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A new method of ion cumulation and acceleration at three-dimensional compression of plasma in the “light
trap” created in the focal region of the high-power femtosecond laser is theoretically studied. The "light trap” is
formed by delay in time of the central part of the laser pulse being focused. The cumulation degree and maximum
energy of acceleration ions depending on values of the high-power femtosecond laser pulse have been investigated
by numerical methods. Physical mechanisms of ion density and energy increase in the paraxial plasma zone have
been discussed. The proposed method of ion cumulation and acceleration allows one to create compact bright
sources of fast neutrons, nuclei for x-ray and gamma lasers, and also provides the unique possibilities of nuclear re-

action initiation and isotope production.
PACS: 29.27.-a

Terawatt (TW) lasers [1] are already going out from
the category of exotic laser systems and become the op-
erating tool in the research practice, it is true, only in the
most advanced laboratories of the world yet. Now two
tends are observed:

1). Physical researches making progress (for ex-
ample, in plasma physics) and expansion of the range of
applied problems (for example, medicine, development
of setups for scientific and engineering aims) are solved
by TW femto and subfemtosecond laser systems.

2). Improvements of being in existence TW, evolution
of petawatt (10'%) and development of exawatt (10'®) and
even zettawatt (10*') laser systems [2], which allow to
solve not only traditional problems of fundamental phys-
ics, but to carry out experiments under laboratory condi-
tions in the fields of astrophysics and cosmology.

In recent years the electron and ion acceleration in
the interaction of laser pulses in gas and solid targets
has the most widely evolution. Experiments have been
carried out using femtosecond tabletop laser systems of
the table type, the focused pulses of which reached
10" W/cm?.

Now, the record results of accelerations up to
100 MeV for electrons [3] and 60 MeV for protons [4]
are obtained.

A number of experimental and theoretical works [for
example 3-13] was devoted to the particle acceleration
in the interaction of high-power laser pulse with a
plasma. In most cases the ion acceleration is due to the
mechanism of so-called “Coulomb explosion”. The
“Coulomb explosion” event is the ion acceleration by
the electrostatic field of the division of charges produc-
tion at electron expel by the ponderomotive force from
the focal zone of the laser radiation.

In papers [6,7] methods of charged particle accelera-
tion for laser operation in TEMy, mode, when the radi-
ation focusing occurs as a ring, were proposed. In partic-
ular, in the paper [10] on such a base the method is de-
scribed for the cylindrical cumulation of ions inside the
ring, which are accelerated in the radial direction to their
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center. From numerical simulation results using pulse
duration of 240 fs at FWHM and pulse power of 100 TW
the authors predict the ion acceleration up to 0.2 MeV
and the volume plasma compression as a factor of 100, in
the cumulation cylinder of 1pm in diameter.

In this paper the method of ion acceleration and cu-
mulation based on the application of the laser pulse con-
figuration produced in the TEMy mode has been pro-
posed. The central part of pulse is delayed relatively to
its peripheral part with formation of the difference in the
optical path between them AL<ct., where c is the velo-
city of light in vacuum, t is the laser pulse duration
[14]. To form the mentioned above optical difference in
path, the laser pulse before focusing is passed through
the parallel-sided plate.

Fig.1 shows the optical scheme demonstrating the
realization of this method. The laser pulse generated by
the laser system 1 is shown at some moment in the posi-
tion A with parameters of the spatial length of AL<ct.
and diameter D. After passing the parallel-sided plate 2
with the transverse dimension d the central part of pulse
will be delayed with regard to the peripheral part with
forming the optical difference in the path Al between
them. The shape of pulse after passing the plate 2 is
shown schematically in the position B. By focusing
such a pulse at some time corresponding to the pulse po-
sition C the anterior front of its peripheral part will be
closed up. The closed cone volume formed inside the
pulse can conventionally be named as a "light trap”.

The volume of the “light trap” can be calculated de-
pending on the geometry of the optical system from the

ratio
2
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where c is the velocity of light in vacuum, t is the laser
pulse duration, d is the diameter of the parallel-sided
plate, L is the focal distance of the focusing lens, H is
the cone height of the "light trap”.

