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. A concept and main parametntl of driver~Qt'He.vt Ion Pasion (iti,}; . -'1 
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ba.~d on .ion beam neutralisation. -hubeen tbosidere<l. "The ~~nt.o.( 
t.1~js driver scheme is ~on8iderabl~ c\lrrcn~nt»it incre~ inth.ebeiriit.r.ab~c.;: 
chitnnel and, t.hererore..allows \0. UP8r" tbeapcdfic l;owe,~~Jtjii·.irtti1' 

. . . . ..' .... .... ". ,.'."
the thermonuclear ta.rget.up to 1(}1~ VIIs; To profit from tb~ tl~t#oU~tioD 
idea rllore complet.ely, a fa;mily OfjOJJ8 withdilferent; iOllI1le8'lJho~ld .~. used. 
TbeoJltlmal !=hojct! orions has been alsodise'!ssed.· . .' . 
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1 Driver Conception " 

An indirect (radiat.ion) target is a. practictica.l solution of one of two serious 
problems in the heavy ion fusion - 8. problem of perfectly symmet.ric illumina
tion on It. spherical shell of a target. However, a heavy-ioll driver to be used 
with an indirect; target should provide an essentially higher specific po:wer 
deposition up to ~ lOll) W/g. Such a high specific power deposition ensures 
t.he hea.ting of a target ·up t.o 500 eV!' that allows to convert ~ 90% of beam 
energy into soft X-ray radiation. 

The second problem is focusing of Ule intensive beam of charged hea~y 

ions, for t:he indirect target, becomes more complicated. The focusing ont.o 
the small thermonuclear pellet is techicalty a.ttainable, when the beam pha...<;e 
volume is small as well. But, t.he sma.ll" pha....:;.e volume means small beam 
current and, therefore, t.he unsufficiellt beam power. 

The value of the total power deposition P into the thermonuclear t.arget~ 

can be written ~ the following: 

P=J·U·m (1) 

wherei is ion current through oneiudividual beam line, II is linacpot.cntial 
a.nd In ig beam lines number. 

There a.re three dilfer~mt ways to increase P value. The first Que is to 
mult.iply t.he bea.m lines tlUlU~r, however because of simpleenginccring con
siderationa m magnit.ude should not be over than ~ 30. \Vc 8hould remember 
that t.he ra.te of ions range in t.he matter grows faster t.han ions energy. so the 
particles wit.h t.oo high energy become ineffective in adlieviug target ignition. 
III addition, high-voltage lillac becomes t.oo expenl5ive. Th1l8. the linac poten
tial about U ~ 10to V i~ quit.e accept.able. The third possibility to enh,\nce P 
value, istu jnacas(~ t.he heam clJrreu~ J. In t.he meantime, the experiment.al, 
t.lu~oret.icaJ a.nd llUIlIerical studies have pointed Ollt that ~pace charge dfects 
can complicat.e t.he <lriver cJe~isn (cNpcdally wH.hin its HnaJ foclJ:-;ing t"y::;(.('m). 

A promising way to OV{~rl:Ollle t.hese limit.a.t;jon$~ impo:R~d by ~pace chargc~ is 
t.o consider a new concept of ac.celerat.or {iriver~ based on $pace dHUgC neutral
ization scheme. So far as 8om~ ht~avy metals give s1;ahlc enough llt.'ga.t.ive ions, 
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we propose a charge-symmetric driver, which provide acceleration, transport 
and focusing both for positive (q = +1) and negative (q = -1) ions with the 
same atomic mass A (q is ion charge sta.te). 

Nc~ittive and p{)~itivc bet'.nl5 Me to he ::ipr.tially sepu.ru.ted during the a.c
celeration through the linac. On leaving t.he linear accelerator~ beams should 
be accumulated S(~parately in two corresponding accumulat.ing rings. Being 
ejected from these rings~ bot.h beams are t.o be directed int:o t:hdr tranflport 
lines. Note, that currell!: growth takes place during thig process a[id when 
its value achieves the desirable level, lines fuimeliug oc;cl.lre~: bot.h beams are 
merging into one. As a rt~sult we oht.ain a zero average current in any cross 
section. At the same time, one should remember ~ that. quasi-neutral beam:; 
can be transported only along a stra.ight line, ::;0 any bends aft.er ncutraliza
t.ion become impo8sible. This drawback should be t.aken into account in the 
driver final stage design. 

