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FREFACE

As part of their contimuing program, RAND's Physical and Quantum
Flectronics Group selects theoretical topics for study which should
be of ultimate interest to the Air Force., The present study glves
a calculation of the time required for metals to vaporize when
subjected to a laser beam., The theoretical study presented here

should serve as & guide to future experimental work.
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SUMMARY

In this Memorandum we consider tne interaction of laser light
with a metal. A model is proposed in which the dominant mechanism
for electron de-excitation in transition metals is by the emission
of optical phonons, as contrasted to the simple metals where the
dominant mechanism is by the emission of acoustic phonons. Cal-
culations based on this model give, for steel, an electron--optical
phonon relaxation time ~ 10-7 to lO"6 sec compared with an electron--

11 10

acoustic phonon relaxation time ~ 107 to 10~ sec for a simple

metal such as copper.
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I. INTRODUCTICN

In this Memorandum we investigate a mechanism by which excited
conduction electrons in a metal may interact with the crystalline
lattice. This interaction causes the electron to transfer its energy
to the lattice. Specifically we will be interested in the case where
all of the conduction electrons per unit volume are excited by photons
of energy of the order of a few ev. For n (number of conduction elec-

trons per cc) ~ lO22

to lO23 a total photon energy of the order of
lO3 to lOb' Joules per cc must be deposited in the meta.l.* Energy den-
sities of this order of magnitude might conceivably be supplied by a
pulsed laser beam (that is, an intense ccherent light pulse).

What is ultimately desired would be to describe in detail the in-
teraction of a pulsed laser beam with a metal upon which it impinges.
Broadly speaking, such a description, if camplete, would include a
discussion both of the absorption of the incident radiation by the
metal and the response of the metal to this deposited emergy, includ-
ing possible damage effects. At present such a description does not
seem possible.

In the present work we separate samewhat artificially the proces-
slon of events into absorption (electron excitation) followed by elec-
tron de-excitation and lattice excitation. The validity of this ap-
proach depends on the relative magnitudes of the laser pulse length

(in time) and the electron lattice relaxation time. That is, as photans

*For example, the veporization energy of iram is ~% ev per atom
(Ret. 1).



are absorbed and excite electrons to higher states, these electrons
interact with the ions of the lattice and lose their energy.
Grossly this 1s manifested in a localized heating of the metal; melt-
ing or vaporization may even result. Indeed, if such change of state
begins to occur before all of the laser energy is deposited, the lat-
ter portion of the incldent radiation encounters a dense high-tempera-
ture vapor (perhaps & plasma) from which it may be scattered (re-
radiating energy), as well as absorbed. Thus this portion of the
laser pulse may not even reach the solid metal to excite appreciable
numbers of electrons. Owing to the extreme complexity of the complete
process we make the somewhat idealistic assumption that the laser pulse
is deposited (electrons are excited) in a time which is short coampared
to the electron-lattice relaxation time (which we estimate in this
Memorandum*).

In Section II we give the assumptions and discuss a model of a
metal that is used to calculate the electron-lattice relaxation time.
In Section III we campute the relaxation time, and in Section IV we

discuss the results and give same numerical estimates for steel.

*
Same early crude experiments on steel indicate that our assump-
tion may be reasonable.
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IT. MODEL FOR ELECTRON -~ OPTICAL-PHONON INTERACTION

In the following we are using units with h = ¢ = 1 and e2 o 1/137.
We will denote the Rydberg (meb'/z) by R.
In the present work we assume that all of the conduction electrons

2
2 to 10 3) in a metal have been excited by absorbing a

per cc (~ 167
photon of energy of the order (1/8)R ( corresponding to a photon wave
length of = 7300 X). We assume that each electron* interacts with cme
photon cnly. (In non-metallic lattices-~-solids with band separations
large campared to the photon energy--non-linear, multi-photon processes
may be very important in determining the absorption of the incident
rediation; this will not be investigated here.) Before interacting
with the photons the conduction electrons are assumed to be in an
equilibrium Fermi distribution. That is, the electroms fill a sphere
(in momentum space) up to a limiting momentum Pn {or equivalently to
a limiting energy EF).

For free electrons it is well known that Ej [PF = (2n Ef,)l/ 2]

is given by

- (2/2m)(3:20)2/3

’xj:fj
I

(1)
(1/8)R for n ~ 1022

¥

At thils point we wish to divide various metals into two classes:
transition metals (e.g., Fe, Ni) and simple metals (e.g., Na, Cu).

