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ABSTRACT
In an actual inertial fusion reactor, a  fuel ta rget a lignm ent erro r m ay happen; the target alignm en t erro r induces 

heavy ion beam  illum ination  non-un ifo rm ity  on  th e  target. T he beam  illum ination  non -un ifo rm ity  leads a 

degradation  o f  fusion energy  output. O n the o ther hand, heavy  ion beam  acce le ra to r p rov ides a capab ility  to 

osc illa te  beam  axis w ith  a high frequency. T he w obb ling  beam s m ay p rovide a  new  m ethod  to  reduce o r sm ooth 

the beam  illum ination  non-uniform ity . In th is paper, w e focus on the w obb ler illum ination  non-un ifo rm ity  onto  a 

spherical target. We found tha t the to le rab le  d isp lacem en t o f  the ta rge t illum inated  by  the w obb ling  ion beam s is 

abou t 8 0〜9 〇nm  in a  fusion reactor.
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L Introduction
In d irec t drive m ethod1'1, laser o r ion beam  is used 

as an energy driver. L aser excels in p ropagation  and 

focusing, laser energy abso rp tion  w ould  be 

com plicated , and laser energy absorp tion  efficiency  

w ould  be low, because the energy is absorbed  at the 

surface o f  the  fuel target. O n the o ther hand, the ion 

beam  generation  and  abso rp tion  efficiencies are high; 

heavy  ion beam  (H IB ) deposits its energy  inside o f  

the fuel target. H IB  has also  o ther p referab le  

characteristics o f  th e  stab ile and repetitive operation  

o f  H IB  acce le ra to r and also  o f  a p recise beam  axis 

con tro l as w ell as its high efficiency  ( -3 0 -4 0  % ) o f  

H IB  generation . T herefore, it is considered  that HIB 

w ou ld  be a p rom ising  candidate  o f  an energy  d river 

in inertial fu sion12*51. In th is  study, w e em ploy  Fb

H IB s as the energy  d river in o rder to  study  the beam  

illum ination  non-un ifo rm ity  onto  a spherical target.

In an  actual inertial confinem en t fusion  (IC F), a 

fuel ta rget is irrad iated  by H IB s, w hen a fuel ta rge t is 

injected  and aligned  at the cen te r o f  the fusion 

reac to r161. A  fuel ta rget a lignm ent erro r m ay happen; 

the target a lignm ent erro r induces H IB s illum ination  

non-un ifo rm ity  on the target. T he beam  illum ination  

non -un ifo rm ity  leads a  degradation  o f  fusion energy 

output. T he illum ination  non-un ifo rm ity  a llow ed  is 

less than a few  percen t in inertial fusion target 

im plosion17' 101.

T he H IB  acce le ra to r also  has a un ique fea ture o f  

the H IB  axis w obb ling  capability ; T he H IB  axis can 

be osc illa ted  or ro ta ted  w ith a  h igh frequency1111. On 

the o ther hand, the w obb ling  H IB s m ay sm ooth  or
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m itigate  the fuel ta rget im plosion non-un ifo rm ity1121. 

In this study, w e exam ine the w obbling-H IB s 

illum ination  non-un ifo rm ity  on a d irec t drive fuel 

target, inc lud ing  the fuel ta rge t alignm en t erro r from 

the reacto r center. A s a result, w e found th a t the 

to le rab le  d isp lacem en t o f  the target illum inated  by 

th e  w obb ling  ion beam s is abou t 8 0 〜9 〇nm  in a 

fusion reactor.

2. Wobbling Beam
T he H IB s illum ination  non-uniform ity  causes also  

the g row th  o f  R ayle igh- Taylor instability ; the 

non-un ifo rm ity  o f  the ta rge t im plosion m ay prevent 

the fuel ign ition , and causes a degradation  o f  the 

fusion energy  ou tput. T herefore , it is im portant to 

reduce the instab ility  g row th  and the target im plosion 

non-uniform ity .