One can see, that. due to the strong focusing in the transport. channel, 
the difference between' (+q) and (-q) envelopes will produce the additional 
quadrupole focusing. Fig.! shows the dependence of u (phase advance per 
one focusing period) on beam current for different external focusing strengths. 
Instead the beam current. we now use a n~w dimensionless variable 

(2) 

where Jp is Alfven current for protons (Jp = 3.1 . 104kA). 1rE is beam phase 
volume, L is the focusing period lengt.h, {3 and,., are relativh~tic factors. Beam 
current increase (see Fig.I) lea.ds to. corresponding (T value increMe (solid 
line). in contrast to mono-charged beam. when space charge suppre~ses (1 

magnitude (daRhed line). One can sec, that big envelopes oscillations in the. 
strong focusing channel deteriorate t.he neutralization c.ft"ect (nf.mtralization 
can be ideal only for smooth envelopes). Nevertheless, the A value in our 
charged-compensat.ed scheme t~an he enhanced t.o 20 -7 30, where~ in frame& 
of the conventional scheme (mono-charged beam) one get only A :::::: 3 -74. 
Evidenly, the relative ga.in factor is between 5-;- 7, so the total gain for both 
beam component.s (q = +1 and q= -1) becomes.,,::::::: 10 at. least.. 

At the same time, the _energy e = J . U . t, stored in OIle accumulating 
ring, must not be too high (t denotes the 'time of target illumination). The 
maximal value emQ.:£' accumulated in a single ring h~ re~tric.t.ed by 

ema,: $ 21rf).Q - f.B,.,(,., + 1) _U2 (3) 
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where AQ is an incoherent tune shift admitted, B is the bunching factor 
(B = 1 for the coast.ing beam). 

TrY,ing to avoid the limit.ation (11), we may mult.iply t.he accumulating rings 
numher, but this is not a good decision in fra.me:; of Liuvillc's theorem. We 
propose, therefore, t.o d~al with ion~ (when we are not. rcstrict.cd by Liuvil1e's 
theorem). having,the different atomic masses Ai, i = 1,2.... , J: and actual k 
can be determined by tht..~ desira.ble current gain per a. ~jngfe fo(:using channel. 
It ha.., been found that k =::. 4 + 6 is sufficient for our purposes. The ma.<.;8Cg 

difference must be rather small to accelerat.e them with the 8ame velocities 
in the one main linac ( {3i =::. 13k see Fig.2). However, t.his djffcren~e must be 
sufficient enough to separate beams after the acceleration through the main 
linac and further handling. The acceptable mass dispersion $hould be about 
6.AiJA ~ 1%. On leaving main linac, the ions should be separat,~;d. owing 
to the difference in momenta Pi = Ai/li'Yi and then, VIC should arrange the 
coincideusc of all ions moment,a by means of auxiliary linat:li. After t.ha.t, every 
ion family will compres~ and 8tore in it's own rings syst.em. On attaining the 
required pa.rameters (current level, etc.). we eject every family and provide 
funneling in accordance with Fig.2 (.Ill < A~ < A3 < A4 , and Pi 1: flJc). 

The ions, used in the proposf~d scheme, must be stable enough: thdr total 
losses must. not. be over than'" 1% during the acceleration, a.ccumulation and 
beam transport. There are three main reasons, f€'sulting in iOIl io~seg: ions 
scattering ou rCt\idual gas~ an intra-beam scattering and so-called ·'t.unnel
effect". Let us consider these phenomena. 

Scattering cross-sections on residual gas are practically the same both for 
negative and posiHvc ions (under the assumption that the ions charge state 
is far from equilibrium state), so there are no particular limitations for gas 
pressure within driver's vacuum system. 

As regards to intra-beam scattering, we have a preliminary experimental 
data. (see ref.(?}) for the following charge-exchange reactions: 

1). Bi+1 +Bi+1
- Bi+~ +... (bea.m accumulation) 

2). Au- 1 + Au-1 - Auo' + '" (beam accumulat.ion) 

3). Bj+l + Au·1 -.. BiO + AuO (final beam transport) 
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The cross-section for the above proceS8eS are approximately related, as 1,20 
and 20. In the third case, the losses will not be essential owing t.o the duration 
of this process is about 10-5 s. wherea.~ the accumulation processe durate . 
about ·lms. Thus, the third reaction does not deteriorate the. design .. and 
we must pay particular attention to the second case abovementioned, which 
gives the most part of ions losses. Neverthele~st it could ~ proven, tha.t even 
for the second reaction (with a crosS-St~ctioll about:::::: 4· 10.-15 em:!), we can 
a.rrange such characteristics of accumulating rings, when the corresponding 
losses will not be over, than 1%. 

