Lawrence Berkeley National Laboratory
Recent Work

Title
A PROPOSED SAWTOOTH BUNCHER FOR THE 88-INCH CYCLOTRON AXIAL INJECTION
SYSTEM

Permalink

https://escholarship.org/uc/item/1jg364v\V

Authors

Resmini, F.
Clark, D.J.

Publication Date
1968-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1jq364vv
https://escholarship.org
http://www.cdlib.org/

“”‘UCRL-18125

Umversaty of Cahferma

‘ ;fiifErheSt o Lawrence |

Radaatlon_; Lgboratnry

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call

Tech. Info. Division, Ext. 5545

R no UbED SAWTOOTH BUNCHER FOR THE 88~INCI

AXIAL INJEC TION SYSTEM

e s i

Tk —-\‘“ﬁ-“

. 3 thﬁ Ae!’&ﬂ "Dﬁ.‘f&a?" e

")Eg”‘ ik:i:"s/?r:“ii? f: sl

\CH GYGLOTRON.

oy 4 'Ey‘.'t'i‘\vismlm a.nd D" J’ C,Ia“"k;jf‘;f}fz

i&W‘%E*\K‘ o

VMM: 1963k *ﬁerkefev~;7 California

L;meﬁ N«m il

,mm,uw?xm “eEewiDa Ly o




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.



UCRL-18125

UC-28 Particle Accel. and
High Volt, Mach,
TID-4500 (51st Ed.)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-Th05-eng-48

A PROPOSED SAWI'OOTH BUNCHER FOR THE 88-INCH CYCLOTRON
AXIAL INJECTION SYSTEM

F. Resmini and D. J. Clark

March 1968



',‘(‘

Printed in the United States of America
Available from
Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22451
Price: Printed Copy $3.00; Microfiche $0.65



-1- UCRL-18125

)
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I. - INTRODUCTION

farticles.accelerated in A.V.F. cyclotrons are usually confined in a
phase interval, with respect to the r.f. which is of the order of 15° to 45°,_
FWHM. These phase widths are further reduced to 5° - 10° if good quality and'
enefgy resolution of the external beam are required. Thus, when beams from‘
d.c. external sources are injected into the cyclotron, low injection efficiencies
are obtained. This issue is an impértant one when polarized ion sources are
used, since they produce only small d.c. currents.

To obtain better matching of the d.c. external source to the cyclotron
a8 beam bunching system; can be used, which concentrates the particles initially

\ spread over an entire r.f. periqd into the narrow phase range accepted by the

cyclotron. The main advantages thus obtained will be: 1) An intensity in-
crease for phase bunching into the 30° - 45° range. 2) An improvement in
beam quality if one succeeds in bunching down to 5° - 10°. Klystron-type
bunchers, which apply a sinusoidal energy modulation to the d.c. beam are by
now 1in operation at various Van de Graaff and tandem accelerators.g’5 They
are generally'used to produce short beam pulses, in the nanosecond and sub-
nanosecond range, for time-of-flight work. In these systems the beam is first
chopped and then bunched, since the emphasis is on small pulse width rather

than on maximum transmission. Several cyclotrons have used klystron-type

bunching with external injected beams, including the Birmingham and Saclay

cyclotrons. Where intensity increase is the main goal, it seems that
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sinusoidal-type bunchers afe limited in their'phase acceptance,_which'is of the
order of 180°. Also 1t 1s dLfficult to obtaln the 5° . 10° phase width
necessary for best quality. ' The reported intensity gain, at Blrmingham, is

about 2.2, which points out‘that différent opefatiqn modes shduld probably be
used in order to get higher current gains.  Among the possiﬁle improvements

are use of éeveral acééleration gapslwith various harmonic sine-wave frequencieé,
or use of a sawtooth voltage wave shape. In this report a séheme of a sawtootﬁ )
wave buncher, to be used in ﬁhe axial injection system at the 88f éy;lotron,v. |
is discussed, together with the limitatiqns which can be envisaged at the

present stage of the prdject,

II. BUNéHER MATHEMATICS

As is well known, Bunching.of d.c. ion beams is done by coﬁtrqlling the
écceleration at one or MOre gaps, accbrding to tﬁe crossing time. .Later:

V particles.are aécelerated relative fo early particles aﬁd'then,ﬁllowed‘to
drift to the placeiwﬁere bunching.is required.

