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The study of an ion beam trans port mech a nism con trib utes to the pro duc tion of a good qual -
ity ion beam with a higher cur rent and better beam emit tance. The sim u la tion of an ion beam
pro vides the ba sis for op ti miz ing the ex trac tion sys tem and the ac cel er a tion gap for the ion
source.  In or der to ex tract an ion beam from an ion source, a care fully de signed elec trode sys -
tem for the re quired beam en ergy must be used. In our case, a self-ex tracted pen ning ion
source is used for ion gen er a tion, ex trac tion and ac cel er a tion with a sin gle ac cel er at ing gap for 
the pro duc tion of neu trons. The char ac ter is tics of the ion beam ex tracted from this ion source
were in ves ti gated us ing com puter code SIMION 8.0. The ion tra jec to ries from dif fer ent lo -
ca tions of the plasma re gion were in ves ti gated. The sim u la tion pro cess pro vided a good plat -
form for a study on op ti miz ing the ex trac tion and fo cus ing sys tem of the ion beam trans -
ported to the re quired tar get po si tion with out any losses and pro vided an es ti ma tion of beam
emit tance. 
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IN TRO DUC TION

The com pact elec tro static ac cel er a tor-based
neu tron gen er a tor has been ex ten sively used by the
sci en tific com mu nity through out the world for sci en -
tific re search in many fields, in clud ing in stru men ta -
tion neu tron ac ti va tion anal y sis (INAA), prompt
gamma ac ti va tion anal y sis (PGAA), fast neu tron anal -
y sis (FNA), ther mal neu tron anal y sis (TNA), etc. [1].
Be cause of an in crease in acts against hu man ity all
around the world, in the last de cade the im por tance of
equip ment for the de tec tion of ex plo sives, nar cot ics,
spe cial nu clear ma te ri als, etc., has been real ised. To
ac cel er ate the pro cess of putt ing to gether a turn key
sys tem for the de tec tion of il le gally trans ported items
through var i ous routs, we have started work ing in this
di rec tion.  A com pact neu tron gen er a tor is de vel oped
in our lab o ra tory. It can be op er ated in the pulse mode,
as well as in the steady mode. For the de tec tion of ex -
plo sives and spe cial nu clear ma te ri als, the op er a tion of 
the neu tron gen er a tor is pref er a ble in pulse mode [2],
whereas for ac ti va tion stud ies of ma te ri als, the steady-
-state mode is de sir able.

The gen er a tor uses a sin gle self-ex tracted hol -
low an ode pen ning ion source [3] that has been de vel -
oped in our lab o ra tory. The ex trac tion of ions from the
ion source de pends on many pa ram e ters such as the
ge om e try of the plasma me nis cus, ex trac tion an gle,
po ten tial on the ex trac tion elec trode, etc. Dur ing the
pas sage of the ion beam, due to the same charge, each
ion re ceives a re pel ling force from the sur round ing
ions which pushes the ions from the beam, thus di ver -
gence oc curs. The re pul sion force due to the charged
par ti cles, also known as the space-charge ef fect, can
be com pen sated by a suit able se lec tion of the ge om e -
try of the ex trac tion elec trode. Due to the elec tric po -
ten tial, the ge om e try of the ex trac tion elec trode ar -
ranges its equipotential sur face in such a way that the
nor mal from the nearer equipotential sur face to the ad -
ja cent one goes in ward. This in ward force ex erted on
the ion at the exit ap er ture of the ex trac tion elec trode
helps the ions to con verge. The ef fect on the ex tracted
ion cur rent due to the an gle of ex trac tion has been
stud ied and re ported else where [4].

For the pro duc tion of neu trons in a neu tron gen -
er a tor, deu te rium ions are ex tracted from the ion
source and ac cel er ated to wards a tar get where the ions
are bom barded to ei ther deu te rium or tri tium par ti cles
for the gen er a tion of neu trons from fu sion re ac tions.
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The sim u la tion was car ried out by SIMION 8.0. The
de tailed sim u la tion pro cess is de scribed in the next
sec tion.

