are voltage (not field)We assume all the ratios of Eq. 2, exceptkgras given

limited. and determine the new rf voltage and phase required to
achieve them. The change in energy in crossing the two

3 IMPROVED DOUBLE-GAP DESIGNS gaps is given by

We developed a new theory (see [2] for earlier version) AW = geVT(cos ¢1 + cos ¢2), 3)
and design procedure-for linacs having doublg-gap r®here ¢, and 4, are the synchronous phases on the two
oqators and e!ectrostatlc quadrupolgs. Our goal is to det aps,V is the gap voltage, arf is the transit-time factor.
mine the maximum pgrformance using t?Ch”O'OQV proV%/e assume thdt” and7" are the same for both gaps. By
at Eaton. The basic idea is that we design the linac for &aluating Eq. 3 for both the design-reference and the new

certain design-reference particle. Then we scale the des'%rticles and using?" = mc23a 3, we get the following
reference tune (voltages and phases) to new patrticles. expressiE)n for the voltage ratio: ’

3.1 Theory for Double-Gap Structures ky = ko k2 SO5 P01 T COSPoz o oleration condition)
) L ) Y m/a%B " og 1 + cos ¢
The new theory is useful for the situation in which we (4)
are voIt_ag_e rgther_th_an fiel_d limited. In existing machinespnce we set the phase at the first gap, the phase at the sec-
power limitations limit maximum gap voltage. ond is determined by the gap separation and the velocity.
In each double-gap resonator, the two gaps are separated 1
by a distance of G2 =1 — T+ k_(¢°2 — o1 + ). (5)
B
L= @(gﬁoz — o1 + ), (1) The effective longitudinal focusing strength (reciprocal of
2m focal length) of the two gaps is given by
whereg, is the velocity of the design-reference particle and 1 2mqeV T
$o1 and ¢, are the synchronous phases at the two gaps. 7 —W(Siﬂ $1 + sin ¢), (6)

As we will see, we need the flexibility to allow the two
synchronous phases to be different, even for the desigwhere we have added the two strengths and neglected the
reference particle. fact that the two gaps are separated. The focusing strength
Once the machine is designed and built, we can no longi#t the transverse direction is one-half of the value given by
change any of thé values, but we are free to retune theEQ. 6 and of the opposite sign. Thus the focusing ratio is
machine, i.e., to change gap voltages and phases andthe same for both transverse and longitudinal focusing.
inject different particles. If we compute the focusing strengths for the design-
To see how a new particle of different mass, charge, deference particle and for the other particle, take their ratio,
velocity will behave! let us define some ratios, which areand rearrange, we get the following expression:
various quant[ties relqtive to their vglues fqr the design- ky sin ¢y + sin ¢y
reference-particle design. The focusing ratio refers to theiy = PR -
focusing strength of the rf gaps. m/qkG SN o1 + Sin goo

(focusing condition)

()

m/q If we eliminatek, /k,,,, in Egs. 4 and 7, we get the fol-

= h ti . . .
Fon/q Mo/ qo (mass/charge ratio) lowing expression for how to set the phase of the first gap
q for the new-particle tune.
ky, = - (charge ratio) (1= co)k kS + 5C
tan ¢; = ) 8)
,3 Aﬁ (1 - CO)C - Sokfkgs
kg =—= (velocity ratio)
Bo B (2) Where
%% mB3? . P02 — Po1 + T
k = — = —— (energy ratio = ros  Fol L 7
w Wo = mod2 (energy ratio) Co = o8 ( i ;
kf = 11/fe (focusing ratio) s, =sin <w> ,
/ feo ki (9)
vT
v = It ti _
k (VT)O (voltage ratio) C COS ¢o1 + COS G2,
1We are including the situation in which the “new” particle is the same S = sin oy + Sin dos.

as the design-reference particle but run at a new velocity (energy).

855



ko=t k =1L whereV/, is the voltage on the quadrupole electrodes.

1.2 For afocusing ratié, of unity, and with the quadrupoles
1l set according to Eq. 10, the beam bunch size will be the
same as for the design-reference particle if the emittance
0.8 of the new patrticle is the same. In this case, the space-
- charge effects will be the same for the new particle. If we
~; 0.6 change the beam size by changing the emittance or focus-
ing strength, we can maintain space-charge effects the same
0-4r as before by adjusting the beam current.
0.2
3.2 New Design Procedure
% 0.5 1 &S 2 2.5 3 We start with theTRACE 3-D code with user-defined ele-
q ments for electrostatic quadrupoles and the double-gap rf

) ) cells. These elements operate in two modes. In the de-
Figure 1: This shows how the energy changes when we rgiyn mode, the code sets the rf gaps automatically to get
tune alinac to anew particle. The quanty istheenergy he gpecified synchronous phases. Also, the quadrupole
ratio, k, is the charge ratio, ank,, , is the charge/mass |gngihs and the gap voltages are automatically set to
ratio. For a flxed_ charge, therefore,.the curves .show the-hieve the specified phase advance per focusing period
energy as a function of mass. All ratios are relative to thg, 4| three directions. We do this for each focusing pe-
design-reference particle, which is the particle for Whid?iod, getting the maximum focusing possible without ex-
the synchronous phases at the two gapsgg@reand s ceeding the voltage limits of the gaps and taking care to
The curves are labeled by the values of these phases.  40id cell-to-cell discontinuities. In the retune mode, an
existing design is retuned to a new particle according to
. . our theory. Once we have BRACE 3-D design, we use
Knowing ¢, we deter_mlne the new voltage from Eq. 4. the PARMgLA particle-tracking code to detern%ine the frac-

Now Iet_us dete_rmme_ over what range of mass/charqﬁm of the beam transmitted by the machine. We finish
values a given design will work. Because we want the new, design by using an optimizing versionfRMELA to

particle to behave similarly to the design-reference particltﬁ,ne tune the quadrupole and buncher settings. We find that

we set the focusing ratio toy =1, Assume our accelerator o, oy designs have substantially improved performance
was designed to work at the maximum rf gap voltage. As Qhile still using proven technology

result, we want to fix the voltage ratio A{=1, as we can-
not go any higher in voltage for the new particle. Now if
we eliminateg; in Eqs. 7 and 8 (we can do this numeri- 4 DISCUSSION

Ca“y), we get a relation between the VelOCity ratio and th¢he new approaches need further study_ However, we
mass/charge ratio, with,, andg¢,, as parameters. Fig- found that the present approach of using double-gap res-
ure 1 shows the result, which we express in terms of thenators and electrostatic quadrupoles can provide ion im-
energy instead of velocity. planters of substantially improved performance over a wide
There are five curves in the figure. Each curve is labele@nge of mass/charge values. The design procedure we de-
by the values of the synchronous phases at the two gaps {@loped ensures we get the good bunching, matching, and
the design-reference particlg,; and¢,.. Notice the large the maximum transverse focusing. Improvements in the
mass range over which an accelerator with phases®of (5rf resonators could further improve performance. The rf
35°) can operate. The cases {-25°) and (0,-30°) have gap voltage limitation makes it impossible to obtain signif-
the same rf focusing strength asg (85°) but work over a jcantly higher energies within the length constraint.
more restricted range of mass values. What is happening
here is that making the synchronous phase on the first gap 5 REFERENCES
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qVy /W = const, (10)
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