In order to obtain a fully bunched beam the velocity change at the gap ,.
should increase linéarly with time. This fact leads nafurallj to the choice .
of an accelerating gap driven by a éawtooth oscillator, having the same fre-‘
quency as the cyclotron. Thevbunching system we propose is shown schematically T
in Fig. 1. ?he'sawtooth voltage wave is applied to a drift tube of-length S, |
vthevacceleratiné gaﬁs being at A and B. After B particles travel a distance
'g to the cjclétron center, where we-require the maximum amount of bunching;

We derive now a few.formulaﬁ characterizing the buncher operation, under
‘the following simple assumptions: | |
a) Peak accelerating voltage small compared to the injection enefgy, so that

the velocity change is proportional to the voltage at the gap croésing. |
b) Narrow gap at A and B, i.e. we disregard‘transit time effects iﬁ this

section.

)
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¢) Equal length trajectories between A and the cyclotrén center.

d) Monochromatic injected beam.

e) No space charge effects.

More realistic assumptions will be taken into account later and their con-

sequences evaluated for our specific éase. Suppose the iﬁcoming beam has an

energy Eo’ velocity Vs the cyclotron being operated at a frequency f = l/r.
The particles to be bunched, within each r,f, period, cross the'gap A at

°

times O £ t £ 7 their velocity being increased by (see Fig. 2):

Av(t)=Avp% . - (1n)

Let us assumé as a reference particle, around which all others will be
bunched, the one which crosses gap A at t=0. We further require its energy

" to be unaffected even by the second gap at B, thus providing the relationship:
s/vo =nt (2)

n being an integer.
All other particles, initially spread over the r.f. period 1, will be
partiallynbunched while travelling over the distance s, and at B will fill a

time interval given by

(3)
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and usingUEd. (2),‘

nAVp

or
A&E/T'= i-nAyi/(vo + Ayb) =K<1 I (5)

At the second gap B, due to the asymmetry of the wave, a debunching

effect will occur. With the present choice of the zero line, gap A is . _:

accelerating for all particles, and gap B ié decelerating. -The velocity

decrease at B, as a function of crossing time, follows a law exactly analogous. .

to (I). However, due to the bunching effect from A, the deceleration at B’
will be less than.the acceleration at A, thus leaving a velocity spread,in_;
the beam which allows a further bunching action in the flight path d.

From Eq. (4) we observe that the last particle in the bunch crosses the

gap B at a‘time:

Mty = 'r‘[l-nAvp/(vO + Avp)l;

‘after the reference particle. It experiences a velocity decrease given by:

v Aty | _
: | Ay, == = ﬂAyp[l-nAvp/(vo.+ ANP)]

As a consequence, the particles will have, after B,-velocitiesvin the range

e .y —— e




5.  UCRL-18125

between v, and

A . , AV, n(Avp)2
Vo + vy - Avp 1 - Yo T oY, = Vo +_—_Vo Ty o (6)
. or using Eq. (5)
v, S vp % Vo + Avp(l-K) ‘ (7)

The bunch width at B, AtB‘, will then reduce to zero after the distance 4 if

it. equals the difference in flight times:

st = 2 d

B~ Vo Vo ¥ AV(1K) ~ K

Solving for d we get:

Ktvolve + AVP( 1-K)]

a =
Avp(l-K)

(8)