SIM U LA TION PRO CESS

Among other soft ware for the ion tra jec tory,
SIMION is sim ple and low-cost. SIMION is based on
prin ci ples of 2- or 3-di men sional, equally spaced grids 
of po ten tial ar rays. The val ues of ei ther the elec tro -
static po ten tial or mag netic po ten tial can be im posed at 
each point to de fine the elec tro static or mag netic field.  
Af ter the im po si tion of ei ther field, the user can su per -
im pose both elec tro static and mag netic ar rays, if both
elec tro static and mag netic fields are re quired in the
same vol ume. Then the sim u la tion pro cess is re flected
in dif fer ent suc ces sive man ners. The cre ation of elec -
trodes and po lar iza tion of these el e ments can be done
ei ther by draw ing the elec trode ge om e try in the
worksheet it self in SIMION at the workspace or it can
be im ported from the AutoCAD draw ing. Af ter the
cre ation of the ge om e try, cal cu la tion of the elec tro -
static po ten tial takes place. Then the tra jec tory is
viewed and the char ac ter is tic set tings of the ions such
as their speed, ki netic en ergy, and their an gles of ar -
rival at the tar get are saved.

The user as signs a po ten tial value to the elec -
trode and this serves as the bound ary con di tion. Then
the value of the po ten tial at any point out side the elec -
trode is de ter mined by solv ing by it er a tion the Laplace
equation

Ñ =2 0V

The Laplace equa tion de fines the po ten tial at a
point in terms of po ten tial points that sur round it. Un -
like Pois son equa tion, the Laplace equa tion does not
have so lu tions in cor po rat ing the space charge.
SIMION does not al low so lu tions tak ing into ac count
space-charge ef fects of high-den sity ion beams, how -
ever, this em ploys charge re pul sion meth ods that can
es ti mate cer tain types of space charge and par ti cle re -
pul sion ef fects. A highly mod i fied fourth or der
Runge-Kutta method is used for the nu mer i cal in te gra -
tion of the ion's tra jec tory in three di men sions. Ion tra -
jec to ries are a re sult of elec tro static and space charge
re pul sion forces on the ba sis of the cur rent po si tion
and ve loc ity of the ions. These forces are then used to
com pute the cur rent ion ac cel er a tion and to pre dict the
po si tion and ve loc ity of the ion by nu mer i cal in te gra -
tion tech niques at the next time step. Elec tro static
forces are ini tially com puted in terms of volts per grid
unit. As the ion pro gresses through the po ten tial ar ray,
it moves from one square of grid points into an other.
SIMION au to mat i cally gen er ates a small 16-point ar -
ray that rep re sents the cur rent for four grid points and
the 12 grid points around it. The val ues of these grid
points are de ter mined by sym me try as sump tions and

grid point lo ca tions. The po ten tial at each point is nor -
mally cal cu lated by lin ear in ter po la tion, us ing the four
grid points bound ing the grid square it falls in. When
an ion is out side elec tro static in stances, SIMION
looks in both di rec tions along its cur rent tra jec tory for
the closet elec tro static in stance of in ter sec tion in both
di rec tions. If the pres ent ion tra jec tory in ter sects elec -
tro static in stances in both di rec tions, SIMION will de -
ter mine the po ten tials at the points of in ter sec tion and
es ti mate the re sult ing elec tro static ac cel er a tion as sum -
ing a linear gradient.

The con fig u ra tion of the neu tron gen er a tor of in -
ter est for this study is de scribed in [5]. The neu tron
gen er a tor con sists of a hol low an ode pen ning ion
source, ac cel er a tion elec trode and a tar get. In our
study, the hol low an ode pen ning ion source con sists of
two cath odes and one cy lin dri cal an ode at the cen tre.
The de tail con fig u ra tion of the ion source is de scribed
else where [3]. One cath ode works as the ex trac tion
elec trode. The ge om e try is Pierce-like ge om e try. The
an gle of the ex trac tion elec trode is im por tant for the
beam to con verge.