Transition metals are distinguished from simple metals by having the

*The photons will not appreciably interact with the ions because
their velocities are much smaller than the electrons (the electromag-
netic coupling is proportional to the current, i.e., velocity).
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d shells of the constituent atoms unfilled. For example, the copper
atom has a completely filled 3d shell (10 electrons) and a half-full
ks shell (one electron); the iron atom has six electrons in the 3d
shell and a completely full 4s shell (two electrons). In the band
theory the transition metals are characterized by having two umfilled
bands, namely, & wide low-density s-electron band and a narrow high-
density d-electron ba.nd* (in the simple metals the d-electron band is
full). 1In iron, for example, the 4s-band, whose energy functions
approximate those of free electrons, overlaps the 3d-band, and can
~ take electrons from it. It can be shown, by various experiments, that
there are ~. 0,1 electrons per atom in the 4s-band in iron (See Ref. 2,
Chepter II, Table 2.10). In the transition metals, the Fermi level of
each band is at the same height in the equilibrium state (cf. Fig. 1).
Next, consider a metal during the time when the photons are being
deposited. In the simple metals the conduction electrons (s-electrans)
are induced to make intraband transitions by the laser light (u’laser
= R/8 = 1.7 ev). The excited s-electrons interact smong thezpselves
through their mutual coulomb interaction. The s-electroms can, to a
fair approximation, be treated as free particles, each with an ef-
fective mass ® mass of a free electron. The electron-electron relaxa-

22

tion time in a free electron gas (of density ~ 10°° to 1023/cc) is of

13

the order 10 - to 10’11* sec. Therefore, for laser pulse lengths

>> 10.:L3 sec we expect that the s-electrons will be adlabatically

*The d-bands are rather narrow in energy campared to s-bands be-
cause the corresponding atamic wave functions do not spread far out
in the lattice to interact stromgly with neighbors.



d-band

Fig.1 —Filling of levels in transition metals



heated (up to a final temperature given by the energy of the laser
pulse divided by Boltzmann's constant) by the laser photons. That is,
the excited electrons can be taken to be in a Fermi distribution at

a temperature given by the energy in the laser pulse divided by Boltz-
mann' s constant.

The excited electrons may now interact with the ionic lattice,
giving up their energy to lattice vibrations (i.e., to phonons). In
this case the dominant decay mode 1s known to be through acoustic
phonons ( see Ref. 2, Chapter 9). Electron--acoustic-phonon relaxation
times are of the order J.O'13 sec, Hence in a time very small compared
with the laser pulse length (we envision laser pulses & 10-8 sec) we
may assume that metallic bonds are broken.*

Now consider the transition metals (e.g., Fe). Because of the un-
filled d-band, electrons are able, through theilr counteracticn with
laser photons, to make interband transitions from the s-band into the
d-band, as well as intraband transitions to higher states in the s-band.
Electrons in excited s-band states may interact among themselves via
their mutual coulamb interaction. However, because of the very high
density of states in the d-band, these excited s-band electrons will

* -
The energy of acoustic phonons is < g = Koax"? where K ax is

~ nt/lattice spacing ~ 107~ cm, and v is the speed of sound in the

metal ~ 5 x 10” cm/sec. A typical value for @y 18~ 0.1 ev.
Generally the energies of the acoustic phonons that result from
excited electrons are one or two orders of magnitude less than o (1.e.,

oy mAax
they have energy of the order lO'3 to 10°° ev). Hence electrons must
undergo multiple collisions with the lattice before enough energy is
supplied to the lattice vibrations to break the metallic bands (< 1 ev per

atan). Assuming 1t takes 10° to 100 collisions, and treating each col-
lision as an independent event, we see that the time required for the



scatter into the d-band. Once an electron is in the d-band it is
trapped, so to speak. That is, in the d-band the mutual coulomb inter-
action between electrons is much wegker than for s-band electronms.

This 1s because d-band electrons are localized around the ion-core,

as opposed tc s-band electrons which range over the whole wnit cell.

So once an electron gets into a d-band it does not interact with
other electrons appreciably. Therefore, we assume that the excited
electron configuration in the transition metals consists of the d-band
filled as far as possible,ard essentially no electrons in the s-band.
In this case, electron de-excitation via acoustic phoncns will not
take place to any great extent. This is because if excited electrons
decay to the s-band by emitting acoustic phonons (which have energles
<< 1 ev), these electrons (1) will interact among themselves via their
mutual coulomb interaction, and (2) they will absorb acoustic phonoms.
Both effects thus tend to scatter the electrons back into the high
density of states d-band.