For small values of Avp, Eq. (8) is well approximated by

[¢] . .
Sl G O

The dependence of d upon s is explicitly obtained inserting K from Eq. (5)
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and s from Eq. (2) in the formula above, ‘and aésuming Aw? < v, we get:

. . . | N . . —‘2 ) .> . -
- BAvVp (TVOE) : o
d = l = 2 2 . . (10)
, vy /) s(avy) _
Putting
PRICI T ()
AVP 1-K ) ’
we finally get
L= (1) S (12)
- (1-x)° o -

We see that d tends to infinity for s— 0, which means physically that for -
small s the accelerating and decelerating gaps will have nearly zero net

effect, requiring a long drift distance for bunching.

IITI. MATCHING THE CYCLOTRON REQUIREMENTS.

The formulas derived above can now be used in order to estimate a_reasénable 
set Qf values for 4, s, and Awp. - However we have still to consider the
réquirementé the buncher has to meet in order to match the cycldtron for both
variable energy and particles.

In the injection transport system the magnetic field increase near the

median plane acts as a strong focusing lens or "hole lens".u, It is convenieht

to have constant orbit geometry through this lens, as stated in requirement (l)

ey gy e e g -+ o

St o 2 et

2 e s e e R e
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below. In our presént axisl injection system the particles are injected
along the magnet axis for all cases. AS a consequence it is necessary to
scale properly the injection-energy and the dee voltage, at the various |
magnetic field settings, in order to keep the orbits centered at all times.
This is described by requirement (2) below.

The two requirements are:

1) Constant orbit geometry through the injection magnetic field B, for

O =emtestrms.

@ L
.M Q

optimum injection optics. This requires an injection voltage Vi «
where M and Q are particle mass and charge.

2) Centering of the cyclotron orbits. This requires a dee voltage VD = KVi‘

. where K = .2-.3,

So VD o Vi « QBE/M from 1) above. This means constant cyclotron orbit

geometry during acceleration. An upper limit VD = 60 KV on the available

’ dee voltage sets an upper limit Vi £ 20 KV on the injection voltage for in-

jection on the magnet axis,
The restriction on parameters set by the buncher are as follows. A fixed
geometry, i.e. constant d and s, would be preferable to avoid many construction

problems. If s has to be constant we get from Eq. (2):

(13) -

S

v ixlvoc
.0 " nt

where we allow for possible variations of the interger n. In terms of in-

Jjection energy we get:

smhgﬁ

. 2 ‘
E, = QVy o« My, «.M (1)

Bl B
R
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v -

where Ef is the full energy of the ‘accelerated beam, and for injection voltage:

(15)

<
R
D=
SAJHR)“

We see that the buncher requirement matches the requirement (I) of the cyclo-

tron above.
If also d has to be constant we have from (12) that o is constant and

Ifrom (11) we find the requirement for the modulating voltage:

2 .2
v : -V '
0 - .. .2 0 o .
0 == = constant, Awr Wy & (16) "
P ' : : .
and from (16), (13):
AV « f—e Co , (17)
P on . o .

From (17), (13) we get for the ratio of modulating to injection voltage:

AV, Av : } '
B B . - ~ (18) .
V. v n
i 0
Therefore we conclude that: - ' - °

a) The proposed buncher can in prineiple match continuously, at constant

geometry, the cyclotron requirements, by proper Variation.of the injection

energy (14) or voltage (15).
b) The modulating.voltage applied to the gaps 1s a fixed fraction of the

injection energy as given by (18).

e
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c) The additionél cyclotron requirement of orbit centering then implies

constant orbit geometry during cyclofron acceleration{

IV; TYPICAL BUNCHER PARAMETERS

We turn now to a preliminary design of the buncher, according to the
formulas derived above, for the 88" cyclotron axial injection system. Fdr_
use with the polarized idn source we confine ourselves to the proton and
deuteron cases. For O particles the operating parameters are the same as
for deuterons, but with twice the energy. The range of the cyclotron
operating frequencies 1s 7< f < 16 MHz for protons with final energy‘
10 < Ef

Restrictions on the injection energieé comé from orbits through the

< 55 MeV, and 5 <f< 13 MHz for deuterons with 10 < Ef < 65 MeV.

magnetic plug and cyclotron orbit centering. Possible values of the param-
eters d and s are determined by the geometry ofithe'injectionvline.