The con fig u ra tion of the elec trode sys tem was
cre ated in AutoCAD and the im age then im ported to
the SIMION workspace in bitmap for mat. Re fine -
ments and fast ad just ments [6] were done on the elec -
trode sys tem by se lect ing the tools on the screen. The
re fine ment pro cess uses the po ten tials of elec -
trode/pole ar ray points to es ti mate the po ten tials of
non-elec trode/non-pole ar ray points. The re fin ing pro -
cess makes use of fi nite dif fer ence tech niques to solve
the Laplace equa tion nu mer i cally. The fast ad just ment
method makes use of the ad di tive so lu tion prop erty of
the Laplace equa tion. This prop erty al lows sep a rate
so lu tions for each bound ary to be com bined in a sim -
ple scal ing/ad di tive pro cess to ob tain the po ten tial at
each point in the po ten tial ar ray. Sin gle ion ized 800
deu te rium ions of an atomic mass of 4 amu were se -
lected for the sim u la tion pro cess. The lo ca tion of the
ex trac tion of the ions was cho sen by se lect ing the x-
and y-co-or di nates at the tri ple point con sist ing of
plasma, metal elec trode, and vac uum. The sim u la tion
was car ried out with dif fer ent set-up ex trac tion and ac -
cel er a tion volt ages. Ex trac tion po ten tial up to pos i tive
5 kV which also acts as ion source po ten tial for plasma
gen er a tion and ac cel er a tion po ten tial of up to neg a tive
100 kV pro vided through the tar get were used.

RE SULTS

The self-ex trac tion of the ion source was ex am -
ined. Ion tra jec to ries from dif fer ent lo ca tions of the
plasma re gion were ob served with ion source po ten tial 
at pos i tive 2 kV. The an ode was charged with 2 kV
while keep ing both cath odes at ground po ten tial. Ion
tra jec to ries and field lines for the self-ex trac tion of
ions for dif fer ent lo ca tions of the plasma re gion are
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shown in fig. 1. This con firms the ex trac tion of ions
from the plasma re gion with the help of the ion source
elec trode it self. There is no need for an ex tra elec trode
for ion ex trac tion. When a fo cused beam is re quired,
there is need for use of fo cus ing elec trodes.

Fig ure 2 shows the ion tra jec to ries for the ac cel -
er a tor sys tem with the ion source and tar get. The ion
tra jec tory at 100 kV po ten tial of the tar get and a dif fer -
ent po ten tial of the ion source were ob served. The
equipotential sur face dis tri bu tion at the ap er ture of the
ex trac tion elec trode, as shown in fig. 2, de scribes the
ge om e try of the me nis cus. In this case, the me nis cus is
con cave, mak ing the beam con ver gent. The ion tra jec -
to ries  were  taken  for  dif fer ent  ion  source  po ten tial
(1 kV to 5 kV) and the or i gin of the ions taken in side
the plasma re gion, keep ing the same or i gin for all po -
ten tials.

As the ion source po ten tial in creases near ing
higher po ten tial, ions get di verted to wards the back
cath ode.  At ion source po ten tial of 4 kV, a frac tion of
ions pro jected to ward the re verse di rec tion where as if
at 5 kV, all the ions ter mi nat ing at the back cath ode. Fig -
ure 3 shows the ion tra jec to ries for an ion source po ten -
tial of 5 kV com ing from dif fer ent orig i nat ing points.
Here, we could ob serve the fo cus ing point chang ing
with a change of the orig i nat ing point. Though it is fo -
cused near to the ex trac tion elec trode, at the tar get, the
ions strike well within the area of the tar get.

Emit tance be ing a mea sure of the qual ity of the
beam, it is mea sured in each case. Emit tance with re -
spect to the ex trac tion volt age is shown in fig. 4. Beam
emit tance de creases by 21% when the ex trac tion volt -
age goes from 1 kV to 5 kV. Fig ure 5 rep re sents the
emit tance for dif fer ent ac cel er a tion po ten tial of the
fixed ex trac tion volt age.

