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The paper considers the dynamics and action on the
resonant nuclei of fast electrons produced in crystal by
short powerful laser pulse™2

The solution of relativistic ponderomotive equation for
electron

g (0S/ox' + eA/c)(0S/0x + eAi/c) = mPc?
in this case has the parametric form

X=-gcosn;y=0;z=-Azsn2n;
p=(eEY/Q) sinn, py=0, p;= - (€E,74yQ%) cos2n);
g = eEcclyQ’ = 2e(mme) PIyQ% n = (Qt-k2);
Az = €E5°cI8yQ°% = Toe/2y? Q3
t= (n/Q) - (€E/8y’Q% sin2n;
V2 = mPC+e’Ey2Q% = m*c*+2mme’/cQ?;

Here g is contravariant metric tensor,
A={A,0,0}; A= - (eEy/Q) sin(Qt-kz)
isthe vector potential of laser field.

If the short (duration At < 10*?s) and focused (area of
laser beam AS < 10 cm?) optical laser pulse with energy
W acts upon the crystd, its electric field with maximal
value

Enma= Eo = (4TW/AScAL)Y?
can exceed the threshold ionization field E; = e/r,” of the
atomin the crystal.

For the case of laser field Ey << Qmc/e
(eg.,a Q=2.10"s* A=Imicron and at

0 =WI/AS At << go= Q?mP’c¥/2me? = 10 Wi/cm?s)
we have

g = Ax = eEo/mQ? = (4re’g/m*cQ?) 2,
Az = €’E,%8Q°%mPc = e'r/2mPc’Q’.

In this case

Az/g = eEy/80°mc <<1.
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E.g..at q= 10" Wt/cm’s we have
g=Ax = 100A, Az = 0,7A.
In this case the produced electrons will move
synchronously with the laser field E , i.e., periodically
with subrelativistic velocity

v = dx/dt = (eEymQ) sin(Qt - k2).

During the action of short laser pulse the electron
system and ion lattise of crystal stays quasi-cold (the
electron system thermalizes only at t > 8t; =10 s, while
the lattice stays cold until t = dt,= 107 s).

The following items are important for this
consideration:.

1) Both free and ionization (AZ electrons per atom)
atom electrons (with total concentration
n'> 10”- 10*cm™) are oscillating. The amplitude of
electron oscillations along laser field E, polarization
equals

AX = (ATEPW/M?ASCQ*At) V2.

In case of powerful laser pulse (A=1 mkm, 10" Wt/cm?
s>>q = 10" Wt/cm?®s) this amplitude reaches the values
Ax =500 -1000 A and exceeds the interatomic distance
d =2 A by severa orders of magnitude.

2) For such regime of coherent electron motion the
kinetic energy of periodically moving electron averaged
by period of oscillation 217Q equals

<Teor> = TEPW/MASCQ?At = 50 +100 KeV.
For this case the maximal velocity of electrons equals
Vinax = €Eo/Mw = (4TEPW/m?AScQ’At)¥? = (0,5 - 0,8)c.

This allows to consider the averaged plane and axis
potentials of crystal lattice instead of system of discrete
atoms of crystal. Such simplification make it necessary to
consider the influence of mutual orientation of laser field
Eq polarisation and crystallographic direction of quasi-
cold crystal (at t < At << &t,) upon the motion of fast
electrons and leads to the model (regime) of laser
produced electron beam channeling with self-focusing
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@(p) of moving electrons to plane (axis) of crystal and
increasing of moving electron density (beam density) in
the volume of localization of nuclel and inside atomic
electronsby F = 3 - 10 times. If the laser wave
polarisation e,=Ey/E is parallel to the crystal axes or
planes, the density of current of laser generated fast
electrons inside atoms equals

jmax= N VimaxF = 10" Alcm?.

In fact this system can be considered as a unique ultra-
high-current subrelativistic periodical micro-accelerator.

3) For this regime of coherent electron motion the
average <T > and maximal T ,=2<T > electron
energy exceeds the equilibrium plasma el ectron energy

<Te> =3KT/2=0.5+3 KeV

with the same power W/At (for longer pulses At » &t;) by
several orders of magnitude. Also it is possible using this
regime to excite nuclear states (direct Coulomb
excitation) with superthermal energy

Aoy ™) = <Ty>» KT.

4) The energy loss of moving electron (accelerated and
ruled by laser field E) on each spatial period of its
oscillation

AE = f dT(v(x))/dx =
(T ne/ Eo) | In{ 1-(€Z%*mQ/16Eh)%} | << 1 KeV;

issmall and <T> » AE.

Herefor v = €’Z%*n (inelastic regime of electron
motion)

dT/dx = dT,/dx = -21e’ng In[(m?v?c?)/(2F(1-v*/c?)¥?)] -
IN2(2(1-v4/c?)Y?) -1+v¥c*+1-vic? Imv?,

and for v < €2%°/1 (elastic regime of electron motion)
dT/dx << dT./dx;
J - averaged potential of atom ionization,
V(X) = Vinax [1-(X/AX)%] V2.
The motion of electrons remains quasi-harmonic during
N = QAt = 10° oscillations with total path
x = 2NAx = 10°A

5) The angular divergence of the electron beam
accelerated by laser equals

Vmax s

<% = nyAx J’ f(v)dv I 6 {do(v,0)/d6} sind do =
0

p
Vmin

(16 Z%€* Ny AXIM*TW 1) I JI-(v/v,, ) dviv<

Tin

16 Z2€* Ny AX/3M W max Vivin
Here

do(v,0)/d8 =

(<)

(2em/h?K?)?| I ISinKr/Kr[pn(r) - pe(r)]4mr?drf? =
0
(e14m?v3){ exp(-3KW) - (1 - K?R¥4)?? cosec’0/2

isthe differential scattering cross-section for moving
electron in crystal lattice®

K = (2mv/h)sin 8/2, py(r) = Zel¥nol’s [Wrof* =

() Pexp(-r2/2usd), u=~/3 u;
P(r) =ZelWef’ = (ZeIMRy)exp(-2Zr/Ry),

uis 1-dimentional averaged amplitude of thermal atom
oscillation in lattice in ground state.