The injection energies could reasonably be in the range between-éo keV
and 2 keV, with peak dee voltages from 60 to‘lO‘kV, which fits quite Wéll
the capability of the 88" r.f. system.

The axial injectioﬁ system, Fig. 3, allows’the insertion of the buncher,
up to a cavity length s of 45 cm, in between the electrostatic triplets which
are the basic elements of the transfer line optics. The choice between the

available positions of the buncher along the line is determined by the fol-

"1owing arguments:

'a) It is useful to have the buncher as near to the cyclotron center as pos=

sible (small d), in order to minimize debunching effects like those

coming from the energy spread in the injected beam.
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»

o

b) A small d requires more modulating voltageu(EqS; lé,_ll),'making a saw-l
tooth waﬁé“buncher more difficult to’bﬁild. o |
c) The.energy spread necessarily introduced by thelbuncher should be kebt
low, a few percent, if good qﬁality beam is to be accelerated in the.'
cyclotron. |
It turns out that in our case the energy spread given by the polariéed :
ion source could run as higﬁ as 1% (see Sec. WD), so that we are forced to
accept higher modulating voltagés.aﬁd'to put the buncher at the minimum
distance from the cyciotron.‘ Typical yalues could be s = 45 em; a = 100 cm.

From (12) we get & = 95.5 cm and K = 0.5. Recalling (11):

AV A2 -
p_ 0" _ s
VO o  no ’

, Lo I |
we have that the peak modulating voltage 'Avip is given in terms of the

injection voltage by

AV N o -
Ip_p_ 2.2 .
\' 2 VO nox ( 19‘)

Choosing an n value of 5 one has Ayip = 19.5%. After the seéond-gap traversal

the total energy spread is then reduced to (1-K) times this, or 8.5%, according

to (7). A useful parameter is also the "beam wavélengﬁh" N=v.T= % = 9.0 cm.

0
This is the distance traveled by the injected beam in one r.f. periéd. The
scaling law for the injection energy of the particles is provided by (2),

yielding
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1 s2 _ . ‘
E, = QV =§M;zf\ s - (20)

The tabulated results are presehted in the graphs of Fig. 4, as a functign of
the cyclotron frequency and the final energy; for severél ions.. It is seen
that the injection voltage varies between 1 and 16 kV, the peak to peak )
modulating voltage of the buncher being correspondingly in the range from
200 to 3300 volts.

This choice of parameters is close to those of "Mode 1", UCRL-18016,
chosen to optimize beam transport through the yoke. It seéms a reasonable

one for the sawtooth system. The main effects which are likély to affect_

the buncher performance are  ‘shortly reviewed in the following section..

V. SURVEY OF EFFECTS LIMITING THE BUNCHER OPERATION
A fair estimate of the buncher performance can beoObtained only if more
realistic assumptions than those considered in Section IT are taken into

account.

A. TFinite Transit Time Effect

We give here only a qualitative picture of the thick gap crossing, which’
is, however, sufficient for evaluating the effect involved. For an order of
magnitude estimate let us assume a gap length G = 2 cm, which is rather reas-

onable for ungridded electrodes, on the basis of the transverse beam

+

dimensions. L

For the proposed scaled operation of the buncher the beam "wavélength"

has the constant value A\ = § = 9 em. Thus we see from ¢ 2 = 22%,

A=V N )

O’D
that the transit time amounts to 22% of the buncher period.
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As a consequence, the real wave seen by the particles will rather approach