The t.hird phenomenon - the spontaneous losses of electrons due to strong 
external electric fields, goes according to the following reaction: 

Au- 1 '- Auo + e 

Tbe acceptable losses are due t.o the sufficient long life time Ti. At the 
same time, the magnetic fields H in the laboratory system corresponds to the 
electric field E in ion's restsY8tem, The relationhetween Hand E values 
call be written as 

H(T) = (3,8,.,)-1 . E{MVJcm) (4) 

a,nd the corresponding electric fields Ei for the i - th negative ion can found 
[?] from 

Ig1', =':"13.11-lgg, + ~ 19 E. + 29,67· Ff;''J. gt1 (5) 

where '7"i is measured in seconds; E1 in (MVfem) and 9, in eV. Having intro
duced a.n auXiliary variable x, we can reduce the Eq.?? to a couple of ~imple 

equations: 

E, =g;/2 . x-1 1', =g;l . Y(x) (6) 

where Y(x) = x· lO~·ti7:&-13.17 is plotted in Fig.3. 
We cau accept T, =.,.. = l.'.lt~C for all i, that i~ quite sufficient for a.cceleration 

and a.ccumulation; t.he total losses are lc~s than 1%. The corresponding E· 
can be caJcular-ed from Eq.?? and H- could be found from (??)~ under the 
assumption that; kinetic energy 10 GeV for all ions. 

The acceptable dlemical elements and their para.meters can he t.aken from 
thepapr:!r [?J. One can sec in t.he Table ?1, that heavy elements (with atomic 
masscg A, > 120), poscssing the high electron-affinity energy Yi' are.the most 
preferable. The high tmough energy gi means that without essential ions 
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TablfJ 1:
 

Z A % gi E· R· Z A % gi E' H· 
Au 
Pt 

79 
78 

191 
198 
196 

100 
7.2 

25.3 

2.31 
2.13 

7.5 
6.67 

1.5 
6.66 

Te 52 130 
128 
126 

34.5 
32.0 
18~7 

1.91 6.0 4.7 

195 33.S 125 7.0 

Ir 77 

194 
192 
191 
193 

32.9 
.78 

37.3 
62.7 

1.56 4.25 4.25 

124 
123 
122 
120 

4.6 
.9 
2.5 
.09 

losses we can use a high magnetic field within the current amplifier (tra.nsfere~ 

storage and compression rings). 
Fina.l results are collected in the Table 1 and we can choose now three 

families of ions: 

1. PtI:a Ptrs9fJ PtI~ Pt:, (H· = 6.66T) 

2. AUI:7 Ptr:s IrI1 Irr:l (R· = 4.25T) 

3. Te~io Te~ia Te~~6 Te~~~ Te~~, Te~~o (H· =4.fT) 

Thlc:ing into account the above considerations, we can stat.e that the first 
family (platinum ions) is the best one. In the meantime,·we must note~ that 
the necessity to deal with isotopes complicates thepractica! operating. 

Discussion 

Note, that the ·dependence O'(A) (Fig.l) has been found in frames of linea:r 
transversal motion (K-V equations) and hence all nonlinear effects were out of 
consideration. Generally speaking, we may expect, that two beams with op
posite charge states can generate a certain coherent instabilities, which might 
emerge under such resonance conditions: n[<T( +q) + 0'( -q)} = 2"" where n is 
the order of resonance and for quadrupole resona.nce we take n = 2; However, 
the undesirable resonance phenomena might: be significantly tlUppressed ow
ing to the working point win move accross the resonance grid due to gradual 
current· increase during the· transportation. Tbus, ~he numerical simulation, 
using super-particles algorithm is the only reliable way t.o est.imate the beam 
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behaviour in the driver. 

Beside that, in practice, (f depends on A as well as beam amplitudes, 
however this effect will result in additional suppression (Landauda.mping) of 
beam-beam resonan(;cs and some of coherent instabilities [5J. These consid
erations increase our confidence that the presense of non-linearities is ra.ther 
positive than negative. The more detailed studies are in a progress now. 

Eq.5 has been derived under the assumption, that the affinity potential ,,' 
function is represented by c5-function, that can violate the validity of the above 
formula fo~ some ions. The preliminary studies have shown, that the validity 
range 7- and E· values, are sufficiently reliable, though the best way, obvi
ously, is to measure ions life-time directly, and the corresponding cxperl~ental 

programm is under consideration now. 
The Fig.2 shows two possible schemes of the proposed driver and the main 

,. driver parameters for both cases are given in Table 2. 

