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1. Introduction

The original objective of this project was to demonstrate the possibility
of energy extraction from an inverted atomic system through a new kind of non-
linear process called two-photon amplification.

We have performed a theorctical study of the proposed effect, established
a set of guidelines for the seclection of a suitable atomic system and carried
out the construction of the required multi-laser system. We have not been suc-
cessful yet in observing two-photon amplification within the time allotted to
the program mainly because of the lack of suitable tunable dye lasers. However,
many of the original technical difficulties have been solved, and activitics are
still in progress along the originally proposed lines of research.

Several unsatisfactory features of the commercizl units which were purchased
for our work have been correccted (tempe:ature control of the dye and circulating
water lines, jitter in the initiation of laser ocutput, ectc.). Other improvements
and modifications rcquired for the simultaneous operation of the multi-laser sys-
tem are presently under way in an attcompt to complete the experimental phase of
this project to our satisfaction.

Among the main advances that have becen carried out, we should mention:

i) the design of a Ruby laser-pumped high power infrarcd tunable dye
o
lascr operating around 9153 A with a considerably broader tuning range than
originally anticipated from published data.
ii) construction of a tunable ultraviolet source consisting of a flash
lamp pumped dye lascr and angle-tuncd second harmonic crystal for operation at

o

2721 A.
iii) establishment of & sct of procedures for handling, testing and

monitoring the active atomic systemn (Calcium vapor).

ok A e e Do sma 2k Dt b




iv) the design of a vacuum system for the preparation of the vapor sample

and for the mixing of an appropriate amount of buffer gas. The latter was
chosen to be Xe.

v) the design and construction of 2n accurate timing system capable of
driving the ultraviolet and infrared lascr pulses in a prescribed temporal
sequence.  The timing requircments have been solved after rebuilding the
spark-gap circuit in one of our flash lamp-pumped dye lasers.

Details concerning the status of our instrumentaticn and the prospects
for the observation of the proposed effect are described in the main text of
this rcport.

There remains a potentially troublesome aspcct of our proposed scheme which
resides in the incomplete and often inaccurate knowlcdge of all the necessary
atomic parameters. The intensity-dependent gain of the amplifier is a sensitive
function of the oscillator strengths which enter in the non-lincar atomic suscep-
tibility. An uncertainty of the order of a factor of 2 or 3 could be critical for
a successful implementation of our scheme. Becausce, however, rccent interest in
four-wave mixing processes has prompted rencwed investigaticn in Calcium vapor

(as well as Strontium, Barium and Magnesium) a more accurate theoretical analysis

of the paramcters in question is expected to be within reach.




2. Theorectical outline and background

The idca of producing two-photon stimulated emission and amplification was

: . e 1 5 2
mentioned in early papers by Sorokin and Braslan™ and by Prokoroev™, To the best
of our knowledge, the first dynamical study of two-photon amplification was car-

. i : . b ] 3 3 .

ried out by Estes and Shamwmas jointly with this principal investigator™ using
the Bloch-Maxwell formalism.

Prior to this work, coherent two-photon absorpticn had been studied by

= 4 : s 221D

Belenov and Poluektov and at about the samc time by Takatsuji

From d conceptual point of view, the scheme suggested by Estes, Narducci
and Shammas can be described qualitatively 2s follows. One assumes inversion
between two levels of the same parity. If no allowed radiative processes or
collision induced decays exist, the natural relaxaticn of the excited atoms
back to the ground state will be relatively long. If a strong incident field

g J 8 g
with a carrier frequency approximately equal to one-half of the atomic transi-
tion frequency is allowed to interact with the atoms, a non-linear polarization
can be induced which oscillates at the same frequency as the incid ent wave. The
)

atoms, then re-radiate at this frequency and, under appropriate conlitions, the

wave is amplified.

The details of the model arc made morc explicit in the enclosed reprints.
Here, two facts are worth mentioning: first of all, if allowed radiative transi-
tions from the excited state arc to be‘climinatod, it is reasonable to give pre-
ference to atoms with an excited state that lies directly above and has the same
parity as the ground state; secondly, the magnitude of the non-lincar polariza-
tion is expected to be much smaller in the absence of near resonant intermediate
states. The quasi-rescnant cnhancement, which is very convenient for observing

two-photon absorpticn in atomic vapors, will be absent here because of the need
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for a long lifetime of the upper level.

Thus, the sclection of a suitable atomic specics must be made with thesec
two conflicting requirements in mind.

Our theorctical understanding of the process is rather satisfactory. The
evolution of the propagating pulse through the inverted atomic medium has been
described in terms of coupled field-matter equations. In the limiting case of
coherent propagation (negligible effects associated with the irreversible lon-
gitudinal and transverse atomic relaxations) the pulse cvoluiion has been
described by an “area equation' similer in spirit to the equations propesed by
Arecchi and Bonifaci06 for a one-photon amplifier, and by McCall and Hahn’ for
self-induced transparency. Our area cquation, howcver, describes the evolution
of the total pulse energy and thus is directly related to a measurable quantity
(by contrast the "area' of Arccchi-Bonifacio and McCall-Hahn is defined as the
integrated pulse envelope which is not directly observable).

We have discovered fregquency modulation effects which are entirely absent
in the conventional single-photon amplifier. Thesc are presently under inves-
tigation. The available results will be summarized at the end of this section.

With reference to Fig. 1 of the enclosed reprint "Theory of a two-photon
laser amplifier" by L.M. Narducci, W.W. Eidson, P. Pur&initti, and D.C. Eroson8
we note that the assumed cnergy level structure of our model system has active
levels of the same parity (cnergy scpnratjon-ﬁlbq)- No direct dipole transi-

t

tion can occur between these levels:

3

however, a non-linear polarization can
be induced with the help of the dipolv-aliowod intermediate states which have
been labelled collectively with the state vector symbol |j>. It is assumed
that a population inversion can be established between the excited and ground

state and that a pulsc with a carrier frequency w =

“ha 4o incident upon the
_-.?—. - 7 o }

system.,

3




The main results of the calculations reported in Ref. (9) are:

i) The evolution of the atomic system can be described by a collection
of threc variables; these satisty threce coupled differential equations which
bear a strong formal similarity with the Bloch equations.

ii) A non-linear polarization oscillating with the same carrier frequency
as the incident pulse can be induced in the medium. The atoms re-radiate and,
under appropriate conditions, cause an amplification of the incident pulse.

To be precise, additional components of the non-linear polarization may
also be induced and competing paths for the release of the stored atomic energy
can be opened (for example, third harmonic generation can be supported in the
inverted vapor). A simple way to eliminate the cffects of the non-linear
polarization at frequency 3w is to prepare the incident pulse in a state of
circular polarization. The atomic selection rules, in this case, prevent the
gencration of third harmonic light.

If one ignores the irreversible dephasing  processes induced by collisions
(it appears safc to ignore the relaxation of the population inversion because of
the long lifetime of the excited state and the low pressurc at which the systenm
is expected to operate). the coupled cquations describing the cvolution of the
atomic variables and the propagation of the field intensity and phase have been

shown to be
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The atomic variables R, and R, are proportional to the out-of-phase and in-phase

1
components of the non-lincar polarization; Ry is the population differcnce
between the excited and ground states of the system; & ° is proportion=l to
9]
the slowly varying intensity envelope of the propagating pulse and
Y . 3 2
20-w, + 2 - 1is the instantancous dctuning.
ba at

It is obvious, by inspection, that the atomic equations bear a striking
resemblance to the standard Bloch equations for two-level atoms with two main
differences:

a) the role of the conventional Rabi frequency (esscntially the envelope
of the driving field in the ordinary two-level Bloch formalism) is played by

the field intensity :%2

b) the detuning term contains an intensity-dependent contribution which
is immediately suggestive of the existence of chirping and frequency modulation
effects even if the resonance condition 2w - W, =0 is met at the input of the
amplifier.

The field equations for the intensity 502 and the detuning also rescmble
the field equations for two-level systems. Here, however, the driving polari-

zation is directly proportional to the field envelope itself. Under coherent

propagation conditions (i.e. on neglecting irreversible atomic decay processes)

the atomic variables satisty the conservation law




just as the corresponding Bloch variables for two-level systems do. If, in
PO R Gpha e o
addition, the resonance condition w = e is satisfied, the additional con-

servation law

R, - YRy = RZ(O) = YRS(o) = -y
is satisfied, where ¥y is the ratio of certain electric susceptibility coeffi-
cients (see eqs. (2.7) and (5.4) of Ref. (2)). Bccause of these relations
between the three Bloch variables, the resonance propagation is governed by
only one independent atomic parameter. This has been demonstrated explicitly

by showing the validity of the exact formal solution of the Bloch equations

R,
3 .
R1 S $1ino
/1+Y2
RSC Y
R2 =5 T fcose ~ 1)
¥
e
S

R; = T+y’ (coso + v7)

where R3e is the initial equilibrium population and

30 _
ot R

The result is all the more remarkable if we observe that the parameter o
which is proportional to the accumu]u?cd cnergy oi the pulse from the leading
edge (1 = 0) to a given time 7, satisfies an "arca equation'" which can be in-
tegrated cxactly to yield exact analytic predictions on the behavior of the
total pulse energy for sufficiently long amplificrs.

We refer to the enclosed reprints for detaiis concerning the quantitative
predictions of this theory. Here it is worth mentioning that numerical solu-

tions of the coupled Maxwell-RBloch equations have confirmed the adove features




of the propagation problem and have shown in addition that, above threshold for
amplification, no intrinsic limitations to the traveling pulse peak power is
imposed by the non-linear process. Of course, in actual practice, it is expec-
ted that additional nonlinearitics will become important as the peak power of
the incident pulse becomes larger and larger. Nonetheless, it is rather remark-
able that the usual power saturation effects, which are well known in ordinary

laser amplifiers, are absent in a two-photon amplifying medium.

Under ordinary experimental conditions with vapor pressure of the order
-3 .1 e _ : e 1
of 10 "-10 ~ torr and buffer gas pressure in the range 10-100 torr, the irrever-
sible decay processes induced by collisions and the loss of atomic coherence arc
no longer negligible. We have gencralized the Bloch ecquations in the traditionzl

R

e

of the Bloch vector and analyzed the evolution of pulses of various widths by

way with the addition of phenomenological decay terms for the components R

numerical techniques. Solutions have been obtained over the entire range of
interest from the coherent limit (pulse duration wuch shorter than the atomic
decay time TZ) to the rate equation limit (pulse duration much larger than Tz).
As in the case of an ordinary laser amplifier, the main signature of the loss
: of the atomic coherence is the reduction and eventual disappearence of the pulse
envelope modulation.