So far, w e have found  that the grow th o f  the 

R ayle igh-T aylor instability  is m itigated  well by a 

con tinuously  v ib rating  non-uniform  accelera tion  field 

w ith  a  sm all am plitude com pared  w ith  tha t o f  the 

averaged  acce le ra tion1121. T he osc illa ting  non-uniform  

accelera tion  field  w ou ld  be ob ta ined  by the H IB s 

axes o sc illa tion12, M,. We used the w obb ling  beam  as 

the irrad ia tion  beam s. F igure 1 show s a schem atic 

d iagram  fo r the w obb ling  beam . The w obbling  H IB s 

ro tate  around  the illum ination  axis as show n in F i g . 1. 

T he ro ta ting  H IB s m ay p rov ide the osc illa ting  

accelera tion  field  w ith a  sm all am plitude, and 

con tribu te  to  m itigate  the instab ility  g row th  and 

consequen tly  the H IB s illum ination  non-uniform ity. 

In this study, w e em ploys the 32 w obb ling  H IB s to 

deposits  th e ir  energy  on to  a spherical direct drive 

target, show n in Fig. 2.

3. HIB Illumination Non-uniformity
In th is study, w e em ploy  lead (P b +) ion H IB s with 

the m ean energy  8GeV. T he H IB  tem perature is 

lOOMeV and  the H IB  transverse  d istribu tion  is the 

G aussian  profile . T he beam  rad ius at the en trance o f  a 

fusion reac to r is 35m m  and  radius o f  a fusion reactor

Beam radius

Fuel pellet Rotation radius 

F i g . 1 S chem atic diagram  for W obbling beam

Fig. 2  T arget m odel

is 3m . F igure 2 show s the target m odel used in this 

paper. T he target has a sing le  layer structu re  o f  

a lum inum  (A l) and its ou te r rad ius is 4 .0m m .

In th is study, w e em ploy  the 32 H IB s. Table 1 

show s th e  arrangem ent o f  the 32 H IB s irradiation .

We used the R oot m ean square (RMS) as an 

eva luation  m ethod o f  the H IB s illum ination  

non-uniform ity . T he form ula is show n below :

( 〇rms) =  ^

Z-Total
. . , — i  m o  . . .Ŵ(7i , Wj

ETotal

⑻ , •

-  % fc)

JmashKmesh

H e r e ,〈びrm s》 is the global rm s non-un ifo rm ity, ぴ厂似 

is the rm s non-um torm ity  on the i- th  su rface o f  

deposition , is the w eight function，ゾmes/l and 

Kmesh are m esh num bers in 0  and 0  d irec tions, 

(E)i is the averaged energy deposited  in each surface 

layer, Ejotal is the total deposition  energy  in each 

surface layer, and ETota[ is the to tal deposition
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H istories o f  the illum ination  non-un ifo rm ity

to 3 .0m m  at t  = 1 . 3 As  show n in Fig. 4 ， the 

initial im prin t o f  th e  non-un ifo rm ity  at the beg inn ing  

o f  the irrad ia tion  is g reatly  reduced. In th is study, we 

em ploy  the Spiral w obb ling  beam  for the H IB s 

illum ination  non-un ifo rm ity  study.

4.2 Spiral wobbling HIBs illumination 

non-uniformity

A s show n in Fig. 5, dx,dy  and dz  are the fuel 

target d isp lacem en ts  in the x,y  and z-axis d irec tions 

from  the reac to r center. T he d isp lacem en t o f  

yjdx1 H- dy^ -f  d z c is also  exam ined. F igure 6 

show s the m axim um  illum ination  non-un ifo rm ity  vs. 

the  fuel ta rget d isp lacem ent. T he illum ination  

non-un ifo rm ity  increases w ith the increase in the 

d isp lacem en ts. W hen the a llow able m axim um  

illum ination  non -un ifo rm ity  is set to be less than 

4 .5% ， the  a llow able d z  is about 8 0 〜90[im .

energy. In this study, one H IB  is d iv ided  into m any 

beam  lets and the prec ise  energy  deposition  is 

com puted  in the th ree d im ensions17,14' 1?,.