-

the dashed curve depicted in Fig. 5, which is the result of averaging the
original séwtobth_wave.over the trahsitftime T. We coﬁclude in turn that the
required linear velocity increase is experienced only by particles entering
the gap at times O S't < (7 - ga ){

Complete bunching actioﬁ, iﬁ'the sense of the formulas derived so far,
can thus be obtained'only for these particles, which constitute 78% of the .
total in this example. For constant n operation, A is constant, so the same
fractional amount of beam can be bunched at all frequencies. However, the
transit time effect can be reduced by using gridded gaps, which are desireble
also in order to reduce unwanted focusing effects. In this case the gap |
length could decrease to about 4 mm, with a corresponding trensit time of
only 5% the accelerating period. The bunched beam could in ﬁﬁrn increase to

95% of the d.c. beam.

B. DNon-Linear Velocity Increase

The ideal wave shape is a linear increase of velocity with time. This ‘is

approximately the same as a linear increase of voltage with time. For the

accelerating voltiages ANip plotted in Fig. U4 cerresponding to le = 19.3%
, i o
the difference is easily shown to be small, as follows. From

by series development we get
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Assuming the law .

we have

Av(t) = v ’Avipg_l AVip 2t_2_+
0 2Vi~'r 8 vi Te,

If Ayip is now adjusted in order to yield the desired AN? atlt =, ﬁhelmaxi-'

mum discrepancy between the real velocity increasé and the desiréd overall

linear behavior will occur at t = t/2. For AViP/Vi = 19.3%, the correction

is of the order of 0.1%, which is negligible with respect to all other factors
affecting the buncher operation. Even if the effect were largér, the voltage

could be shaped to givea.lineaf velocity change.

C. Effect of Beam Divergence

We recall that for the proposed buncher the distance between the last gap
and the cyclotron center is d = 100 cm, the cavity length being s - 45 cm.
Recalling that we assumed in our calculations equal length trajectories, we
inquife whether the path difference for the particles of é finite emittance
beam,'transmitt;d tﬁrough the quadrupole array of Fig. 3, could pléy some role
in the ultimate bunch width obtainable. We assume an emittance of 200 mm mrad,

shaped to a waist of 4.75 mm halfwidth and em = 14.2 mrad halfdivergence in

the line but with a larger Om on entrance to the cyclotron. The path difference
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between the central and the outer rays is approximately (1 - éoslem)(s +d).
For the proposed transfer line optics the maximum path difference, in the

beam, should be of the order of 0.7 mm. The fraction of a cycle is then cor-

0.07 em

respondingly given by 5 om

= 0.8%, or 3 degrees, i.e., a rafher‘small
effect. It could hdwever, be considerably larger, if the transfer line is
not designed in order to keep the beam as parallel as possible, or if the

béam quality is éppreciably worse than assumed above.‘

D. Consequences of the d.c. Beam Energy Spread

The energy spread AE/EO of the d.c. beam is by far the most serious effect
. _ . 5

one has to consider for a polarized ion source, whose energy spread could run” -

as high as *1% or more. The effect of the energy spread_is to introduce a

spread in the times of arrival of the particles to the center of the cyclotron,

thﬁs producing an overall bunch width which can.be‘much larger than that
estimated for a monoenergetic beam. It is quite obvious that the

effect is more pronounced the longer the distance-between the Euncher and the
cyclotron center.

Using Egs. (2), (3) we can show that the phase width Ap or time spread At

£
fa\y AV ,
at the median plane is A¢/360o = —;z = éx s+ d4d + ——%—;é- %$E°, Assuming the

. 0 0]
values s = 45 em, and 4 = 100 cm, from Section IV, we calculated the resulting

full bunch width Ap for a beam of energy E = Eo(l * ¢) and corresponding

velocity v = vo(l + 5) . To a good approximation the result is:

N = 38 dégrees/% energy spread

ot

P e i e o < yatre W o Sremn oy o o o e+ s e e
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&b, when expressed in degrees is not dependent upon the frequency and the

"1nJection energy, due to the scaled operation of . the buncher.