In the extreme rate equation limit, the polarization variables R1 and R2
can be climinated adiabatically and the pulse evoluticn is governed by the

coupled cquations
1
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where T and n are the usual local time and scaled distance variables, and O

’ U
denotes the instantancous detuning 2w - Ga * 2 gl
D3 j
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The role of frequency modulation in the propagation of a pulse has been
investigated only recently by our group. A few preliminary results are
available:

i)} in the coherent regime, the field equations for the intensity

and the detuning Q imply the conservation law

n

wpn, 1) Qn,1) = 0p (1=0,7) §

where § is the detuning 2w - @, 2t the input of the amplifier and where the
<

linear s¢attering losses have been ignored for simplicity. It is clear that,
unless the incident pulse is exactly tuned for two-photon resonance (8§ = 0),
frequency modulation will accompany the reshaping of the pulse cnvelope. More

specifically, the instantaneous detuning is predicted to be

Qn,t) = x (n=0,7)

wR(n,T)

where "R (n= 0,T7) is the intensity profile at the input of the amplifier. It
N

is clcar that the magnitude of the ratio (U,1)/:F(n,1) controls the size of
x

“p
the instantaneous detuning relative to its input valuc.

ii) in the ratc equation regime the polarization variables Ri and R

follow the variations of the field intensity adiabatically according to the

—




relations

”
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The above equations predict a dependence of R1 and R, on the intensity-dependent

detuning variable A which is reminiscent of the usuval dispersion relations for

v

single photon transitions. However, in this casc, Rl and R, are proportional to

the field intensity (rather than to the field amplitude) and furthermore, the lo-

cations of the peak of Rl aud of the zero of R2 are intensity-dependent. One of

the consequences of these dispersion rclations is the conservation law

i
|

which relates the instantancous field intensity ”p and the freguency detuning 2.
N €

Here again we find that chirping is associated with the pulse evolution according

to the rclation

=S L

7
..(l(’[ (T) = dW- Wy, + f;.:- [(,J,; {1 vt} ~ (‘).k(c"()]
Ity

The behavior of §§ for the intermediate regime where the incident pulse width is

comparable to the atomic transverse relaxation time T, is too cotipiex to bhe

studied analytically. A numerical analysis is in progress.

. P T WP RE Wy oL




T

é References for Scction 2

E 1. P.P. Sorokin, N. Braslan, IBM J. Res. Dev. §) 177 (1964).

b 2. A.M. Prokhorov, Science 149, 828 (1965).

; 3. L.E. Estes, L.M. Narducci, B. Shammas, Nuovo Cimento Lett. 1, 175 (1971). i
4. E.M. Belenov, I.A. Polucktov, Sov. Phys. JETP 29, 754 (1969). |

S. M. Takatsuji, Physica (Utr.) 51, 265 (1571), Phys. Rev. B2, 340 (1970).
6. F.T. Arecchi, R Bomifacio, S FEEE.J."Quant . SElectr. QE-1, 169 (1965].
7. 8.L. McCall, E.L. Hahn, Phys. Rev. Lett. 18, 1019 (1965).

8. L.M. Narducci, W.i¥/. Eidson, P. Furcinitti, D.C. Eteson, Phys. Rev. AlG ,
1665 (1577). x

9. L.M. Narducci, L.G. Johnson, E.J. Seibert, W.W. Eidson, in Coherence in
Spectroscopy and Modern Physics, LEds. F.T. Arecchi, R. Bonifacio, M.O0.
Scully (Plenum Press, N.Y. 1978) p. 131.




oo vl

P i
oMt ] e

Slam.  oail: v +Sv.
_ﬂl\ll.z.?)(i\.
| {00 S

1
1
- a2}
e
‘ e
8= |
'y A~ i
. i
- * 30085Y =
|l.!(/\/\<‘l__|
.ﬂlll. m.ﬂc.kaa\
0 -
ELAY L
+3v
m 1KQ
\\J e g \
|




The possibility of pre:
cd decay and po
tive mediara v

PHYSICAL REVILY A VOLUML 16, NUNBI NI 1 ocCrorbir 19707

Theory of ¢ two-plioton lescer armpliCer

Lorenzo M, Narducor and Williun W, Eidvon
Department of Pisysws and Atnopherie Scucnce, Dierel Unaersty, Phdudcdpiaa, Pennsyliare 191064

Paul Furciiti
Departracnt of Piochemistry. Penncyliania State Univeraty, Univeraty Vark, Pensybania 16592

Dona!d C. Etecon
Electrical Enzineering Deparimont, Waorcestor Folyrechne Inititate, Worcester, Ma ..JJu sets G1409
(l cecived 27 Jar

ary 1977, revisad manusenpt received 16 June 197

‘ «

We discuss the propagation of an clecpromagnene palse thia fium prepared in a stiute of

imversion botweer twe livels of the wane po

uph an zotive o

fnee no elucine dipele transiion 15 ne sible bBetween the

o of

9 LI

en atomic levels, we investigete the posubility of am; an injecird sgansl having a carmer

Ior smtable conditions 2

frequency equal to one-haif the atomic-tiansiion frequency. We

nonlinear atomic pols rune be pevera b oosenlites at the froquengy &5 the ncrlect
dectromagnetic pul.e ed ctom-! lution is deseribod by the usea] welf-consistent approich
When wtc. {Tects are ni Ule, we denve an equatien describing the il evolution of the
encigy of the propagating pulse. From ths ecuntion we ¢ arzcterize the threshold concn wer
amphticaton and clasyify the mulrple stealy ¢ solutions o the projagaiion problem. The evolution ¢f the
pulse cny K threaph the .x;x.pll.-;r b anaivzed wnh the aclp of 2 kybndd computer siniul Folee.

envelop: madulation and muitiple-pubse formation even an the asymptote fimit of iong amphfiers 2re
displayed

1 INTRODUCIHION is «till true in the theoretical an
und: X['!‘ |"‘»~I-)‘ Missipn Or

‘ing two-photon stirmulat- Hovever, the the u two-pl
amplification in a pumpcd ac- dicis jinferesti 1;' effects which have ugw ¢
lgestcd, appare ul\ ar the the atoms are initially vaexcited. Thus,

first timz, by Prc Soreiin and Boos- Eio, we find that, while a two-photon o
lau.? Since thea, <(ns1dom sle progress has been aljows the propagation of 2 Lorentziaa-sheoca
made in vnder 1 tive dynamics of coherent steady -stale pulse, the colhicreat {wo-phoisa am-
{wo-photon processes.’ plifier cannot support a steady -state-puis» e~
Much of the recent work has focused on situn- velepe. On the other hand, the pulse exerey satise
tions in which the a.oms are initiatly in thoiv fies an equation that ollows diffcrent ciass-< of
ground stale; the resulis have shown surgrising sweady-state Lolunon::.
qualitative stimilarities between echerent twe- In this paper, we dizcuss the lhe ata
photon precesses aud their siszle-photon countor. erafe two-photon amplifter. The term deo
parts {the tern cohierent is uscd here, and henze- indizates that tiw carricr frogquency of the i
forth, "h:!"ac((-ri;zo siteations where the atonmic puise is 1‘.}';‘:‘&".‘{!‘71"’.(’?? ope-balf of the aton it
I‘L"Af'..‘ilulu n times are much longer than the dura~ transition jrequency. We roguire the in
tion of the p:'vpz_:.m.l_: pulee). Thus, self-incuced to satisfy the slewly varving envelope o
transparency, pulse-ainplitude and h cqueney med- approximation, and in addition we restric! ovr
ulation, adizbatic feilowing, and t\l creat trans. tention to putse duraticns which are sutficientdy
fer of atomic populaten have been described the- smatier than the alenne incoherent relication
orctically.® pxpoerinicnts on cohercat two-phoion times.

processes have olso been reperied.” Our analysic ovolves alony the lines ny
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cquation is intesrable and teads to explicit pre-
aretions rog

ardiny

the asymptotie (larye-distance)
behavior of the pulse encrey. The threshadd con-
ditien for power wmmplification reguires siomultan-
cously an appropriate population iy ersion be-
taeen the active tevels and a sufficiently large
inpul enerygy. As aoresult, smail-signal amplifica-
tion cannot be supported by a two-photon amplilier.
On the other bhaad, if the power amnlification con-
ditions are met, a propacating pulse undergoes en-
velone modulation teading to pulse sharpening and,

under appropriate conditions, muliiple-pulse for-
mation.

IL BLCCH FQUATIONS FOR THE ACTIVE MEDIUM

We forimulate our calculations for a typical atom-
ic sysiem with an energy-level diasram such as
shown in Fig. 1. The levels tabeled '« and (6) are
assumed to have iden ¥ ¢ lae iater-
mediate states, labeled [j), d to either
‘u) or |b) (or both) by a direct dipole transition.

The total Hamiltenian of the system Las the form

H=Ea)al+ E,b)b] « D7 E (il =B 8(x, 0,
J

'
¢
2
L

(2.1)

where the clectrie field & (v, ) has the familiar
form of a propagatinyg piane wave vwith a slowly
varying envelepe aud phase

Z(\', t)= :f?‘,(\’, ) cos[wt - ky+ o(x, 1)]. (2.2)

The carrier frequency v is approximately cqual

il

— e 1)
Wy, & 2W
la)
FiG. 1. Schematic ener cvel dingran for an active
atont, The enerily sep e betweon the states 'y and

incident
e tively represents ol the

Iy is approximatoly taice the encray of

photon,

vinhal g0«

intermedite states,

to one-Lalf the atomic traasition frequeacy oy,

= (K, - E )i, We classify this situation as degen-
erate to distinguish it fromn the more general case
in which two ficids of diticrent frequencies, w,
and w0, (w0, + w0, s .‘,]), ave propasated through the
medium. The dipole-monmicat operitor is assumed
to have the form

P= L 1) j 1 Bey v 1030 | Dgy + (hermitian adjoint) .
]

(2.3)

The coupling terms between intermediate staies,
i.e,, terms of the form }j {j''D,,, are neglected
in Eq. (2.3) since, under the present conviiticas,
the atomic population is expected to be distributed
only between the two active levels ja) and ih).