Table 2 

1b~al energy, E 
Specific power deposition 
Channels number m 

9MJ 
1016 W/g 

6 

'Total power, P 
Ion energy 
Maximal current in 

600TW 
10 GeV 

Target number 
Target si~ (HID) 

2 single beam line, J 
1/3.4 mm/mm Time of illuminatipn 

~O kA 
15 ns 

'Linac length 
Maximal current for 

4km Momentum spread 
Maximal current for 

±2·10-5 

each component 
Emittance, C 

125mA 
O.2'JfCffl· rad 

all components 
Pulse duration 

lA 
0.9 ms 

Transfere rIngs 
Multiturn inject.ion 
Emitta.nce horizontal 
Emitta.nce vert.ical 

Storage rings 

8 
7 

21r em· mrad 
O.21fcrn . mrad 

8 

RadIUS 

Mean magnetic field 
Tune shift 
MaximaJ current 
RadiUS 

350m 
O.57T 

0.07/0.21 
875mA 

SOm 
Multitum injection 7 Mea.n magnetic field 4T 
Emitt.ance horizont.a.1 
Emitta.nce vert.ical 

COmprcssTonrrngs 
Initia.l momentum spread 
Fina) mom(~ntum spread 
Tunc shift (t;.(JdAQJ) 

2. ern· mrad Tune shift 
211' cm·mrad Maximal current 

4s-n:achus 
±2·10-5 M(~an magnetic field, 
±4·10..:3 Bunching RF 

• 0.14/0.42 ItF harmonic 

0.07/0.07 
6.25 A 
100m 

2T 
O.6MV 

1 
~ 
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By th~ contrast with conventional schemes (see ref. [?]). the presented 

schemes have that specific features, that any ion source produces the unique 
ions family with different masses and charge states. Botll schemes have tile 
different design in the init.ial part of t11e linea.r accelerator. According t.o 
the upper variant every ion source supplys ions for the corresponding beam 
channel. The lower variant- shows, that the sources, producing the iOIl8 with 
different charge sta.te (+q and -q) and the same ma.qs, are coupled and we 
profit from neutralization in the initial stage of acceleration (as well as in 
the final transport). The advantage of the neutraliza.tion will be significant 
evidently only for the low rate of acceleration. 

In the both schemes all ion fra.ctions have the same veJosities (mean values)~ 

but the mean momenta of each fraction will be different due to the mass 
diffcnccs. So. the' beam hanling (merging-and separa.tion) are facilitated. 
Note, the above procedure could be realized under the assumption, that the 
momentum spread in each fract.ion is less, than the momentum difference 
between fractions. 

On ejecting from the linear accelerator the beam must be separated by 
fraction and every fraction will be additionally accelerated in its own linac~ 

in order all fraction will have the same momenta (and different velocities 
owing to the mass difference). After that the fractions are accumulated and 
compressed in the family of storage rings (in the Fig. 2 we denotes it. as a. 
current amplifier). 

The tota.l compression for every beam channel will be achieved due to the 
following facton: 

muItiturn injection in the transversal phase space gives: 1 x 1 = 49 times 
longitudinal compress~n presents 200 times 
usage of the both positive a.nd negative ions gives 2 
usage of fOUf bear.n fractions gives factor 4 

As a result we obtain the gain facror 8 X 10'. 

Thus, taking the ion source current 0.125 A, we attain for every trans
port channel 10 kA, that corresponds to 100 TW - the transmitted power 
in one channel. On taking the time of target illumination 15 ns, the energy 
transmitted in one channel will be 1.5 MJ. One can. see, that: the total energy 
deposition can be increased by the factor m. If we assume, that the t.otal 
.energy 9 MJ is sufficient for the reliable target ignition~ we should take m =6 
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in our sch.emes. 

... 4 Conclusions 

We can summarize the benefits of the driver with neutralized beams: 

• Transversal charge forces compensat.ion by means of negative ions allows 
toO transfer very high power beam through a single cha.nnel with P ~ 

lOOTW. 

•	 The application of ions families with different masses but the same mo
menta. allow us to have within final focusing system high spread velocities 
(±1.9% ) . while the momentum spread is low (±O.4% ). 

•	 In corrtrast to conventional schemes, the beams funneling takes place for 
the different q/A ratios, that facilitates the design offunneling system. As 
the result, the longitutinal phase volume dilution becomes considerably 
less. 

•	 The compre~sion factor in the developed scheme can be substantionally 
increased (~ 200) simultaneously wit.h the decreasing of the RF electric 
field, owing to the small longitudinal phase volume and longitudina.l space 
charge forces compensation. 
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