One can then estlmate the overall 1nten81ty increase of the accelerated -

" beam due tq the buncher for various cyclotron phase acceptances, as a fnnctiOn“i”
; of the energy spread of the d.c. peam. The results'are'snown-in'Fig. 6. A g fifaé;
'~ Gaussian disﬁribution fer the d.cl beam intensity vs. energydspread is assumed;; :.;:‘"
'Td?p.the parameter 2¢ representing the corresponding FWHM. The three cyclotron
25.:_ phase acceptances chosen as examples ere’180, 360, and 5#0. The upper vaide)»
) inamely 5ho, is close to that measnred for the internel beam of the 88"
;;cyclotron, in normal operating conditions. The lower values are in turn mofe>;‘€ﬂ;

-'desirable if good beam quality and extraction efficiencies are wanted.

We might point out that for energy.spreads'beyond +19% the intensity gainnf{”"

uie not very sensitive to the eyclotron phase acceptance, being almost unityz:'A

(d.c. conditions) for € of the order of *i%. The advantage of the buncher is

quite evident for 2¢ less than 1%, the gain being higher the less the cyclo-
tron phase acceptance.

For the purpose of comparison we have plotted on the same Fig. 6 the

" points corresponding to the expected performance ef a.single frequency, eingle‘

‘or double gap buncher. The effect of the d.c. beam energy spread is much the

same for both systems, so that the efficiency behavior vs. energy spread is

gquite similar. Limiting thus the comparison to the monochromatic beam, we

see that the sawtooth buncher allows an intensity increase of about a factor
o]

of 2 for cyclotron phase acceptances of 54° and 36°, and about 3 for Np =187,

with respect to the simple sinusoidal buncher.
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~ VI. CONCLUSIONS
6,7

Although some,éonsideréﬁidn has been given, by some authors to the

sawtooth buncher, none has been developed at the presént time, at least to

our knowledge. On the othér side, sinusoidal bunchers with more than one gép ’

o

and multiharmonic operation have been designed.

From the present study one can conclude that; for the axial.injection in
the 88" cyclotron, the resﬁlting buncher parameters as far as the volﬁage
and frequency fange are céncerned seem reasonable enough for the considera-

tion of a sawtooth buncher as a réal possibility. The expected improvements

in beam intensity and quality are high enough to justify the proposed syétem,r-

whereas a sinusoidal,muitiharmonic buncher would be of design almost as

complex as the present one.

——
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Accelerating Buncher drift Decelerating .
gop\\\\ tube _ /// gap
A 8 ‘ Cyclotron
median
Beam _ = s — d plane |
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XBL683- 2162

Fig. 1. Proposed drift tube buncher driven by a sawtooth voltage wave, V.
Beam is velocity modulated at gaps A and B, to give space bunching

at cyclotron median plane after drift distance, d.

.
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Fig. 2. Velocity modulation, Av, given to particle at gap crossings A and
B. Gap B partially cancels out the effect of gap A.

.
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s=45cm, d=100cm, n=5
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AE/E = 8.5% after buncher
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Full cyclotron energy (MeV/nucleon)
| ' | | L

Buncher voltage AV,
energies and particles,

| |
5 7 0 12 14 16
Cyclotron frequency (MHz)

XBL683-2160

parameters for this typical case are shown.
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5. Comparison of velocity modulation, &v, at buncher gap for cases of

zero gap width and gap width G.
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Fig. 6. Ratio of current accelerated by cyclotron for bunched and unbunched
cases, Ipunched/Id.c.s for 2p full width phase acceptance, for equal
d.c. beam from the lon source. Abcissa is the FWHM energy spread 2e.
Comparison is given between sawbtooth and sinusoidal wave shapes.
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