Cur calculationisbased oa the traditional self -con~

sistent approach. Weo coustruct eguations of mo-
tion for the retevant atomic amplitudes €, and C,
driven by the applied clectric field, We then derive
an expres=sion for the ate ca i lerms
of the atomic amplitudes, and require, sclf-con-
sisteatly, that the polarization act as a source
term for the classical field-propagation equations.

This approach was adepted to tae description of
ifacio.?
Their results will be recalied in our discussion to
emphasize (ke similarities and the diflerences
between thie one- and two-photon amplifier theo-
ries.

Our starting point is the sSchriidinger equaticn,

a one-pholoi amplificr by Arccchi and Bo

ao 191 W 7
i!l—(_;{—!.(!))"—l{i:(l)), (2.4)
for a typical atora describe! by a state vector
i ¥
B - o
[ = D5 C 0 EF I |y & C (1)1 Bat N | a)
i

+ Cylt)e'Fot /™ | b) . (2.5)

The atomic state veclor evolves under the action
of the total Hamiltonian civen by Eqs. (2.2) and
(2.3). The atomic amplitudes ¢, C,y C, 2re as-
sumed to be slowly varying in time, i.e., to re-
flect only the secalar variaiions of the state vee-
tor. ‘This assumntion is well justified for single-
photen proc acder resonance conditions, In
this case, in addition to requirving that w =}
we must nocleet competiangy 1adiative processc
which cause the atom to radiate at a differcut fre-
quency frem that of the stiimulatine feld, In the
prescince of @ strong sional at frequency o this
assumption

The exacl ©
plitudes are

cs

mears justifiod.

pled cquations for tie atomic am-

- .,M—,
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ih(“-(’) = = >_: 16 (x, l)("(/)t‘."“‘ »
4

ih(".(/) = }: ty, 6 (x, 1)(‘,(/)(""“/“ - (2.6)
]

G (1) = = j2,,8 (1, 0C (et =t
= l")bé" {x, ’)(‘A({)"‘“M‘ ’

where we have asseened the ficld to be hnearly
polarized and wherc the dipole malrix elements
By and g, are projocuons along the direction of
polarization of the hard.

OQur objective is to dirive a set of coupled ¢
tions for the coherent auplitudes ¢, aad C,. To

this purpose we sohve formadly for the intermediate

amplitudes ¢ (/) i replace ¥gs. (2.6) by a pair
of coupled 'nu .Af:(-runl_i;d cquations for C (¢
and (/). 7The rosult is

(0= = 3 1,8, erie

* j; A 1,8 (v, 1)C, (1)@t

b (3, 1)C, ()et 0t
(2.7)

A similar equation for C,(/) can be ebinined from
Eq. (2.7) by intcrchancing the indices ¢ and b with
one another. In order to reduce the
differential equations to a manascable form, we
perform the slowly varying aaplite ,:L' approxima-
tion for both the atemic amplitudes and for the
field envelope. This amounts Lo replucing & (x, £y
C (), and C,{{’) inside the integral with their
values at the upper limit of integration, and carry-
ing out the exact intcoration of the remaining ex-
poncential factors.

Upon retaining only the siowly varying terms,
the required coupled cquations for the atomic am-
plitudes C (/) and C () take the form

C )= (/i) kg LE 1200 + kg B2 Cyl1) eV osmerat]
(2.8)
>c (,) i u.au]

exact integro-

(l) (‘/ )’ b\u ()+}

where the paramelers I, ky,, and k,, are given
by

E : o',
kaa = ,‘m‘ e "3" ’
7 Ay

w

A~ I
Ry = by
n P ® J

1
kcb' -j,. 5-’_/

and where the slowily Hmesvarying ficld amphitude
o

(2.9)

i is delined by

E(,0)- & (v, )co]wt —ivs ¢lx, 1))
=B lietet s Edly, em s, (2.10)
E (2, 8) = 26 (x, t)e vt

A< an internal consistency check of the elimination
of the intermediate aniplitudes, we chscrve that

o e
—rlciF+ (e =0 (2.11)

as one must cxpect from probability-conscrvation
requircments.

Within the approximations lesding to the system
of Eq. {2.8), we have replaced the exact dynamical
evolution of the multitevel «lom with a description
that bears cousiderable similarity to the tracition-
al analysis of a {u . The majoyr dif-
ference, of ccurse, 2.8) con
square of the ficld ¢

avelope, rather than 1‘ first
power of the field as in the usual desceription of
one-photon pro

Next, we de
polarization in terms of the rcievant amplitudes
C, aud Cpe From the definition

:esses in a twe-level sy

an expressica for the atamie

=N(p =N p 1y (@) (2.12)

and the operator representation (2.3) for the stomie
dipole moment we find, ected, that the total
polarization deponds on (he eatire set of atoni
anplitudes, i.c.,

l’-‘-.\'(}j 1:_,,_("(';("“'1-=' 4 E l-,:(‘,(‘;(‘i‘ bty (‘.(') .
J J
(2.15)

The climination of the intermediate amplitudes
C,;(#) is carricd out in identical fashion as in tha
derivation of the equations of motion (2.8). 1 bus,
we replace C(¢) "'i‘h their formal solution in
terms of C (7 ) wmd Co() and carry out the time in-
tegration atter m 1% the slowly-varying-ampli-
tude approximatica. l" > result of this caleulation
reveals polarization terms which oscillate ™ fre-
quency @, asaweil as terms oscillating ai {requen-
cies wy, W,, and at the third harmonic of the in-
cident frequeney. Thus, as alveady remaried
(Grisehhowsky ¢/ el. in Rel 3), competing ¢!
may cecampany two-photon emission or absorpticn
Processes,

Inn e presceuce of an injected fiold at froquency
«, it appears reasonable to ignore all the polasiza-
tion contributions other thon thoge which oscill e
at the frequency of the externally injected pulse.

In thiz case, the atomice padacication takes the
1orm




It is apparent from Eq. (2.14) taat, as in the one-
photon case, the induced atomic polarization con-
tains termes that oscillate in-phase and terms that
oscillate 1o quadrature with the applied ficld, The
in-phase component of the polarization in Fq.
(2.14), however, depends not oaly on bilincar
terms of the C,Cy, but also on the populations
of the active levels throush € and C3.

By analogy with the Bloch-vector represceatation
of the one-photen theory, it is convenient to in-
troduce the new atomic variables

R, =i(CICe'™ —C,Cle ™),
R,=—(€.Cle '+ CIC ), (2.16)

Ry= 'Cbniz— ICHIZ.

tone

Tke physical meaning of /t, and B, is immediately
obvious: R, represents the population diffcrence
belween the two levels of intervest, while R, is pro-
portional to the quadrature compeneat cf (l-. 0N -
linear polarization. R,, however, is no longer
proporticnal to the in-phase component of the po-
iarization because of the depandence of {x, ¢) on
the atomic peputations.

In terins of the new varjables, the atomic evolu-
tica is described by the set of cquations

3 o B R s
R &2 l\2;.)—4d+2c )-]‘R + - ..~,,f

R gt (u_wm,lu',)]/e“ (2.17)
R, 2

iy

while the atomic polarization tales the form

btk
)]
Koy = Haa

X cos(w! —hv+ ) - NE,E R, sin(wl - kx+ ).
(2.18)

2= »\/‘d,o fl(

The conservation probability {2.11) is mapped into
the conservation of the len i of the Dloch vector

Tl pmtos e Ak
= (RS + 15+ RE) =0 (2.19)

which follows ut once from Eqs. (2.07).

Orn comparing Fogs. (2.19) with the usual Bloch
cyuitions o a tvo-devel system we note two ma-
joir differences: ia fgs, (2.17) the atomic variables

T — < .
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P Nk 1€ P ke 1O 174 B (€0 2078+ C2C, 080 (vy 0 cos|wl = kv + (v, 8]
# NEGI(C,Ceet® - C2C,e" )8 (v, 1) sinf wt = by + (v, 1], (2.14)
; -
where are driven by he square ol the elvetrie field en-
o velope, rathee tian by the field envelope itsclf
@= (200~ w20y + 20(x, 1) (2.15) o i G ‘

and the detuning variable contains an intensity-de-
vendent contribuiion. The imunediate conscquenee
of the 1atter feature is that, eveu in resonance
(2w = wy, and 8,/20=0), the secend component It,
of the Bloch vector does net vaaish for all time,
This factor will be shown expiicitly und discussed
in See. Nil.

[ COUPLED SCEREGUDINGER-MANWLLL FQUATIONS

The field evolution is described by the wave
cquation

& o 1 98 1 021’

= e R e el 5 0

e & o ey B (.9
In the slowly vau 3 envelope and phase anprox -

mation Eq. (5.1) is equivalent to

3 8 W
S ok, (1 =S O 2
UO(( 9x i U/) ( 2€° ey (3.2)
J a\N . 0
s s L 5 3 e P G 18
r(\a.\ Paz)‘ o7 =3¢ Pe 8

where P, and P, are the in-plase aad in-quadra-
ture components of th larization in Eq. (2.18).
In terms of the atomnic varicbles, the field equa-
tions (3.2) and (3.3) can be cast m'.u the form

a 3 ag)
e el L g T
Gv\ = Jl) (2 e vl)

e po

3 3 & w\t.
AR AP -
Jx Un (o

The coupied cet of equations (2.17), (3.4), and
(3.5) represeat the starting point of cur analysis
It is convenient to introduce the following not.v.-

tions

v=(ky -k, ’¢ Shays €= f}-"i’:b/ﬁo’

we = (L4 7)1 (e /2082, (3.6)

Ay .
9, st 4§

Q= (-.‘l‘ - L“M)" 2 EY) s
and to refor the atam-field evalution to the loeal
coorditnate frame

n=x/e, 7 1 -xle. (3.7)

The coupted Sehrddinges-Mavwell cquations can be
written in (e form




olt v o
1 (‘( ST g 9)/-‘. & 7 7"):/:""5
olt, ¥ ) 3.8)
%= L revas 2, :
.a_’_‘z Lo
(1 _‘ ¥ )175 H
.
Aw,,
“d"b‘-}'.ﬂllf —I.Ar,