On the other hand, electron de-excitation via optical phonons
will result in much Jarger energy transfer to the lattice ﬁer colli-
sion than would de-excitation via acoustic phonons. In fact, the
energles of optical phonons are on the order of an ev, That is, in

a single collision (with the lattice) the excited electrons are able

metallic bands to be broken is of the order 10™° to 10°++ sec, which

is still small compared with the laser pulse length. We can therefore
conclude that via acoustic phonons a simple metal becomes a high-density,
high-temperature vapor in a time short compared to the laser pulse
length.
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to lose all of the energy given to them by the laser photons. In this
case we expect that after a time of the ordexr of the electron--optical-
phonon relaxetlion time, the laser energy will appear as lattice vibra-
tional energy.

Summing up, we are assuming that in the transition metals the
dominant decay mechanisms for excited electrons will be through optical
phonons (as contrasted to the dominant decay mechanism for excited
electrons in simple metals, which is through acoustic phonons). Al-
though the validity of this assumption can be investigated in more
detail, its ultimate verification must rest with experiment.

Optical phonon transitions are the important mechanism for
electron decay in dielectrics where energy gaps (of the order an ev)
separate the ground state from the excited state. Although the formu-
las developed below apply to dielectrics, as well as transition metals,

we shall give numerical estimates for steel only.

For the optical branch, the relation between energy and mamentum
is o = constant (i.e., approximately independent of K). We take the
optical branch to consist of a band of levels of energy of the order of
an ev. The group velocity of an optical mode is very nearly zero.*
This means that 1f the electrons are excited in a localized volume the
optical phonons which result via electron de-excitation will stay com-
fined to this volume. That 1s, there will be essentially no transport
of lattice energy as there would be for acoustic modes (for which the
group velocity equals v)., Also, we consider the unit cell to be made

up of two atoms (e.g., body-centered cubic structure).

»*
The center of mess of each unit cell remains fixed for optical
modes.,
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IIT. CAICULATION (F ELECTRON--PHONON DECAY TIME

In this section we calculate the transition rate (probability
per unit time) for the excited electrons to decay by emitting a phonon.
The hamiltonian for the system, including electron--phonon inter-

action but neglecting electron--electron and ion~-ion Interactions 1is

H= lem * Helec + Hint (2)

vhere thn is the hamiltonian for free motion of the lattice, Hele c
is the hamiltonian for the free electroms (i.e., Helec describes the
motion of the conduction electrons in the periodic field of the fixed

1attice)(2)‘ and H; ., in the rigdd ion approximation, is given by

T v(r - L) (3)

H,,= T v(f-i-c';.L
L

) -
e T %y ,b

In Eq. (3) V(¥ - §) is the potential of the undistorted lattice at r
due to atoms in the L'th unit cell, and E’)’L p 15 the displacement from
2
equilibrium of the b'th atom in the L'th unit cell. In reality, when
the nucleus moves QL b’ the surrounding electron core moves less.
2
This fact 15 peglected in Eq. (3).
Expanding Eq. (3) in powers of Q we find
= gfm T 1
Hpo=- 5 G, - VVE-D) +5 £ (a4), (4 4)g
L,b L,b
VARV " - T + oo 1‘,
x V Vg v(z - 1) (%)

For the moment we drop all but the first term of Eq. (4). Expanding

QL b in terms of phonon creation and destruction operators (denoted
2

by (A?é)* and A% respectively) and substituting into Eq. () we find
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1/2
1 oy ay¥ _-iRE
H,_, =1 —— (5,2 e + camplex
int L,0,K,a <2MD 0y N> L X

congugate-| eK b Fvir - 1) (6)

where
K is the phonon wave vector
Wy is the frequency of the phonon of wave vector K
o 1s the phonon polarization direction

5%' b is a2 unit vector in the directiomn of motion of the
b'th atan for 2 phonon of wave vector K and polarization o

M is the mass of the atom located at b
The first and second terms in the square brackets in Eq. (6) correspond
to creation and absorption of a phonon of momentum K, respectively.
The transition probability per unit time for electrons of mamen-
tum p decaying to a state of momentum p' and emitting a phonon of mo-

mentun K = (p - p') is given by

ry = 2xjM|® D 7)

where D is the density of final states per umit energy interval. For

a two-particle final state D is given by

B L

3 da
- (2n) j 21t) ' (2:1)3 - ﬁnal) 5(E ©

- Beina1)