CON CLU SIONS

A sim u la tion of a com pact ac cel er a tor sys tem in -
tended for neu tron gen er a tion has been car ried out.
Self-ex trac tion from a hol low an ode pen ning ion
source was ob served. The fo cus of the beam was
changed for the dif fer ent or i gins of ions, but the di ver -
gence in creased with the in crease in the dis tance from
the ex trac tion elec trode. Thus, for a fo cused ion beam
ap pli ca tion fo cus ing elec trodes are re quired, while
solely en er getic ion beam ap pli ca tions will work with -
out a fo cus ing elec trode. As is the case with the neu -
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Fig ure 1. Ion tra jec tory for the self-ex trac tion from the
ion source

Fig ure 2.  Ion tra jec tory of the ac cel er a tor sys tem up to
100 keV ions com ing from the plasma re gion
All these fig ures were taken with tar get volt age at 100 kV and 
dif fer ent ion source po ten tial as (a) 1 kV, (b) 2 kV, (c) 3 kV, (d) 
4 kV, and (e) 5 kV



tron gen er a tor, en er getic ions are re quired to strike at
the tar get as well. In that case, there is no need to fo cus
the ion beam to a tiny spot.  As shown in figs. 2 and 3,
the ion beam strikes the tar get within the tar get area
and with good emit tance. In the study pre sented here,
the 100 keV deu teron beam pro duced through the ex -
trac tion volt age of 5 kV shows better emit tance for the
pro duc tion of neu trons.

AU THOR CON TRI BU TIONS

The pen ning ion source and neu tron gen er a tor
were de signed and de vel oped by B. K. Das. Sim u la tion
stud ies were car ried out by B. K. Das and R. Das. The
manu script was writ ten by B. K. Das. All the fig ures
were pre pared by B. K. Das, A. Shyam, and R. Das and
A. D. P. Rao had par tic i pated in the dis cus sion of the re -
sults.
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Fig ure 3.  Ion tra jec tory for ion source po ten tial as 5 kV
from dif fer ent lo ca tion

Fig ure 4. In flu ence of ex trac tion po ten tial on
beam emittance

Fig ure 5. In flu ence of ac cel er a tion po ten tial on beam
emit tance for fixed ex trac tion po ten tial
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PROU^AVAWA  SIMULACIJA  TRANSPORTNOG  SISTEMA  JONSKOG
SNOPA  U  D-D  GENERATORU  NEUTRONA  ZASNOVANOM  NA

KOMPAKTNOM  ELEKTROSTATI^KOM  AKCELERATORU

Prou~avawe mehanizma transporta jonskog snopa doprinosi proizvodwi jonskog snopa
dobrog kvaliteta sa ve}om strujom i boqim emitovawem snopa. Simulacija jonskog snopa daje
osnovu za optimizaciju sistema za izdvajawe i procepa za ubrzavawe jonskog izvora. Kako bi se
izdvojio jonski snop od jonskog izvora potrebno je za zahtevanu energiju snopa koristiti dobro
dizajniran sistem elektroda. U na{em slu~aju, za potrebe proizvodwe neutrona, kori{}en je
samoizdvajaju}i jonski izvor za proizvodwu, ekstrakciju i ubrzavawe jona kroz jedan procep.
Kori{}ewem kompjuterskog koda SIMION 8.0 ispitivane su karakteristike izdvojenog jonskog
snopa i trajektorije jona sa razli~itih lokacija oblasti plazme. Simulacija je omogu}ila dobru
platformu za prou~avawe optimizacije sistema za izdvajawe i fokusirawe jonskog snopa koji se
transportuje ka `eqenoj poziciji mete bez gubitaka, i za procenu emisije snopa.

Kqu~ne re~i: SIMION, samoizdvajawe jona, jonski izvor, jonska trajektorija