\ (3.9)
M. ,(fl’.‘.: s 2Ry
an \er T/ ar )

The fickd-cnvilope equition is written in terms of
the “Rabi frequency” w, which is proportions! (o
the square of the ficid envelope. The daraping term
rically to de-
scribe the effects of nonresonaat losses

In the coherent propagation limit, i.e., neglecting
alomic relaxuaticn eflects, the ficid equation can be
cast inta the form

-lw, has beon adde ! phenomenolc

dw,
_a—:— er‘_]w"

. =-gQR,,

€

(3.10)

which reveal an interesting conscrvation relatio
for the product of the Rabi frequency «p, and the de-
tuning Q. In fact, from Egs. (3.10), we find

2
FACRUEER VSR (8.11)

Equation (3.11) can b2 integrated at once to yield
(weR), = (w2, 00" (3.12)

If at the input of the active medium the detuning
parameter is zero, it remains identically zero,
everywhere., We define as resonant propagation
the situation in which €2 =0 for al! values of 5. In
this case a closed-form whmm exists for the
atomic variables Ry, R,, and R, which is casily
shown to be (see e.z., Belenov ¢f al, in Ref. 3)

Rl =[l(;/(1 9. ’.‘)Z ,:]Sin” )
:.:[Ie;{/(l ol ")""»’](('o!iu' e 1) - (3‘13)
Ry =[R§ (1+37) cosa+y%), .
1 1

where RS is the popatation difference te, P = le, P
just prior to the arrival of the leading edge of the
pulse at a given depth intn the active (or absorbing)
Suediam.,

In arriving at Egs. (3.13) we have assumed im-
plicitly the swepl excuation initial conditions

E(i=0,m)=0,
RA7=0,1)=0, (3.11)
Rlr=0,n)=R;.
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The purameter oln, 1) 15 related to the Rabi fre-
quency by the simple relation
so(n, 1)

=y (3.19)

or by
1
(,(y;,f):-f A u (0, 7). (3.16)
0

Hence, o is proportional to the integratcd pulse
enerey from the leading edge of the pulsc up to a
given valoe 7 of the lacal time. The total pulse en-
ergy vill be denoled by

E(n)- ,h-“l oln, 7); (3.17)

It is casy to derive the cauation of motion for
a(n, 7). From the first field equation (3.10) and
from L. (3.13) we have

2%y g .40 36 oo
e B ":/:‘\”‘7:_"’-—"' (.3.15)
onsT (1+y7) Cl

We find & major difference between B, (3.1R) and
the “arce’ equation derived by Arccchi and Boni-
facio' for a one-photon mmplifier. The Areechi-
Bonifacio area equation lias the form

S =Gsino =152, (3.19)
oYY .
where o represents the area under the clectric
field envelope., Inour case the nonlincar driving
term on the right-hand side of Eq. (3.18) contains
the predect sine (96.°67), This cn'cun.»!nnce allows
us to make general statements concerniag the be-
havior of (!.w pulse eacrgy which are drastically
different from those derived for a anc-ph
plifier.

In crder to analyze the spatial variation of the
pulse cnergy, we integrate Eq. (3.16) with respect
to the local time 7. Upon taking the Hinit 7 -
we have

olon am-

—]- M) ==1=(n) r-(-”-f- yrell = cos=(m)!. (3.20)

The solution of Eq. (3.20) in the lossless case
(7 =0) is found to be

%) =2 arc cotan (’cetan b

or
Z(y) =2 arc cotan (cotan 1x(0) —a--)«)q 1)
12(k4 )m (3.21h)

where (3.21a) applics when the oxpression in 1o
parentiesos s positive, and (32010 whon at as no-
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FIG. 2. Spatial behavior of the pulse ener
(Eqs. (2.212) and (3.21h)] for diffcrent values of the in-
put value 24 (9).

gative. The integer number & equals the integral
part of $(0)/2:, and =(0) is proportional to the in-
put pulsc energy.

Typical solutions are shown in Fig. 2 corres-
ponding to different input e It is ob-
vious both from Fq. (3.20) and from the soluticns
in Fig. 2 that the efficiency of the amplifier, mea-
sured for example in terms of the initial rate of
growth, is not a monotonic function of the input en-
ersy, as in the casc of an ordinary amplifier. The
initial rafe of grewth, instead is maximum for
2(2) =% and odd multiples of #, while it vanishes
for X(0)=27,47, ete. Inthe latier case the pulse
eneryy is conserved during the propagation,

Detailed information about the pulse envelope
cannot be ohiained [rom Eq. (3.20). A compuler
simulation of Egs. (3.8) and (3.10) has shown that,
even when the pulse energy is conservedduring the
evelution, pulse reshaping takes place with a con-
tinuous narrowin g of the pulse and a subsequent
growth of the peak power.

Interesting predictions can be made aiso about
the asymplotic behavior (3= =) of a pulse even when
the ficld losses are taken into account (1+0). In
this ease the asymptotic solution Z(») must satisfy
the transcendental equation

1= cosd (=) =(1+9) 21 /)= (=) . (3.22

It is apparent that multiple stendy-state solutions
are possible. Three typical sitvations are indicated
in Fir. 3. With reference to this ticure, the
straicht line labeled Teorrespondsto (1ey?) /2 /i
=1, The only colution of Eq. (3.22) in this case is
=) =00 the pulie s compietely dissipated by the
wattermy losses and no energy or power simphifi-

e
9 4%

v-state solutions of (he area

woad to the inter 5 of the
2 (n) with the curve 1
The sty 1, 2, and 3 have slopes

he stabio sclutions

equal to 1, L, and &, res
are mavied vith solid cire!
are mavked vith open cireles. The critical slope
fdashed line) is 0.7246.,

> unstable solutions

cation is possible in the inverted medium. The
straight line labeled 2 corresponds to (1+3°)V3 /g

=3, It intersects the eurve 1 - cos¥(«) in three

o

the intercepts marked with =olid circles represent
possible stable solutions, v hereas the intercept
marked with an epen circle is an unstable asypto-
tic solution. In the case of the straight line labeled
3, we have chosen (1+3°)'/ /g =1, Three prssible
stabie solutions exist {one corresponding to the tri-
vial case X(»)=0]. :

Several conclusions can b2 gathered from the
above observations.

(i) Two simultancous reguirements must be satis-
fied for the asymplotic proprration of a pulse with
an energy Z(») 2 0. First, the porameter (1« y°)' 72
X /¢ must be smaller thas the absolute criti-
cal value 0.7246. (The slopo of the dashed line in
Fic. 2.)) Secondly, the incid at pulse enervy must

be larper than the value of U corresponding to the

first unstable yoot for a given choice of (1+3°)' 72/
g I Loth conditions are satisticd, the total pulse
energy will converize to a “table nonvanishin: value.
(i1) The output of the pulse encrey ean be larcer
or smaller thas its put vadue S{0) depending on
the magnitude of 2(0) relative to the nearest stable
solution S(~). This depect of the propa; vion prob-
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len will be conficmed by our computer simulations
where it is sceen that power mmphfication in the co-
herent regime can occur both vath encrpgy amplifi-
cation or reduction,

(3ii) Thereisno smadl siepa) cain: i.e., even if
the parameter (1457 0/ is sulticicntly <mall an
inputl signal with encrey swalter than the (irst un-
stable root will not be amplificd.

(iv) 1t is anticipated thet whenever multiple stable
solutions are pussible, the wth stable roct Y(«)
corresponds to a pulse envelope that has been <plit
into » - 1 distinet pulses (see Pir, €).

In addition to the above remarks, we cun add that
the ficld cquafions (3.10) do not wllow
solution for the pulse cavelope. This feature is

confirmed by our computer simulations where

a steady-state

is
scen that, when the threshold conditions are sulis-
fied, the peak power continues to grow and the
pulse duration becomes smaller and smaller, as

ilse encergy approiches ils stable asymptlotic

IV, CGMPUTER SIMULATION STUDILS

The coupled sct of eguations (3.8) and (3.10) has
been analyzed with a hybrid camputer in the limit-
ing case of resonant inieraction and with the atomic
system prepared in 2 swept excitation maede cor-
responding to the initial conditions (3.4), ond to the
boundary ccaditions

Q(TI:O)T)'—O L’-‘R(“l' "O:T): “'1.(7) . (41)
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FIG. 5. Evalution of o pulee v Very
clozc to the exg The input

enerey is 2,0)= 0 wnd the pnin-to-loss ratio is 5,

The input pulse envelope has the form

w (1) =wg sin’(27/7,) , (4.2)

where 7, denotes the pulse duration from the lead-
ing to the trailing edue.

As expected the defuning parameter Q remains
identically egual to zero thiroughout the evolution
of the pulse, an indication that the computer

round-off error Las been kept simnll. An additional
checek of the aceuracy of the solution is provided
by the conscerved nature of the
of atoiric variables R, -yR, as one can verify at
once from Eq. (3.8) in the r¢sonant case. We have
monitored K, ~ yR,, and feund it {o be essentin
constart over the entire rance of intcgration of
the problem.

Figires -6 show seme {ypical schutions of the

linear combinaticn

B
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propacation problem. The dotied Lines reprosent
successive palse shapes at various sections alone
the amphficr, while the solud Haes give he cor-
responding pulse enercies a(2. 7). As shown in

Sec. HU the input enerygy YN(0) ond the pair-to-loss
ratio 5 I(i 4y )'/* control the asymptotic behavior
of the pulse eneroy under cohierent propastion con-
ditions. In Fiz. 4 the gain to loss ratio equals 2.,
As shown in Fic. 3, ouly one stewdy-state value of
Y(») is possible correspondi

1 to the present
choice of #/I{1 +y" )77 providod 3(0) exce *ds jts
threshold valve. This behavior is confirmed by

the solution shown tn Fie. 4. In addition, the ini-
tial energy N(92) is larger than the predicted asymp-
totic value for the chosen soin to loss ratio. As a
result the pulse energy decreases monotonically as
the pulse envelope reshapes itself.

In Fig. 5, we display the evolution of a pulse
with an initial eperay %(0) =5 pro;

dium with a gain-to-loss ratio e

wating in a me-

wil to 5. In this

case two steady-state values of (=) are possible.