The matrix element between initial and final states of Hi at is denocted
by M. The initial state is an electron of momentum p, and the final
state is an electron of mamentum p' and & phonon of momentum K. Ex-

tracting from H, . (Eq. 6) the term appropriate to creation of a phonon



-11-

of momentum K (see Fig. 2) we have

1/2 = -
M=1y <%?1W;> e KL %b . (f \v;ﬁv(; - 1) ¥, d3r>(9)

The integral in Eq. (9) extends over wmit volume. In Eq. (9) the ‘yP's
are the well-known Bloch wave functions for electrons in a periodic
lattice. (‘i’p = eif"i: up(i"), where up(l-' + 1) = up(f') and ]“YP|2 inte-
grates to unity over umit volume.) In Eq. (9) up corresponds to a
d-band wave function and up, to an s-band wave function. The eigen- '
value corresponding to ‘YP is p2/2m, where m is an effective mass,
That is, the effect of the rigld lattice on the conduction electrons
is to cause a shift in their masses; otherwise the electrons behave
as 1f they were free., 1In the following we take m ~ free electron
mass (=x 3.8 x lOuR).

Owing to the periodicity of the lattice, the integral appearing
in Eq. (9) may be transformed as follows: The electronic wave func-

tions must sgtisfy Bloch's theorem, i.e.,
- = -ip-L -
Y¥(r-L)=e v (r
o(F - ©) o(F)

Each term in the sum over L in Eq. (9) contains an integral ovér the
whole volume. If we change the origin of the variable r in each inte-
gral to the center of the L'th cell and then apply Bloch's theorem we

have
1/2

iy (o2 (B 4 R - 3)
Mot L5 <2‘”K N M'b> )

x &, <f w;, V() ¥ d3r> (10)



~1po-

Fig.2 — Single-phonon decay
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Since the integral must be the same in any cell, the sum over L may
now be done., This gives us a factor N times a Kroneckexr delta

BE + 3 +G - p) (G is an arbitrary reciprocal lattice vector, i.e.,
L - G = integer multiple of 2x). The factor N may be absorbed by
assuning that the electron wave fumctions are now normalized to unity
over the unit cell and not over unit volume as was previously done.

We have
1/2

k505D i (i)

X é;,b . <I “:';, v v(r) Y, d3r> (11)

M=138

Henceforth we amit the Kromecker delta, keeping in mind that in a

transition we must have p = p' + K + G.

Now we specialize to optical phonons. For optical phonons we re-

| o _ -
place @ by a constant . Sumning over b we have (el(,l =" %, F QK)

: 1/2
M= 1(1/2 o, m*/2 (Ml‘l/2 - Me—l/e) L v (®, »') (12)
where
u(p 5 = &« [, V@ v, & (13)

and Ml and M2 are the masses of the two atoms of the umit cell.

From BEq. (12) we see thet, to first order in the ionic displace-
ments, if Ml = M2, M = 0. This is understandable, since for optical
modes the center of gravity of the unit cells remains fixed and thus

the contrary motions of the atams just balance out in their scattering
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effectl.* By teking into account multi-phonon processes (1.e. , the
effect's' of higher-order terms in the electron potential energy (see
Eq. U4)) one obtains a non-zero contribution to M, Multi-phonon pro-
cesses are discussed 1n the Appendix, For impure metals like steel
or alloys the right hand of Eq. (12) is nonzero.

We shall now study the problem of evaluating the integral Ua de-~
fined by Egq. (13). In order to evaluate Ud we make the assumption that
the potential field surrounding each ion is rigidly attached to 1t,
and moves bodily with 1t That is, we assume that V(r) cen be

written as a sum of atamic potentials

v(r) = ¢ va(i - ii) (14)
i

centered upon the ions at 5':1. Then

* =1t s
u=-&. [ Ty, v o (15)

The integral in Eq. (15) should be carried out over the whole
volume. However, it should cause little error if we take the integral
over the unit cell. The potential of the bare ion does go beyond the
unit cell. But the other conduction electrons tend to screen out the

ionic potential beyond the unit cell.

*In the model used here (i.e., rigld ion potential with spherical
symmetry round each atom) M = 0 to first order (in phonon coordinates).
In order to obtain & nonzero first-order effect it is necessary to use
a model vwhere the non-equivalence of the fields about each atam in the
wnit cell is taken into account.