Ions being inside the "light trap” will be accelerated
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by the electrostatic field caused by the pondermotive ef-
fects both from the peripheral and central parts of laser
pulse. As a result the high-density ion bunch is formed
in the focus of three-dimensional cumulation.
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For realization of ion cumulation and acceleration
process it is necessary that the focused ring laser pulse
be propagating in the homogeneous plasma with the fre-
quency essentially higher than the plasma frequency.
We shall simulate the focused ring laser pulse intensity
by the following analytical expression.

4 0 202 (t-z/v,)*D
I(r,28,) = I, ——exp2- —5—- ——=%20, (1)
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where 1 and z are the radial and longitudinal coordin-
ates, t is the time, v, is the group velocity, I is the max-
imum pulse intensity reached on the surface

Iim 1S the radius of the laser pulse on the focusing lens,

_24L,

is the radius of the ring laser pulse on the focal plane
7z=0, A is the wavelength of laser radiation. The pon-
deromotive force of the laser will be effect on plasma
electrons

F =-mc* 00

pon pon >

1+ g* /2 is the ponderomotive poten-
tial, o = 0,8500° A \/7 is the dimensionless vector-po-

tential of laser radiation, A is the wavelength in microns,
and 1 is the intensity in W/cm®. The displacement of
electrons relatively to ions will occur due to the effect of
the ponderomotive force. As a result the polarized elec-
trical field will be excited in a plasma. The equation of
motion of ion has the form [11]

D LN a2 @

dt

Thus, the laser pulse effects on ions by the polarized
electrical field arise due to the charge separation in a
plasma.

Taking into account that the laser pulse influences
on ions during a very short time, it can consider that ion
do not have time to displace essentially but acquire the
limit initial velocity and further they move under its
own momentum. Integrating the equation of motion (2)
over the time interval of the focused laser pulse effect

where @0, =
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(1) on ions we shall obtained the following expression
for the ion velocity components

0
Vi I"O,ZO,tO) = _W;Q(roazo)a
0

0
v, (1> Zg,10) = 'Wa_Q(Voazo), 3)
T
where

m
W= - —cthaOZ\/F,

amM
4 2
7 0 7 0
Q(r07ZO): 40 CXPDZ‘ 20 D,
1. (2p) 0 (z)0

ro, z are the initial coordinates of ions, to is the time of
the laser pulse arrival to the point 1o, zo, 0o=0(lo). After
passing of the laser pulse ions move uniformly and
along the straight line.

2, = v (1,205 0 )X~ 1)t 2,
1= v, (T, 2o, )t - 1) 1. 4
The numerical simulations of the ion cumulation

process using approximation formulas (3), (4) has been
performed for following parameters of the laser system:

intensity, Io.........ccoooeeviinieinnns. 10" W/cm?,
wavelength, A.................. 1.06 pum,
pulse duration, ti............cooeevn. 400 fs

laser pulse radius on the lens, tj,....3 cm

focal distance, Ly ...................... 10cm
plasma density, h ...................... 10* cm™

Numerical calculations have shown that the ion cu-
mulation process is heterogeneous along the system axis
and the most intensive in the zone of focus, where the
radius and thickness of the ring laser pulse are minimal.

The increase of ion density more than 200 times is
observed in the vicinity of a focus. With removing from
the along the longitudinal direction the degree of plasma
compression decreased. The average energy of ions at-
tained ~ 300 keV.

Fig.2 shows the spatial ion configuration r, z at dif-
ferent moments of time. It is clearly seen, that at the be-
ginning of the process a symmetrical shell of high dens-
ity of ions is formed by the laser pulse effect. The radius
of this formation is minimal in the laser pulse focus.
The ion shell moves to the system axis and it is col-
lapsed in the focal zone at the moment of 450 fs. In this
case the ion density increases about 200 times and the
maximum energy attains 600 keV. Further ions from
force of inertia transverse the axis, and the inverse pro-
cess of ions flaying away begins. The ion density in this
case decreases rapidly.