Corresponding to the chosen initizl value of (0),
the solution evelves into a single narrow pulse with

HKEINTYTL

AND 1 soN 1o
anasviplotic caeray thet can be read off directly
from Fig. 3.

In Fig. 6, we show the effect of

cident pulse enc

increasing the -

ule Keepin g the gain-to-loss
The ¢n-
velope reshapes into two separate pulses which ap-
pear to evolve more or 1 ss independently,

ratio cqual to 3,

in the vrevious case.

tivaal solutions obtained for lareer values of
the cuin-to-loss ratio have confirmed that the wth
stable encrgy (=) corresponds to a pulse envelope
thit has split into n - 1 separate pulses.

Further work to incorporate the effects of detun-
ing and irreversible aton:ic relaxatior is in pro-
2ress,
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pulse in an levels of interest have
the same parity and
of the incident photo

lution equations in th
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equal to twice the energy

yled atom-field evc

L

for amplification and a few exact conservation
~ )
o i

€ the pulse through the inv
gated with the help of a hybrid compute

I. INTRODUCTION

The subject matter of these lectures ccncerns the interaction
of coherent electromagnetic radiation and matter. This problen
of course, has plaved a central reole in Quantum Optics and con-
tinues to be of great current interest as indicated by the numer-
ous recent advances discussed in this volume. Ia thie traditional
view of radiation-matter interaction, the atoms are pictured as
two-level systews undergoing

rausitions belween dipole~coupled
1 . . . .

energy levels®. Our settinp, instead, will be substantially
different.

same parity. All the other energy levels play the role of
virtual states in the atomic dynamics,

The two active levels in our wedium are assumed to have the

Because no direct
transitions are allowed between the two levels of interest,

*Work partially supported by the Office of Naval Research
contract uumber NOOO14-76-~C-1052.
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spontaneous or sti st be provided

by other processes

atomic

collisions, spontaneous decay through a ladder of lewer lying

13
states, or higher-order non-linear effects induced by an F
external field.
The latter nechanism an in particular, the two-photon
emission process e these i1ectures as a means

for producing amplification of an incident pulse of radiation. g

Two-photon trausitions h been the subiject of cousiderable
activity im the last few s, Yielding for e le, such
spectacular r-iree spec py . Early in
the develop ry of twe-phot rocesse d-

erable interest was directed to the study of coherent atomic
evolution®. As a result of these efforts, many wel
photon coher:ont atoumic effects were shown to have two-photon

analogues”,

Much of the recent work has focused on the evolution of
atoms from their ground state. More limited attention has been
paid to the propaj incident j in an inverted
mediunm®, We ad to this
restriction th
be approxinately

added

pulse

(&) SV o
more general situation 0&E€
carrier frequencies add up to the atomic tra: ion freyuencs
has also been considered in literat rali-
zation, however, will not be¢ sed S. 1
Our analysis evolives along the by Estes et
al. in the context of the so-~called onsis 2T field g
A
approximation®. Schematically, on proecess as §

ms and
< w1

With a

field. The

follows: the incident field drives
generates a nou-linear polar i
carrier freque

radiated and incident fields add cohere:
group of atoms further down into the
picture is oversimplified because additiona

equal to that of the

rive anotner

medium. Thi:

non-~linear

polarization components also come into play and ition 1
effects may become inportant. Additional e 1
provlem will be nade in subsem:
Mathematically, the atomic evolution is described by the
: ;

oy . o
Schrodinger equati
governed by Maxwel
polarization is ca

on; the field propag
1's equations. The C
lculated self-consistently

Q

quantum mechanical atomic amplitudes”.
i
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1

be cast into a form that

ic equations can

cf the familiar Bloch equation

The resulting aton
is formally identical to that
describing the one-photon evolution o
main differences will be noted: the
enters quadratically, rather tt

,o

T

f two-level
driving field amplitude

arly, in the atomic

ersion effects

dis

inte t) ¥
be interpreted as dynamic Stark shifts.

equations of motion, and
are predicted which will be

II. ATOMIC EVOLUTION

on a concrete example,

‘ In order to fix our attention
E . y 1 1 < . . = o
consider the lowest lying levels of the singlet spectrum of
Calcium (¥ig. 1)
L Ly 1 !?1

o i .
; L 2
oV J o aAZER s 1576
5.0 40720

1908

')«C'r. 3 2‘)‘.:‘)"
~
o
=
2. = /
|l
I+
‘O
ot
o
10}
)
o
7 %

levels of Calcium

Figure 1. Lower lying singlet
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We assume the atoms to be initially prepared in a state of
inversion between the :UL level at 21830 cm* and the ground
state. The IDf level is the: lowest excited state of the singlet
manifold. t is weakly coupled to the ground state by a quadru-
pole transitiom, and to lower lyinpg triplet states by
collisional mixing. The absence of lower lying P states is an
ms, if cne wants to

ortant practical advantage of Calcium
maintain a sufficient inversion prior to the arrival of the
signal to be awplified.

The schematic energy level diagram to be kept ir
fellowing developuent
levels a> (e.g. the -ground

trated in FLg: 2.

N
state)

IDZ state) are separated by an energy e plels
assumed to have identical parity At the end of

. t I
process an injected electromagnetic signal with carrier fre-
quency approx !

i >
mately equal to % wy, is assigned the task of
producing the required non-linear polarization between the active
levels.

Zr sz

O ——— s RS
- 13>
ey
‘}‘\
i e i
A
w 2w

Figure 2. Schematic energy level diagram of the atomic model
used in the calculations
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I With reference to Fig. 2, a typical atom is described by the
i* state vector
f l§Ce)> = £ € (r) exp(~ik t/H) |j> +
} ; i) J
I
B Ca(c) uxp(-jﬁal/ﬁ) |a> + L}(L) uxp(-iﬁlt/h) |b> €2.1)

b )
where the eigenvectors |j> refer to all the higher states of
the atomic spectrun,
The atomic evolution is generated by the total iltonian

3 B = E las<al + E o] + 2 E l35¢5! - pZx,0) , (2.2)

a' g b i
3
where p is the dipole moment operator in the direction of

ere C(x,t) i

polarization of the incident field, and wh
to have the form of a propegat
varying envelope and phase:

assumed

wave with & slow

Ex,b) = f;(X,L) cos (wt — kx + w(x,t)) , 2.3)

The field carrier frequency w is set approximately egual to
L Uy, © }S(En-Ex) A .

)2

As a result of our assumption concerning the parity of the
active levelis, the dipole moment coperator takes the form

Py

ln‘<j} + th fb><jf + hermitian adjoint , €2.4)
J

s
aj

The coupling terms w,., |j><j'| between intermediate states
are ignored. JJ

The exact Schrédinger equation for the state vector (2.1) is
equivalent to an infinite hierarchy of coupled ampli

equations involving not caly C,(t) and Ch(t), but also the
amplitudes of all the intermediate states 13>« As a first step
we need to elimi the intermediate state amplitudes using

the slowly varving amplitude proximation i
quasi-resonance condition 20 3w This program can be
accomplished as indicated: w nd the for solution for
Ci;(t) and eliminate the iantermediate state : plitudes from the
equations for €, (t) and Cplt). The result js a pair of
coupled intepro-differential equationg of the type

anag the assumed

\
>
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o v (= w0 (i . i [L de'
P2 Laj . "‘7")(:“5) 1“j£lt) = ) ;o
3 o

. f&z,t')ca(L') exp (iw

d s = -
i 3t (.a(l) =

(u t) +~'jb E e (b)

i ja

explin,. ©%) (2.5)

jb
(A similar equation for C (t} follows from Eq. (2.5) upon
s . . . 2 . .

interchanging the indices a and b with one another.)

The exact problem may now be reduced to manageable form by
taking advantage of the slowly varying amplitude approximation.
This amounts to replacing the field amplitude & (x,t') and the
atomic amplitudes Cq(t') and C, (') inside the iglcﬂra] with
their values at the upper limit of integration. Finally, the
exact integration of the remaining exponential factors can be
easily carried cut. At this point, for consistency, only the
secular terms nust be retained.

As a result, the atomic amplitudes C_(t) and C, (t) are
found to satisfy the coupled equations ol nmotion

d - = .j: 1 s 2 . e, PR 2 o
i Ca(t) = ¥ { % k& ca(h) a4 I8 c'_](g) e )
2_, G s .? S e 2.0 e
aE Cb(L/ = gt 3 Lbh '80 Cb(L) + % E EO (,a(t) e by C206)

The parameters

= = 2
kaa il v u_]'.:1
j
Sl 3
b = ¥ § M3 ; (2.7)

are the clectric susceptibilities of a single atom in the states
|a> and |b> , respectively, and

i e u : ‘.xﬂ A
Ky = .5 wit® _J6 (2.8)

j (u_) b+u

is the so-called two-photon gvroelectric ratio.

The phase angle a is defined as

-

= o 3 bt -~ 2 " e = il R - .“mw‘-—“—“— i
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a = (2e - @ Dt = 2kx + 2¢ (x,r). (2.9)

ba

As a check of the internal consistency of the elimination
process, we ohbserve that

7

G it et e T
-dt(l('al +. 16 1%

i

0 , (2.10)

as one would expect from probability conservation arguments if
the virtual states are not populated during the cvolution.

The amplitude equations (2.6) bear a consider
to those which govern the evolution of two-level 6
one-photon transitions'. In the two-plicton case, wever, the
field amplitude enters cuadratically might expect in view

s au vy oa ne might ex
of the nature of the atomic transition.

similarity

undergoing

ITI. FIELD EQUATIONS
The field propagation in the medium is described by the
wave equation in one dimensicn

~n A 2
LE - A i g 1 B, (3.1)
Ix? c? §t? c?e a2

where the source term P ic the macroscopic polarization of the

sample and ¢, is the vacuum permittivity. A convenient
representation for the macroscopic polarization is

P(x,t) = Pc cos (wt~kxt+y) + £ sin (wt-kx+y). (3.2

The in-phase (P ) and out-of-phase (P.) components of the
polarization will be slowly varying functions of space and tire
if the carrier frequency of P(x,t) is approximately the same as
that of the driving field. 1In the presence of competing contri-
butions oscillating at frequencies other than w, tlie polarizaticn
components P_ and Pg will, of course, be no longer slowly varying.
This issue will be discussed more at lengti

1 in Section 4.