W e also  perform  a spectral analysis by  the 

spherical harm onics.

= — J^ dd  s in  6E(d, (p) Y1̂  (6>, <p)

H ere, ず  is an am p litude  o f  energy  spectrum , 

E(0,(p) is the HIB deposition  energy at each m esh 

po in t o f  a target, Y^1 (0,(/)) is the  spherical harm onic 

function, and (n,m)  show s th e  m ode num ber.

4. Robust HIB Illumination
4.1 Irradiation of Spiral Wobbling HIBs

First w e found tha t the H IB s illum ination 

non-uniform ity  at the b eg inn ing  o f  the w obbling 

H IB s irradiation . We then found tha t the initial 

im print is reduced  by spiral w o b b ling  beam s (see Fig. 

3). Figure 4 show s the illum ination  non-un ito rm ity  

h isto ry  during  the first few  ro tations. rwb is the tim e 

for one ro tation  o f  the w obb ling  beam  axis. T he non

spiral w obbling beam  has the beam  rad ius o f  2 .0m m  

and beam  rotation  rad ius o f  3 .0m m . For the spiral 

w obbling beam  the beam  rad ius changes from  3.1m rn

4  〇 mm Final rotation radius
2.0mm

Fig. 3 S chem atic d iagram  for spiral W obbling 
beam

Table 1 A rrangem ent o f  the 32 H IB s irradiation Beam radius 
3.1mm—3mmNro. 0  fdeg) ダ[deg] No. 6  (deg] パ  deg]

1 0.00 0.000 17 100.812 36.000

2 37.377 0.000 18 100.812 108.000

3 37.377 72.000 19 100.812 180.000

4 37.377 144.000 20 100.812 252.000

5 37.377 216.000 21 100.812 324.000

6 37.377 288.000 22 116.565 0.000

7 63.430 36.000 23 116.565 72.000

8 63.435 108.000 24 116.565 144.000

9 63.435 180.000 25 116.565 216.000

10 63.435 252.000 26 116.565 288.000

11 63.435 324.000 27 142.623 36.000

12 79.188 0.000 28 142.623 108.000

13 79.188 72.000 29 142.623 180.000

14 79 188 144.000 30 142.623 252.000

15 79.188 216.000 31 142.623 324.000

16 79.188 288.000 32 180.000 0.000

16
14
12
10
8

6

4

2

【
％

一
{
s

5
s
A
l
!
E
J
O
J
!
u
n
-
U
O
N

0
b

67



3.8

0 10 20 30 40 50 60 70 80 90

displacement [/mi]
Fig. 7 non-un ifo rm ity  vs. pellet d isp lacem en t

F ig . 8 Illum ination  energy loss vs. pelle t 
d isp lacem ent

w ould  be accep tab le  in ICF.

4 .3  O p t im iz a t io n  o f  H IB s  i r r a d ia t io n  s c h e m e

In th is sub  section , w e describe the op tim ization  o f  

the irrad ia tion  ang les o f  the beam s to  the target fuel. 

F igure 9 show s the schem atic  d iagram  o f  the 

defin ition  o f  the ang le  deviation  LQ from  the 

irrad ia tion  arrangem en t in Table 1 . T he irradiation  

arrangem ent o f  the H IB s is d iv ided  into the upper 

th ree layers and low er th ree  layers. We change the 

angle o f  A 01；A 02 and  A63as show n in Fig. 9. We 

found that the non-un ifo rm ity  is reduced  w ell, w hen 

A6X =  0 .0 ,  A ^2 =  0 .2 ,  A03 =  0 .4  [deg]. F igure 10 

show s the m axim um  non-uniform ity  fo r the 

d isp lacem en t dz • By op tim izing  the beam  

illum ination  schem e, the H IB s illum ination  

non-un ifo rm ity  is reduced  further.