**Calculations based upon a less restrictive assumption have been
made by several authors, in particular by Bardeen (Ref. 3), but in the
present state of the theory these are refinements which are of doubtful
value since they only affect the numerical values of parameters which
cannot in any case be calculated very accurately.
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Ve are, in effect, using the Wigner-Seitz methoc'i‘(h) (also known
as the cellular method). In this method each atam of the lattice is
surrounded by its Wigner-Seitz cell--the cell bounded by the perpen-
dicular bisectors of the interatamic vectors (e.g., for a lattice with
the body-centered cubic structure, the Wigner-Seitz cell is a truncated
octehedron). The electron wave functions (for a given band) are of the

form

- olper :
‘}'p = e uo(r)

where (16)

uo(f' +1) = uo(-f)

and satisfies the bowmdary condition

du O/an = 0,
d/dn denoting differemtiation normal to the bounding planes. Since,
however, the Wigner-Seitz cells approximate closely to spheres, it is

a good approximation to apply this boundary comdition over the surface

of a sphere of equal volume {if the radius of such & sphere is T, We

have 14-1(!’2/3 = atamic volume). The boundary condition thus'becames

auo ‘
— =0 (17)
Ikro

Integrating the right-hand side of Eq. (15) by parts we cbtain
U(E, )= - [ V(R T, v) & (18)
o P % a p' ‘p

*The electron wave functions for different bands have the quali-

tative form of Eqs. (16). However, they differ quantitatively by hav-
ing a different fimction uo(r) for each different band.
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where, now, the integral is taken over a single cell. The integrated

term vanishes because the integrand is periodic. Now

15 ¥+ PTGy

VY
V% P o

1

= i pYP (19)

where it is assumed that, over the greater part of the volume of the

cenﬁuo is negligible. Hence fram Eq. (18) and (19) we obtain

3 g} o "—a - ot bod * 3
UG )= - (B-B) [V, v o (20e)
@ . = o ¥
=15, . (R+0) J Vo(F) Yo, a3 (20b)

where we have used conservation of gquasi-mamentum in obtaining Eq. (20b)
fram Eq. (20a).

Now, Unp-Klapp processes (i.e., processes for which G ;( 0) are
responsible for scattering of electrans through angles greater than
2 sin'l( 2_2/ 3) = 79°.<3) Here, electrons will be scattered through
engles less than 1 rad, (~ 57°). Henceforth we take G = 0. Conser-

vation of momentum now reads

p=K+p (21)

With G = O the initial factor in Eq. (20b) becomes % « K. This indi-
cates that only longitudinal phonons will interact with electrons.*

In order to estimate the integral in Eq. (20b) we argue as follows:
If, for the moment, we take p = p' (i.e., consider an intraband transition

with K = 0) then we require the mean value of the potential energy over

* -
For processes with G ¥ O transverse phonons may interact with
electrons. For then there is no guarantee that XK + G is parallel to K.
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the wnit cell. The magnitude of the mean value of the potential energy
is of the order of the average electron kinetic energy, which is of

the order of the Fermi energy. On the other hand, consider the value of
the integral for large K. Due to shielding (by other conduction
electrons) Va(r) = 0 for values of r greater than the order of the

interatamic distance. Hence the integral vanishes (because the inte-

- -

grand contains the function eiK.r which oscillates rapidly for large

K).

Here, Kr < 1 vwhich 1s intermediate between very small and very
'La:rge K. Also, we require the value of the integral for ‘YP describing
a d-band, and for YP' describing a s-band (i.e., we want the value of
the integral for an interband transition). In this case, the initial
and final wave functions contain different angular dependencies, which,
on integration will tend to reduce the value of the integral. Hence,
we expect that the value of the integral 1s less than EF (perhaps a
fraction < 1 of EF)° To determmine exactly how much less we would
have to determine a realistic potential V(r) that describes correctly
the properties of the metal, substitute this potential into a Schro-
dinger equation that includes electrom-electron interactions (so as
to include screening), determine the electron wave functions and then
substitute the potential and wave functions inte the integral. This,
however, 1s beyond the scope of the present work. Furthermore, since
Xr < 1, we see no reason to assume that the integral is a very sensitive
function of X. Therefore, we take the value of this integral to be
independent of K, and of magnitude approximately E, = R/8.

From what has Just been said, we have
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iKI for longitudinal modes

1}

- -t
U&(P; ')

0 for transverse modes (22)
where I = R/8.
Fram Eqs. (22), (12), (8), and (7) we have
2
ry=2n M|"D
2

2 - -
- 052 A (P2 0 ) | ‘(‘z")3 K 8<ed(P) g 0 SN wo> (23)
) oo -

where LI is the phonon energy.
In arriving at Eq. (23) we have used conservation of momentum

(Eq. (21)) and integrated over the final electron momentum (using the
delta function of momentum that appears in Eq. (8)). Here, all of the
excited d-electrons (of energ& ¢ d(p) = Pa—i + Vg4, where V, is the
average potential energy of a d-electron) are taken to be in a narrow
region beginning at Ep = R/8. The final energy is an s-band electron
(of energy (p - ﬁ)e/em), and an optical phonon of energy w, (which is
independent of K). Choosing the polar axis along p and then integrat-

»*
ing over the azimuthal angle we find

2 1
ry = 0572 (¥ n o) [ ex [ e o/ - (/) <) ()

1

vhere x = cosine of the angle between p and K, and w = w * %n' - cd(p).