Thus, in this work we have proposed the method of
obtaining the focused ring laser pulse by delay of the
central part of pulse by the parallel-sided plate and fur-
ther pulse focusing by a lens. The simple mathematical
model of the ion cumulation process of the dense
plasma by such a pulse has been formulated. It has been
shown that the effective ion cumulation and acceleration
can be obtained in the proposed laser system.
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Fig.2. lon configuration in cylindrical chamber
42um*x3um (Z % ry) at different moments of time
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KyMyJiayusa 1 YCKOPEHUE HOHOB
TEPABATTHBIM ®EMTOCEKYH/IHBIM JIASEPHBIM UMITYJIbCOM

B.A. banakupes, A.H. /loeona, A.M. Ecopos, M.A. Kpacnozonoeeu,
U.H. Onuwienxo, H-H. Onuwenxo, A.U. llosposun, B.U. Ilpucmyna

TeopeTnvecku UCCIICIOBAH HOBBIH METOJ YCKOPCHUS U KyMYJISIIUU HOHOB TIPU TPEXMEPHOM 00XKaTHH I1JIa3Mbl B
“CBETOBOI JIOBYIIIKE”, cO31aBaeMOii B (hOKAILHON 00JIACTH MOIITHOTO (heMTOCCKYHIHOTO Jla3epa. “CBeToBast JIOBYIII-
Ka ” (opMHPYETCsI MyTeM 3aJeP)KKH BO BPEMEHH IIEHTPAILHON 4acTH (POKYyCHPYEeMOro UMITyJibca. UMCICHHBIMU Me-
TOJJAMH M3YUYCHBI CTENICHb KYMYJSIIMK U MaKCHUMalbHAs YHEPrHs YCKOPSHHBIX HOHOB B 3aBUCUMOCTH OT Mapamer-
POB MOIIIHOTO J1a3epHOro umirysibca. OOCyxIeHbl (PU3MYSCKUE MEXaHU3MbI YBEIWYEHHs UIOTHOCTH M JHEPIUH
HWOHOB B IIPHUOCEBOM 00JaCTH TUTa3MEL. [IpeoKEeHHBIN METOI KYMYJISIINHA M YCKOPESHUSI HOHOB MTO3BOJISIET CO3/IATh
KOMITAKTHBIE SPKUE UCTOUHUKH OBICTPBIX HEHTPOHOB, CPEIbI Il PEHTITEHOBCKOIO ¥ FaMMa-JIa3epoB, a TAKKE CO3/1a-
€T YHHKAJIbHBIC BO3MOKHOCTH HHUITUMPOBAHUS SICPHBIX PEAKIUI U TIOTYYCHUS H30TOIIOB.

KYMVYJIALISA TA TIPUCKOPEHHS IOHIB
TEPABATTHUM ®EMIITOCEKYHIHUM JIASEPHUM IMITYJIbCOM

B.A. Banakipes, A.H. /loéona, O.M. Ezopoe M.A. Kpacnozonoseus,
IM. Oniwgenxo, M.1. Oniwgenko, A.1. Ilosposin, B.1. Ilpucmyna

TeopeTn4yHo NOCHIIKEH HOBUI METO/ MPUCKOPEHHS Ta KyMYJSLil IPH TPHOXBHUMIPHOMY CTHCHEHHI IUIa3MH B
“cBiTOBOI macTui”’, 10 YTBOPIOETHCS B (poKalbHOI 00JIACTI MOTYKHOTO (heMNTOCEeKYHAHOro jazepa. “‘CBiTiioBa
nacTtka” (GOPMYEThCS HUIIXOM 3aTPUMKH IEHTPAIBLHOT YaCTHHM JIA3€PHOTO IMITyJbcy. UHCENbHUMU METOJaMHU
BUBYCHI CTEIiHb KYMYJIAIl Ta MaKCHMaJlbHa €HEpris 10HIB B 3aJI€KHOCTI OT MapaMeTpiB MOTYKHOTO J1a3epHOIr0
IMIyJIbCy. 3ampoIOHOBAaHMH METOA KyMYJISIil Ta TMPUCKOPEHHS iOHIB TO3BOJSE PO3POOMTH KOMITAKTHI JKEperna
IIBUIKUX HEHTPOHIB CEPEOBHINA UL PEHTTEHIBCHKOTO TO TaMMa-Jla3epiB, a TaKOX Ja€ yHIKaJbHI MOXKJIHBOCTI
IHIIIIOBaHHS SJICPHUX PEaKIliil 1 OTPUMAaHHS 130TOIIIB.
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