Within the slowly varying amplitude and plase approximation,

Eq. (3.1) reduces to the following pair of coupled transport
equations
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which govern the propagation of the field amplitude Z; and
phase vy.

IV, ATOMIC POLARIZATIOX

The equaticus of motion developed in Sections 2 and 3 are
made self-consistent by calculating the polarization components
P and L in terms of the quantum mechanical atomic amplitudes.
By def Anl('un, the macroscopic polarizatioa is given by

P= < ow) [pl W) > (6.1)
(2:42), wlc)>

¥
d L is the atomic number
ization depends on the

where p is the dipcle moment operator (Eg
the atomic state vector (Eq. (2.1)); an

density. As expected, the total polari
entire set of atomic amplitudes, i.e.

** Juy. € * iw,, t 3
e, C'Cj Cii - C.Cj e 3B <+ C.C.3 (4.2)

Our immediate task is to eliminate the intermediate state
amplitudes C, consistently with the appro ations made in de-
riving the atomic equations of motion (Eq. 260 ). Figst
replace Ci in (Eq. (4.2)) with their exact f 1 soluticn, we
replace the slowly varying amplitudes &, Jx,t0), CQ(L') and
Cb(t') with their values at the upper 11‘1g uf the time inte-
grations, and carry out the remaining elementary integrals.

The result of the lengthy but simple calculation reveals
polarization contributions that oscillate at a frequency o
well as terms cscillating at the frequencies
These additional terwms oscillating ik

b and 3uw.
erﬂUtnCieS

at the "wrg
open the docor to competing effects which n
photon absorption or em p u(g“Ligd
the third harmonic contribution has shown that it can 0
eliminated if the incident pulse is circularly polarized'V,
Raman type competitions, on the other hand cai
The question of their importance in this probl
worked out in detail.

ion processes.

not be ruled out.
temains to be

In the following development we retain only the polari-
zation components that oscillate at the freguency of the
incoming field. 1In this case, the atomic peclarization takes
the form
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” * -3 ” i
el be 2 RO, P ks s ol el R dg
P =N (k, IC 1%+ k, l(‘h‘ k(e c e HC C e )

6o(x,t)cuu(pl-kx+;) (4.3)

% it % i
+ N k j(C ¢ e = C € eld) f.(x,L)sin(;t-Px+y)
ab a b a b 5}

As in the one-photon case, the polarization depends on the *
expected bilinear co plitudes (e.g. CwCL)'
In this case, however, the in-phase component depends also ©

on the population of the active levels through [C |4 and |C |%.

a b

nations of atomic a:

V. COUPLED ATOM-WIELD EQUAIICNS

By analogy with the Bloch vector representation of the
N C . . .
one-photon theoryls9, it is convenient to iutroduce the new
atomic variables

I S Lo —ia
Rl 1((.aLh ¢ - Lacb ¢ )
N _ ; F o o—ia K Ly
h2 - ((aLb 5 - Lacb e ) 5.1

=
I

2 2
e, 12 - I,

This choice leads to the familiar looking vecter form for the
atomic equations

- 1»
> = | bb_aa ¢ s 5 S _ab =5 .
5 W Gt Qumi 42 2D Ry + 2 £ Ry
o ST _“'_b.___el‘.‘. > 2 2 v e 3_*_
& o Cot (Que #2 5DIR) )

3 o e 2
Ry==-=35%, R}

The field equations take the form

3 - L:\'k"“
o . 2 &b .
et 3 o - M &S
N )
5:3)
W, o o
(e LA é_) (2o, 47 350 = i::iﬂl (R :2ﬁl.t§:\ R.)
" 3x ot SThal GEY e 2 2k "3
o ab
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It is convenient to iuntroduce the following notations

- E('_hb-kua. T W h:\kaln
21 wifk e S ey
“ab €
W = /I;TZ _ﬁh E? = Rabi frequency (5.4)
R Y 2K “o { y -
O = 2y~ + 2 ."’,'
‘ “ba at

end describe the evolution of the entire system in the travelling

refercnce frame

n =

o

X
W T = ==
c

Finally, the coupled Schré&dinger-axwell equations can be cast
into the form

aRl w

v ( ‘t:!:; @y IR e R
£ v/l+'{z ‘ \/1+-,‘ 3

gR

D S oS

at R

V1442

3R A

il ke R, (5.5)
b, V1++2

dw

TR e T Tl

P R

an LAY Y3

The field damping term -Quw . has been added phenomenologically
to describe the effects of diftfraction and other nen-—-resonant
scattering lcsses. The coupled equations (5.5) are valid in

b s
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the coherent limit, i.e., when atomic relazation cffects can be
neglected. In this limit three exact relations can be derived,
two in the form of conservation laws, the third providing a
link between the field intensity and the detuning variable.

The firet relation is a counsequence of the probability
conservation (Eq. (2.10)) which in terms of the Bloch variables
takes the forn

Ri - K? + R = 1 (5.6)

The second, which is valid only for resonant propagation (G=0),
ie a direct consequence of the second and third atcuic equaticus.
These can be combined to give

By = ¥ By = Ryfa) ~ ¥ Rf0) = =y (5.7)

The third exact relation follows from the field equations after
they have been combined to yield

"'—(wl’f.’) = - fw Q (5.8)

(%

3
-
w

Equation (5.8) can be integrated at once with the result

-

(uR.’J)rl = ('R“)aﬂo e 5.9)

This last result shows that, in the coherent limit, a resonant
pulse (G=0) can prcpagate through the active medium always
maintaining the resonance condition.

VI. RESONANT COMERENT PROPAGATION . ENERGY EQUATION

The coupled equations (5.5) can be si
in the case of resonant propagation, whe
shown that the Bloch equations are forna

impl considerably
‘e it can be easily

isfi 4(a),8
ly satisfied by*\¢/»

R, = —ai— {eos o 4 1) (6.1)
/
//

5
R, = -—i- (cos o+ ¥<r (Rg = equilibrium population)

141
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provided the variable o(r,1) is counccted to the Rabi frequency

by
o

30 y
S = 6.2
= : (6.2)

or by T

aln.t) = dt! wF(ﬂ,T') (5.3)
(&) y
Thus o(n,t) is proportional to the accunulated pulse energy up
to the local time tr. Clearly the total pulse energy Z(n) will
be given by

£(n) = 1lim o(n,1) (6.4)

T r=

The dynamics of the coupled atom-field system is governed by
Eq. (6.1) and by the partial differential equation

9% g : 30 , 00
e et o U 8 e Sl ) ey 5
89n 91 /l+«,7 9T 97 (6.5)

which follows directly from Eq. (6.2) and the field equatio
On the surface, Eq. (6.5) is reminiscznt of the so-called are
equation first proposed by Arecchi and Bonifacio to describe
the pulse evolution in a homogeneously
under coherent and resonant propagation condirions®. Two main
differences will be recognized: first of all, the gain term in
the Arecchi-Bonifacio area equation has the form € sin o, vhere

G is a gain parameter; secondly, the "area" ¢ is not a measurable
quantity in the one-photon amplifier theory.

sy e )

bhyryAaal & - N o T -
broadened laser amplifier

A mathenmatical conscquence of the structure of the gain
term in our Eq. (6.5) is that the equation can be integrated
exactly with respect to cue local time with the result

=g = - x4 o (Qecos 1(0) (6.6)
n / ?

% l_}. 3 pe

The steady state behavior of the total pulse energy, I(n), is
governed by the transcendental equation
s '/l+ . . . . '
l-cos £ (=) = ——" {1 1 («) (6.7)

g
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i =
314 5.28 §.42

Figure 3. The asymptotic steady state solution of the energy
equation (Eq. (6.7)) correspond to the intercepts of

= : e -
the straight line Vl+y = I with the curve l-cos I.

£
The straight linecs 1,2 and 3 have

es equal to
1, 1/2, 1/5 respectively, The stable solutious are
marked with sclid circles. The unstable soluticns
are marked with open circles. The critical slope

(dashed line) equals 0.7246.

It is clear from Fig. 3 that non-trivial solutions of Eq. (6.7)
will exist only if the gain to loss ratio exceceds a certain
threshold value and also that, if such threcliold is exceeded,
multiple steady state solutions are possible. Which of the
possible multiple solutions is going to be realized physically,
depends on the incident value L(0).

By inspection of Fig. 3 several quantitative conclusions
can be drawn:

i) Two simultancous requirements must be satisiied for the
asymptotic propagation of a pulse having a total energy

(=) # o: the parameter yi+4? = must be smaller than
£

the critical value 0.7246 (the slope of the dashed line
in Fig. 3), and the incident pulse energy must exceed
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the numerical value correspeonding to the first unstable
root of Eq. (6.7). If both conditions are satisfied,
the total energy will converge to a stable non-vanishing
value. The stability of the asymptotic solution of

Eq. (6.7) can be assessed at once by analyzing the sign
of dZ/dn in the vicinjity of the roots,

ii) The output value of the pulse energy can be larger or
smaller than the input value L(0), depending on the
magnitude of Z(e) relative to the arest stable
asymptotic root.

iii) There is no small signal gain, i.e. even if the gain
to loss ratio is sufficiently large, an input pulse
wihose energy is smaller than the first unstable root
will not be ampliried.

More detailed information on the transient evolution and envelcpe
modulation requires the use of a computer sinulation. As we

show in the next section, the pulse envelope does not approach

a steady statel!l, Our simulation indicates that, if the thres-
hold conditions are met, the propagating pulse narrows indefi-
nitely as the energy approaches its stable asymptotic value.
Furthermore, whenever multiple stable soluticne are possible,

the n-th stable root I(+) corresponds to a pulse envelope that
has been split into (n-1) distinct pulses.

VII. COMPUTER SIMULATICNS. COHERENT PROPACATION

The set of equations (5.5) h been analvzed with a
hybrid computer. 1In this section we summavize the main results
with an eye on the following f{eatures of the probler

i) Validity of the threshold conditions for propagation
of simple and multiple pulses.

ii) Transient evolution of single and multiple pulses.
iii) Approach to steady state of the pulse energy.