Integrating over K we find

ml/g

B -1/2.2, 2 3 ¢t ax
ry= (47" ) (I7/kn w N) P LW

x[<x+ xz-az)h+<x- xg-eﬂ (25)

*
Hereafter we drop the subscript s on m.
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where

82 = om w/p° (26)

The lower limit on the integral in Eq. (25) comes from the requirement
that X be real.

The integration over x is elementary. The final result is

1/2
r,=cp1-a9" (1-2a%02) (27)
where
2
¢ = (Ml’l/ 2. Mé-l/ %) (w®/mo ) (28)
Now,
W= Wy + = ed(P)
2 2
= (uo +%n-- <-Pé—n+vd> (29)
=0, = Vg

(30)

In obtaining Eq. (30) we have taken wy ~ Vg ~ Ep, and p ~ Pp. In the
next section we discuss Eq. (30), giving same numerical estimates for

steel.



IV. DISCUSSION AND CONCLUSIONS

Let us apply Eq. (30) to stainless steel (= 90 per cent Fe, 10 per
cent Cr). 1In this case we assume that 20 per cent of the unit cells
contain a Cr atam. (6)* Therefore, the interaction amplitude (Eg. (11))
should contain a factor 2 X 10™ and the transition probability a

factor b x 107°. Upon substituting the Fe and Cr mass into Eq. (30)

we have (we take 0y = 1/8 R, 2N ~ 1073 cells/cc, m = 3.8 X lOb'R,
I=E = R/8)
r,=1/1, =2x 107% (31)
Now,
R=x2 X lO16 sec-l
Hence,

7

Ty 2 2.5 X 10" sec (stainless steel) (32)

For a steel that is predominantly 90 per cent Fe and 10 per cent Ni
we find

-6 *%
Ty = 1.5 X 10 sec (Fe-Ni steel)

Physically, in time T, &n excited electron has a probability of
T 37 per cent (i.e., e™1) of decaying by emitting a phonon (i.e., the
rst
square of the electron wave fumction contains a factor e ). Ina

few times Ty all of the electroms should have decayed and hence the

¥
Cells (80 per cemt) that contain two Fe atoms contribute zero
to the amplitude (see Eq. (28)).

*¥* -
For a 50-50 Fe~Cr salloy Ty~ 1x 10 8 sec; for a 50-50 Fe-Mo
alloy 7, ~ 10-10 sec,



lattice gains energy of the order of the laser energy (here taken

3

in *
~ 10° to 10 joules per cc)., Hence, at the end of this time the

lattice energy will be greater than the vaporization energy, which

implies that the metallic lattice has became a fluid., This fluld

being at a very high density and tempersture ( ~ 107 to 10°°K) will

expand, causing large pressure gradients (i.e., shocks) etec.

We should like to point out that the time obtained here is much
longer than the time it would tske if the electrons interasct with
photons whose energy >> R (e.g., X-rays). In this case the wave-
length of the excited electron is much smaller than the interatamic
spacing and the velocity of the electrons ~‘108 cm sec_l. The elec-
tron makes coliisions with atoms, glving up energy to the atams.

Since for iron the vaporization energy (per atam) is ~ 1/2 ev, it will

take few (say, 10) collisions (per electrom) before the metallic bonds

are broken. The time in which this happens is of the order of the mean

-6

**
free path (~ 10 = cm) divided by the velocity of the electron

*In the Appendix we show that the transition probability for an
electron decaying by emitting two phonons is, for stalnless steel, an
order of magnitude less than for single phonon emission. However, for
Fe-Ni steel, the first and second order transition probabilities are of
the same order of magnitude. This result is quite accidental since
in the first-order transition probability for steel there occurs the
difference of two nearly equal numbers and a small factor (4 x 10-2)
which takes into account that 20 per cent of the unit cells give a
non-zero scattering effect. The first-order transition probability
for most alloys is typically much larger (decay time much shorter)
than for steel (e.g., for & 50-50 Fe-Mo alloy T1 ~ 10-10 sec) and
hence the first-order scattering dominates (second-order decay times
are typically ~ 10-0 sec).