Pellet injector

Reactor Chamber Center
Fig. 5 T arget a lignm en t e rro r in a reacto r

Fig. 6 M axim al non -un ifo rm ity  vs. pelle t 
d isp lacem en t

N ext, w e ex am ine the m axim um  illum ination  

non -un ifo rm ity  a t th e  steady  sta te afte r  th e  10 beam  

rotations. T he H IB  m ain  pu lse  du ration  10 -2 0  nsec 

and  the p re-pu lse  shou ld  a lso  have the sim ilar tim e 

duration . So the H IB s w ou ld  w obb le in 10 tim es or 

m ore. F igure 7 show s the m axim um  non-uniform ity  

vs. pelle t the d isp lacem en t a t t = 10tw卜  T he

non-un ifo rm ity  becom es less than abou t 3〜4%  at the 

target d isp lacem en t o f  8 0 〜90 (im .

We also  exam ine the H IB s illum ination  energy loss. 

F igure 8 show s th e  illum ination  energy  loss vs. the 

pelle t d isp lacem en t. T he  H IB  has a fin ite beam  radius, 

and som e part o f  H IB s ion partic les do not h it the 

target, w hen  the ta rge t m isa lignm en t d isp lacem ent 

becom es large. T he energy  loss is about 11% 

t = IO t ^ ,  even w hen the d isp lacem en t becom es 

8 0 〜9011m . T he energy  loss by  the beam  m ish itting
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F i g .13 F requency  spectrum

w ell w ith  the w obb ling  frequency o f  the illum ination  

beam .

5. Conclusions
In th is study, w e exam ined  the w obb ling  H IB s 

illum ination  non-uniform ity  on the fuel. T he target

0.015
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F i g .12 H istories o f  the Spherical harm onic 

spectrum
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0.015

F i g .10 M axim al non-un ifo rm ity  vs. pellet 
d isp lacem en t

4 .4  S p e c t r a l  e v a lu a t io n

N ext, w e eva lua te  the spectrum  in o rder to  analyze 

th e  v ibration  o f  illum ination  non-uniform ity . F igure

11 show s the h isto ries o f  the illum ination  

non-un ifo rm ity  at dz  =  9 〇n m . A t th is tim e, we 

decom pose the illum ination  non-un ifo rm ity  by the 

spherical harm onic spectral u sing  the deposition  

energy  d istribu tion . F igure 12 show s the am plitude 

h istories o f  the spherical harm onic spectrum , n g u r e

12 show s the spectrum  m ode ( n ,m )  =  ( 2 ,0 ) .  F rom  

F i g . 12, it is confirm ed  tha t the m axim um  value o f  

the am plitude is reduced  by the op tim izing  the 

irradiation  schem e. F igure 13 presen ts the spectrum  

o f  the m ode ( 2 ,0 )  am plitude in its frequency  space. 

f wb show s th e  w obb ling  H IB s ro tation  frequency. 

We confirm ed  the v ibration  frequency  synchron ized
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alignm en t erro r leads the increase in the illum ination 

non-uniform ity . T he to lerab le  d isp lacem ent o f  the 

target illum inated  by  the spiral w obb ling  beam s is 

abou t 8 0 〜 9 0  (im . T he illum ination  energy  loss is 

no t se rious in ICF. In add ition , by op tim izing  the 

beam  irradiation  schem e, the illum ination 

non-un ifo rm ity  is reduced  further. We confirm ed that 

the frequency  spectrum  is synchronized  w ith  the 

ro tation  frequency  o f  the w obb ling  beam s. The 

resu lts w ou ld  confirm  that the w obb ling  H IB s 

illum ination  induce the osc illa ting  acceleration  field 

continuously , w hich m ay reduce the grow th o f  

R ayleigh-T aylor instability.
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