The system is assumcd excited in a swepl excitation mode
corresponding to the initial and boundary conditions

Rl(7=o,n) a Rz(":(’:n) = 0
Ry(1=0,m) =1
G (t,n=0) =0 (7.1)

wR(T,n=0) = LR(T)
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The Input pulse intensity was assigned the shape
(o] G2
1) = s (nm 1
wk( ) by sin? ( /1P)

where 1 is the pulse duration from the leading to the trailing
edge.

As expected, the computer simulatjon shows that if the
detuning variable { is zero at t boundary of the medium, it
remains equal to zero during the evolution of the pulse.

&

The threshold conditicns hav choosing a
gain to loss ratio smaller than the threstic (reciprocal
slope of the dashied line in Fig. 3) or an incident pulse energy
smaller than the first unstable root corresponding to a suffi-
cient large gain to loss ratio in Fig. 3. 1n both cascs the
incident pulse is attenuated during the propagation.

The first two examples of propagaticn above threshold
are shown in Figs. 4 and 5. These simulations display the evo-
lution of two input pulses with initial energies I(o) = 3 and
Z(o) = 8, respectively, which propagate in a medium characterized
by a gain to loss ratio equal to 2. Under these conditions,

Eq. (6.7) and Fig. 3 predict the propagation of a singie pulse.
This is confirmed in Figs. 4 and 5.

In the case of Fig. 5, the incident pulse has an energy
larger than the expected steady state value I(=). Strong
transient modulation and energy loss characterize the pulse evo-
lution., Still, as observed with all the sinmulations where the
threshold conditions were satisfied, peak power amplification
occurs even when the pulse experiences a net energy loss. An
example of pulse break-up is shown in Fig. 6. The gain to loss
ratio equals 5 and the input energy is set equal to 9.8.
According to Eq. (6.7) and Fig. 3, the asymptotic value of the
pulse cnergy is predicted to correspond to the third stable
solution (L(®) = o is considered to be the first stable root).
Two propagating pulses are observed under these conditions. By
contrast (Fig. 7), a pulse with a smaller input energy
(Z(o) = 5) travelling in a medium with the same gain to loss
ratio does not exhibit pulse bhreak-up. The predicted cevmptotic
value of the pulse energy equals the second stable root displayed
in Fig. 3 for this value of g/ Vi+y- .

In all the cases shown above, the total pulse energy at
every section along the amplifier was read off at the far right
of the solid lines representing the evolution of o(x,n). With
due allowance for the fact that some of the simulations had to
be terminated before reaching their asymptotic stage,
the agreement with the predicted values of () was found to be
quite satisfactory.
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. Figure 4. evolution oi

the pulse intensity throu; ) fyir ediume
The diiferent dashed curves represent the ensity :
envelope in diffevent sections of the aumplifier. he :
solid curves are the corresponding in ’

tegrated enecrgies
g(n,t). The value of o(n,t) at the far right gives
the total energy L(n). The horizontal axis is the
local time axis, with 7= (leading edge of the
pulse) at the far left. The input energy is Z(o)=3
and the gain to loss ratio g/& v'1+y¢ equals 2.
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Figure 5. Evolution of a pulse with zn initial energy )
the gain to loss ratio equals 2 as in Fig w N
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Figure 6.
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Evolution of a pulse with initial energy I(0)=9.8 in
a medium with a gain to loss ratio equal to 5. The
asymptotic pulse energy is expected to talke a value
equal to the third stable root shown in Fig., 3
(straight line 3). Under these conditicne, pulse
break-up is observed.
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Figure 7. Propagation of a pulse with initial energy I(o)=5.

1)

(2)

(3)

The gain to loss ratio is the same as in Fig. 6.
A single pecak is expected on the basis of Eq. {(6.7)
and Fig. 3.
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3. The selection of an active medium

On the basis of the thcorctical analysis of Section 2, an appropriate
atomic system should be able to support a population inversion between two
levels of the same parity. These two levels shouid be connccted by a
sufficiently large non-lincar susceptibility, but at the same time the depletion
of the upper state by natural relation to lower lying states should be kept
reasonably low, These requirements appear difficult to satisfy simultancously
beczuse, while on the onc hand the third order susceptibility can be enhanced

a
significantly be the presence ofAncar resonant intermediate level, the radiative
decay rate from the upper state is also increased considerably by the presence
of lower lying allowed transitions.

One must also keep in mind that both the pump and the incident pulse should
be tunable and that the power level of the incident pulse should be fairly large
to overcome the threshold requirements for two photon awplification. Thus the
cheoice of an active system should be made while keceping in mind the availability
of tunable sources for the pumping and the amplification stages of the processs.

A reasornable compromise appears to be offered by atomic Calcium whose
lowest lying singlet energy levels are shown in Fig.1 of Ref.9 (See enclosed
reprint). We have directed our efforts to producing a population inversion
4

between the 5D7 level at 21850 (‘.m_1 and the

&

So ground state. After completion
of the pumping process an infrared pulse of tunoble laser radiation would
stimulate two-photon decay of the atoms and amplification at thc same frequency
as the incident fiecid.

Inversion hetween the ‘Dz level and the ground state can be achieved in

practice cnly with the help of a higher lying level (Coherent two-photon

absorption between the '(S) and the 'D, levels could conceivably be used as well,
¢ -ty

&

but the practical realization of this scheme looks very difficult at this time).




We have decided to pump the upper level by way of the jvi level at 36732 cm-l'

This level is coupled to the ground state by a dipole allowed transition which
requires the absorption of ultraviolet radiation of 2721.68 A°.  The branching
ratios favor the decay of the excited {P& state to the !DZ level so that, at
least theoretically, a moderately intense UV pulse of resonant radiation should
be able to produce sufficient population inversion between the two levels of
interest,

Two-photon amplification should then be possible by sending a pulse of
infrared radiation of 9153 A° (the frequency corresponding to 9153 A° is one
half of the frequency scparation between the 5D2 level and the ground state).

Both the ultraviolet and infrared sources should be tunable. A practical
way to preduce an ultraviolet pulsc of pump power is to convert the output of
a Coumarin dye laser by second harmonic generation with an angle tuncd KDP
crystal. The infrarcd puise can be produced with an IR-125 dye lascr excited
by a Q-Switched Ruby laser pulse.

The practical realization of this scheme has proven to be a considerable
challenge which has delayed our progress mere than anticipated. At this time,
however we feel that the remaining difficulties can be overcome. A survey
of our progress along these lincs and an appraisal of our present chances for

implementing this scheme will be discussed further on in this report.
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4.  Preparation of the active medium

In order to estimate the pump requircments wé consider the simplificd
energy level diagram shown in Fig.4.1

The correspondence between the levels shown in the figure and the Calcium
levels of interest is listed in Table (4-1). We ignore collision induced
relaxation processes out of the singlet manifold into the lower lying triplet
statcs because these are expected to be unimportant in the pressure range of
the experiments. Let the total number of atoms in the three levels be N with

N= Ny 10+

The pepulation rate cquation are

JIU

e (A‘:. +C", I),;,) ﬂ;_ ot f’f‘ (l)ll “’j
dt
4, ( Az + A 2, By ) 1 > By 1
s e Vel aa i (’l-, u_:,) “L + [/i’ La i1y
dt
[ ;
A% . Az N
o E
Where the coefficients Aij and Bij arc the usual Linstein's A and B coefficients
3
’ : -1 : m" 5
with Ai. measured in sec”  and B, . in —<—_ .| The parameter p_ is the pump
J erg sec P
: ’ : crg scc _ s
energy density per unit bandwidth (—¢¢—?;~J. For the chosen levels of Calcium,

cm
the parameters arc listed in Table (4-2).
We are concerned with the evolution of the population of level 3. This
can be obtained from the ratc equations after some c¢lementary calculations.

The result is

; - be ~C &
Ny = W)= (S-e ) _ b (-7 )

c-b c-b




where

. 2

o karks = (thpky)® dkke)
2

> 73
5 hasley + ("\‘72,4‘33) -4l ’:’4)

&

and

li_L = //!13—#/4‘1. -'-(QP 84'_,

5 > 2 iy pr
k:;’) = é/)u l),{ ) I\// = /1.)3

1f we assume an ultraviolet pump pulsce of about 100 KW, duration 600 sec., and

: 2 . 3 - 3
cross scction 1 cm™, the encrgy density of the pump is of the order of 30 erg/cm”.
If in addition the bandwidth of the pump is 1 AO, the corresponding cnergy

density per unit bandwidth becomes

-1t
] - - Erg
(¢ & 15 wijo £19 sec
[ cu’d

With these cstimates, the appropriate transition rates and the time dependent
population of the third level take on the values listed in Table (4-3).
Although relaxation processes out of the level 3 will partially deplete

the inversion, the estimate obtained without consideration of such decay

mechanisms is expected to be reasonable under the conditions of our experiments.




TABLE 4 -1

Energy Level Spectroscopic Classification Enefﬁy
(cm 7)
1 as® s 0
[¢]
2 3ddp 1p1 36752
3 as3a ', 2185¢
(o]
= 739,
AZl 2721.65 A
[¢]
A23 = 6717.69 A
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TABLE
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3 _“e_m?'.. "
L erg sec”

3y g = 1

3
5.0 ade Y
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erg scc
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erg sec
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TABLE 4 -3

I ~ 6 -1
k1 = A21 + Dp B21 = 2.7 x 10 sec
X 7 -1
k2 = A23 + k1 = 1.5 x 10 sec
S d) ] 6 -1
k3 = pp b12 = 7.4 x 10 sec
k, = A = 3.2 % 10566
4 - tay 9 i
n, - n
t (nsec) S |
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SCHEMATIC ENERGY LEVEL DIAGRAM
OF THE ACTIVE MEDIUM




S« Monitoring the Calcium Cell

A well known problem in atomic snectroscepy is posed by the necessity
for measuring the density of atems in a gascous phase. Light absorption tech-
niques have been developed over the yecars whenever vapor pressure curves have
been found not sufficicntly accurate for this purpose. In our case, for example,
the vapor pressure data for Calcium which are reported by CRC Handbook of
Chemistry and Physics cover the temperature range 9z6°C - 2290°C. Our measure-
ments are carried out around 800°C, (below the Ca melting point); consequently,
the available data are of no use for our necds.