According to the result of <6* calculation

[<62>] v s echan
for acrystal with not very heavy atoms) the motion of
fast electrons remains quasi-channeling within each
spatial period of laser induced oscillation Ax.

These fast electrons interact with Mossbauer-type
nuclei which are non-excited in their initia state. The low
energy transitions in nuclel are known to be the result, in
most cases, of single-nucleon processes.

Assuming r to be the radius of a proton related to
Mossbauer transition, one can easily deduce an
expression for non-stationary energy of the interaction of
amoving electron with a nucleus

V(R,D=Jpe(r) ¢(r Rt)dr = -Z€” exp(-RO/R)/IR() - 11,

where Ry = 1,4 h¥me? (Z - AZ)*? is parameter of
electronic shielding,

z
pr)=e ) o(r-ry, o(r,RY) =
g K
eexp(-R(O/R,)/ R (1)-r|

is Coloumb potential,
R={wt, p, 0}, p.- targeting distances.
The above interaction can induce excitation of the
nucleus. The probability of the excitation can be
calculated according to equation

Pmax Vimax
Pz [ [ Walp) f(v)va(p)2rpdpdv.
Pmin  Vmin
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Here

00

Wq(p.v) = h® II Vadpvit) explioyd) dtf,
f(v)= [1-(v/gQ)? 1Y¥mQ -

the function of velocity distribution for harmonic motion
of electron, g= eE,/mQ°.

The motion of fast electrons can be approximated by
the laws of classical kinetics.

Expanding now the expression for V(r,t) into a series of
the parameter r/(p? + v’t?)¥?

V(1) = - ZE{UR + [py - (¢ +y*+2°) 12]/R°+3[(py) +

X2 +y?+7%)2 14 - py(X2 +y? +Z%) + (ViX)? /2] /2R® + 5[(yp)®
P2 Y2 (X% +y? +7%)[2 +3py(Vtx)? 3v2 12 (X° +y* +

Z%)?12)/12R" + 35[(py) Y2 +(vt)* x* /2 +3(vtpxy)? ]/4R°}

and calculating the matrix elements of the operator of the
nucleon coordinate r we have

Wy =(Ze/vph )2 2QWe+QP g /p +6Q¥g/p*+Q ¥4 /2% F.
Here

QY=d=ey, Q¥ = gy*7), Q¥ = e(y>y’2/3),
Q¥=e(y*+2"-6y*2") -

are correspondingly matrix elements of the dipole
moment (1=1), quadrupole one (L=2), octupole moment
(L=3) and so on.
The size of direct Coulomb excitation region satisfied
the condition for targeting distances
PminZ P= Prmax-
Here

Pmin = Ry= 1 A (r,=1,2.10 %2 cm);
Prin = Prmin) = Z?/mv? - quasiclassical limit;
Prin = Prin? = B/MV - quantum limit

and

Prax < Ro= 1,4 W2/me’ (Z - AZ)"3,
Pmax < VIGY - adiabatic limit.

After averaging by v

(VminS V < Viay,
Viin= (2 Icl(ﬁ)sk/rn)ﬂ2 ’
Vinax = 4TEW/ASCAL)Y2/mQ)

and targeting distances p one can derive the result for
total probability of direct excitation of the nucleus".

The total probability of Coulomb excitation of nuclei
(or excitation of atomic electron to upper X-level ) in
dipole approximation equals

Psk =
[3Z%€°n"c¥/2hon ] (M/huy) YIn[eEy/ Q(m¥hw)Y?] FG..

Here
G, = At/t for thecase T = At and
G, =1 for the other caset < At,
Tistime of life of excited nucleus state E, for dipole
transition Es » E, with excitation frequency of
nucleus wy.
For octupole transitions

Py = 97%€’n ¢’m’(eE,Q/m)*/28Tth’ FG;,

The probability of Coulomb excitation of nuclei by
laser produced subrelativistic oscillating el ectrons during
action of short powerful polarized optical laser pulse on
perfect oriented crystal exceeds the probability of
Coulomb excitation by thermalized electrons (at same
laser power W/At) by the coefficient

C = (KT/hox) YZexp(hiond/KT),

which egquals several orders of magnitude for case

huy >> KT. Asaresult the probability of Coulomb
excitation of lattice nuclel reaches 10-50% (for laser with
q = 10" Wt/cm? and for nuclei with T /At=107) .

Such nonthermal mechanism of obtaining excited
nuclei (or atomic electron) state proves by many orders
more effective, than traditional methods of thermal (at
At >> dty) or photo (by equilibrium X-rays) excitation (at
At >> 8ty) of nuclear or atomic levels for gamma-laser in
quasi-equilibrium laser electron or ion plasma.
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