**The mean free path = (nc)-l, where the absorption cross-section
o, for Fe, can be taken (at X-ray energies) to be the geometric cross-
secgion of the Pe atom (¢ = 1016 cnf). Hence, for n ~ 1022, (ng)-l =
107° cm. :



ez
( ~ lO8 em/sec). That is, this time (for ten collisions) is of the
order of 107 sec.

Also, we note the manner in which a metal breaks up is similiar to
the X-ray case when the laser photon density (per electron) is much
greater than one. For, when the photon density (per electron) is mmch
larger than 1, the electron picks up (on the average) energy much larger
than the Fermi-energy (i.e., in this case multiphoton absorption takes
place) or equivalently, momentum much larger than the Fermi-momentum.
That is, in this case the wavelengths of the excited electrens are much
less than the interatomic spacing. These conditions are the same as the
X-ray case,

We restate that optical-phonon decay is the principal mechanism

by which substances with band gaps (2w r) de-excite (e.g., dielectrics

lase
and insulators). Where the gep spacing is much larger then the laser
photon energy, the material will be transparent to the laser beam un-
less the average energy given to the valence electrons is =z gap spac-
ing (i.e., we would expect the material to be transparent unless the
laser photon density (per electron) is large campared to 1, so that
the electron may undergo multiple photon sbsorption). For further
information on multi-photon absorption see Ref. 7.

We emphasize that here we have calculated the redistribution of
excited electrons with accampanying phonon excitation under highly

non-equilibrium conditions. Only when the photon energy is deposited

in a time which is longer than the electron-phonon decay time (~ 107 to
10‘6 sec for steel) 1s it meaningful to think of the metal as being
vaporized instantaneously. Hence, for steel and with laser pulse lengths
< 1077 sec 1t 18 not possible to apply immediately an equilibrium equa-

tion of state to determine pressure gradients, ete. It is necessary to
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wait a time of the order of the electron-phonon decay time before such
calculations become meaningful.

Finally, we re-emphasize that our conclusions about the decay
mechanism of transition metals depend completely on the validity of
the assumption of the "d-band trap" (i.e., the assumption that the
conduction electrons became inhibited from decaying via acoustic-
phonons because of their affinity to stay in the high-density of
states d-band). If this assumption is valid then we conclude that
in the transition metals the electron de~excitation will take place
(via optical-phonons) in a time ~ 1077 to 10"6 sec as contrasted to
the simple metals where electron de-excitation takes place (via

1 46 10720 sec. With laser pulse

acoustic phonon) in a time ~ 10~
lengths ~ 10-8 sec and fast photo-detectors (with resolving time

~ 10-9 sec) it is conceivable that experimental investigation of the
early time history of the metallic decamposition in the transitiom

metals may be done.
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Appendix

TWO-PHONON DECAY

In this appendix we estimate the decay rate into two phonons.
Two-phonon final states come about in two different ways (see Figs. 3
and 4).

First consider the process depicted in Fig. 2. The amplitude
for this process arises out of the second-order expansion of the elec-

tron potential energy. Now,

= 2 (B3P0 | (34)

r int

2

where, from Eq. (4),

int l : (Q-L b) (QL b Va VB v(r - 1) (35)
and
d3P 3 *
3 3
D= (23() (2’.[)—3 J‘ (27‘)3 J‘ (2“)3 (Pin out> 5 (Ein— EO‘U.‘C) (36)

Expanding the Q's in terms of phonon creation and annihilation opera-~
tors, and retaining those terms that correspond to the creation of two

phonons, we find

o33 i) () F B

¥ = - 3
IYP.VVV(T)YPdI‘} *¥p -5 -K-R-G) (30

*
We denote (H by M.
if
Here we are dealing with a three-particle final state,



Fig.3 —Double - phonon decay

Virtual elecfronX

Fig.4 — Two successive virtual single-phonon decays
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In obtaining Eg. (37) we have performed the summetion over L (see the
*
derivation of Eq. (10) for details). Assuming a representation for

V(r) such as in Eq. {14) we have to evaluate integrals of the form:
D S
IESAAOR R (38)

Where the integration is performed over only the unit cell. Inte-
grating Expression (38) twice by parts we obtain
*%
(R - %) (k- &) [v(E) 6, v, & (39)

The integrated terms are zero because the integrands are periodic
over the lattice, The integral appearing in Expression (39) is identi-
cal to the integral I discussed in Section III (see discussion preced-
ing Eq. (22)).

For optical modes Eq. (37) yields (on performing the summation

P
over b)

mp= - (I/2Ww )(LAy + LM) £ & « (K - K1) &, - (K- K1) (ko)
o

Same qualitative features of the second-order amplitude may be seen
from Eq. (39). First, if M, = M, we see that m, # 0. We have seen
that the first-order term vanishes if M, = M, (see the discussion
following Eq. (13)). Here, the ionic displacements appear quadratically

and thus the scattering amplitude from each ion in the unit cell has

¥*
The electron wave functions are assumed to be normalized to wity
in the unit cell,

¢ -
As before, we neglect processes where G # O.
o
We have arbitrarily set w., = w = u)o/’r-’ vhere o  ~ (1/8)R.
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the same relati\‘re sign.  In pure metallic crystals (e.g., pure Fe)

the first non-vanishing contribution to the decay rate cames from the
second-order term in the expansion of the electron potential energy.

In order to compare this second-order rate with the first-order rate

for steel we put M; = M, = mass of the Fe atom (since Fe is the major
constituent of steel). Second, we see that, in the second order,
transverse phonons will couple.* Here, however, since we are interested
only in an order of magnitude estimate, we shall neglect the contribu-
tion to the decay rate arising from transverse phonons. With 'these

simplifications Eq. (40) becomes
My = - (I/Mw)) (K(K + KKK (K + K*)K) (1)

Upon substituting Eqs. (36) and (41) into Eq. (34) we find
r, = (t/wt w)? [ a¥k ad /(2n)? {Bleg(®) - [ - & - k)] w)

X (k- (R + RO (R (R + RDADP (k)

where the upper limit on these integrals is ~K . §:¢

nax ™~ x/laf.tice

spacing). Changing fram the variables K, K', to K, & = K + K') and

using conservation of mamentum to express K'.Q and x'2 in terms of

Q and K we find
r, = [1/(20)] (108 w)? [ @ 8(3-4/m - @/2m - )
« [ - & B D2ANQE + K- 28 - D) (43)
vhere y is given in Eq. (29).

*Since, in general, § - K' 1s not parallel to K or K'.
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In order to obtain an order of megnitude estimate of the K inte-

grate in Eq. (43) we take § parallel to K. With this we find

2 2
K) (Q'K) ~ Qll* d3K - _14'_7t 3 Q,h i)
K° - 28:K) J 3 " (

2 .
3 (-8
f"d 27,

K°(Q

By substituting Eq. (44) into Eq. (43) and performing the Q in-

tegral by means of the delta function we find

I = Kiax (I/NMU.)) P5 Jl dx
2 15(20)3 ° e (2 - a2

where

Y (46)

The lower limit on the integral in Eq. (45) comes fram the requirement

that K be real. The integration over x is elementary. The final re-

sult is
b Kot 2 5 2, 1/2 2 4
T,=3 (’;‘ % (I/mt 0 )" p7(1 - &%) (16/3 - (16a°/3) +&") (k1)
14

Putting M = mass Fe atam and Kin ax ™~ 100 R we find

I"2 ~ 3 X lo-llR

or

-6
T, = J./I‘2 ~ 10 sec (48)

Next, consider the process shown in Fig. 3. That is, double

phonon emission by two successive first-order emissions, each of which
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is characterized by an smplitude given by Eq. (12). When the electron
in the intermediate state is nearly free, the two successive emissions
are essentially independent of each other (i.e., this case is essential-
1y multiple single-phonon emission, and should not, strictly speaking,
be thought of as double-phonon emission). In this case we expect the
decay rate to be of the same order of magnitude as l"l.

On the other hand, when the electron in the intermediate state
is highly virtual the situation is quite different. For example,
Ein - Eint ~ EF’ where E n is the energy of the electron in the

1

initial state, and E, ., is the energy of the phonon (which is in a

int
free state) and electron (which is in a virtual state) in the inter-
mediate state. In this case an order of magnitude estimate for this
18 R

decay rate is ~ r‘i/EF ~ 10~ This rate is many oxrders of magnitude

less than I‘2.
In Section IV we have seen that for steel 1, ~ 107! sec (T /r) ~10).
Thus we conclude that double-phonon emission will be important only
when we are dealing with a very pure metal (not an alloy, since for a
typical alloy the unit cell contains atoms with not too small mass
differences--campared, say, with steel--and hence I'y will dominate).
Lastly we emphasize that the calculstion of I‘2 is, at most, very

crude since we have even less knowledge of the second derivative of

the electron potential energy than we have of its first.
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