If one knows the oscillator strength of a particular allowed transition,
a measurement of the atmoic density can be carried out, in principle, by
recording the attenuation of a light beam in the neighborhood of the absorption

1

line. One of the absorption lines of Calcium atcams ( 1s > 2p. at 4226.73°A)
¢

1
is especially suitcd for this purpose because of its large oscillator strength.
However, while 1t is correct to argue that the attenuation coefficient can
yield the atomic density directly, the practical extraction of this information
from the data is not trivial for the reasons explained below.
9 “ ’ true iy
Consider a column of gas of length & and let Iin (v) be the incident
flux per unit frequency range. in the limit where Beer's law holds the
transmitted flux per unit frequency range is
true true “k(v) e
I v) = 1. V) e
out ) in (v)
where k(v), the true absorption cocfficient per unit length, is prorortional
to the atowic density (strictly sneaking k(v) is proportional to the aoround

state atomic population; however, in most instances, the excited

ML i o s S




population is entirely ncgligible). If the dispersing instrument used to
resolve the absorption profile had infinite resolution, the measurcment of
k(v) would be completely trivial.

In reality, of course, a spectromcter is a lincar optical instrument with
a transfer function of finite width. Let G(v) be the spectrometer response
to an infinitely narrow atomic line of unit strength. The linearity of the
instrument insures that the response to a collection of narrow lines of
strengths Al’ AZ’ W, An will be such that the ohserved spectrum takes the

form

(,‘i_')j
T =2 A Gevv)

4

. oy true
If the spectrum to be analyzed has a continuous profile I (v), the observed

spectrum has the form

4+ 9

obs J . True I o :

T w).—j dv’ | () G(7-v2
- 00

In particular, if the light entering the spectromneter is emerging from a

coiumn of absorbing gas, the observed and the incident spectrum will be related

by the convolution integral

(v g
(,)b';‘_ " ; 'fru(- . /{' (v/ /
I (v & dv I (v) e G (v-7")

out t

- L0

It is clear that cven it the empirical relation
PRTLIN 5
o by L lh vy { ol 5
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should hold between the observed spectral distributions, no simple relation

: : obs 3 ’ tiagle =t

1s expected to exist between k (v) and tne truc absorption coefficient k(v).
It is also clear that the observed line will bear little resemblance to the
true absorption line in general.

In principle, one would think that the elimination of the instrumental

broadening could be carried out by deconvolution techniques. In fact, given

ob, r True

Ao, e Jdv’ L g G Gl

ot f

the Fourier transform of the convolution integral lcads to

g 06;.); i Ti‘uv B
T i, e A e
Suf Cw
and
~ True :Vobj -
I out <{) = = ouf ({')/C’ (t)

Hence the inverse Fourier transform

>4 ]

.h‘u( o> bt
(v} = 3 Iof,u 2 G )

2

oul

gives the spectral profile. This procedure works well for noise free data.
However, almost any amount of noisc will make the numerical inversion hopeless,
even if one could measure the instrument function G with good accuracy.
Accurate (10-20%) information on the atomic Jensity can still be devived
experimentally even with an imperfect spectrometer: this, however, requires

knowledge of the atomic lineshape. On the contrary, no detailed knowledsce of
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the i1nstrument function is ncedod.

There are five basically distinct linc broadening mechanisms:

1. Natural broadcning. The natural lincshape has a

Lorentzian profile with a half-width given by

1 AJJ
Bip oot 2 L2

AT 2T

l

where T is the natural decay time of the transition and A, is the Einstein

A-cocfficient.
2. Doppler broadening. The Doppler line has a Gaussian shape

with a half-width given by

2kT

AV 5 oL /&li
» M

Ao

where Ko is the transition wavelength and M is the mass of the atom.
3. Holtsmark broadening. This linc broadening meckanism is
due to collisions betwecen atoms of the same kXind. In many instances, this

effect is negligible below 10-2 TOTE:

4. Lorentz broadening. This line broadening mechanism is

due to collisions between the atoms of interest and the buffer gas. 'This
effect is small, below 5 Torr of foreign gas.
5. Stark broadening. This is due to electrostatic and Van der
Waals 1nteractions. This is negligible when 3 and 4 are neglagible in our
experimental situation.
It is easy to calculate the lineshape duce to the combined natural

plus Doppler broadening. The result is

RaRt] ¢

e ko2t € 2 4y
Tr > "'\ (ﬂ' - £

R T —




a = /AV/‘/ \//2“ 2

AV,

W, - o E (=) __féf‘,l :
A,

i i
213
l \

where € and g) are the degeneracy factors of the excited and ground state
levels and N is the number density of atoms per unit volume. The parameter

o represcnts the ratio of the natural to Doppler linewidths, while w, is

PP S

the frequency of the line measured from line center in units of Doppler

widths. The physical meaning of ko tollows from the cvaluation of k(Vv)

at line center (wy = 0).

In fact,
bevy = ke (4- El@)e
a typical value of « for an atomic gas is ~ 10 ° so that
k-v) = K.

It would be a mistake to assume that becausce of the smallness of o one can

jgnore the natural broadening, because the wings of the absorption curve can

be dominated by natural rather than Doppler absorption, especially for sufficiently




large atomic densaties. tHence for accurate work the lineshape k(v) given by

4 2
tne above integral representation will be used.
For small values of « an exccllent approxim:tion to the lineshape is given by
<2
, = iy 2
| bw,y=hkle - 24 (4. 20, Fo,)
; Jir
§ |
| ) . ! {
where P(uv) is the Dawson integral :
5 Gy - |
. - (J,l:( x |
F(w/) - & J € dx . !
0

Our previous comments on the importance of retaining at Jeast the lowest order
dependence of K(w,) on « are well justified. If k() were simply given by

7.
-G : : s
ke i) , its value would be practically zero after 4 or 5 Doppler widths,

whereas this is not the case if the first order correction is retained. Our

nunerical analysis shows clearly that if one neglects the a-dependence in the

iaiasi

absorption lineshape, the resulting atomic density can be in error by large

amounts. L
The structure of the Dawson integral suggests that numerical errors are

likely to become very severe for large values of @,. (In practice we found

that values as large as 30 are required for a sufficiently accurate evaluation of

the curve oi growth.) Tor values of w, of the order of or greater than 6,

the following asymptotic approximation was found to be very accurate

g « 21 5.3. 4
_4, Wi (2“)’ ,'( (U.’) ::’ o J“: = “2-"‘-—_'2 + ”-?..- * 3 * i
0y @wi) (2 ey)

Note, however that the above is an asymptotic series and that its accuracy

is not only a function of the muaber of terms which are retained but also of




the magnitude of w For w > 6, the four term expansion was found to be

Lt
very accurate (a few parts per million).

Now that the atomic lineshape 1s known, we are in a position to relate
the observed absorption curve to the atomic population density. Given

obs i e — kvl
I (v) = dv’ ¥ .o (') e G (v-»v)
out i
— 2
we integrate the left and right hand sides with respect of v over a sufficiently
large range to include all the required spectral fecatures. The shape of the
observed spectrum shows clearly that the v integral cannot be extended over
the entire frequency axis, otherwise the result of the integration will diverge.
It will be only necessary to extend the range of intcgration until the integral
j sl G('v‘-))’)

becomes independent of v. Strictly speaking this implies, in turn, that
the v° integration must also be carried out over a finite range. In practice,
there is no problem with these restrictions owing to the very narrow region
of the frequency axis wherc the relevant spectral infeormation is contained.

With this in mind we obtain

_.obhg i . true s \’(J"J(
dv L (v) = A\ dv’ 1. re
otk it

.

" s €
where o 1s a constant defind by
n

2 Jdp G(v-vY

1f, in addition, the incident flux has a white spectrun in the region of interest
’ s 1 < 7

we have

i

d v __L (V) = (o4 cly g e

ou ‘ =7 Ly

obs ” 'f'r(u_ 5 e /\’(}’ '/;C




The observed signal has the typical shape shown in Fig (5-1). Hence, if follows

that

3

1

obs _obs
(v) dv 5 F A dv- 4)(\/; dv
AY

owd

Av

where iﬁv) is the absorption signal ot interest. Its area

Y2
j‘ Jvy v
Av

is shaded in the figure.

1f we now define as the equivalent width, the parameter w, such that

cbs
j Ao dv= w, I;,
Ay

we finally arrive at

~ kwt
Wy = j O'V(" = )

In practice WV can be arrived at by graphical integration of the signal (f(v),

or by other more empirical techniques. (Because of the arbitrary units we

found 1t convenicnt to cut the observed absorption lines and to weigh them

on a precision balance. The ratio of the measured weight to the weight of

a unit areca gives a reasonable first approximation to the required area). If

j(v) has a highly symmetric shape, a reasonable approximation for W, will be

given by the relation

4 bs
\YVV = lv\l 'J‘p, ax / I : s
“"

5 ; A -
where W), is the full width at halt height of J(v). (See Fig (5-2)). In general,
a spectrometer will produce an absorption spectrum as a function of wavelength.

The equivalent width W, in wavelength space is rclated to the absorption
\




coefficient k(mv) by

,- I = 'f “y 1’
WA = _1_"_LT ii\. dw, (/— e hes )

where w, is the usual dimensionless frequency measured from line center in
units of the Doppler width.

A typical experiment can be carried out with a tungsten-halcgen lamp
(500W) whose output is collimated through the Ca ceil. We found it more
convenient to bring the sample at a high temperature first and to collect
the temperature dependent data by cooling off the oven in suitable steps
(AT= -25°C). This method has the advantage that the effects of the oxide
layer, which, almost unavoidably, coats the sample even after careful handling,
are minimized. !Heating up the sample from room tcmperature was ohserved to
Jead to irregular increases in the vapor pressure and to sudden changes of
absorption which we attribute to the removal of the oxide layer at a sufficiently
high temperature.

By varying the temperature, different valucs of the equivalent width
arc measured from the absorption spectra. The data reduction procceds as

" follows. For a fixed value of T, a set of thcoretical values of WA are
constructed from the theoretical expression as a function of in (Nt) where
£ is the unknown length of the gas column. The required value of &n (N2) is
found as shown below in Fig. 5-3. The sct of experimental values of N plotted
as a function of the interpolated values of fn (N2) will provide the required
curve of growth.( Seefig (5—4)).

In principle the method outlined above is  capable of removing the cffccts

of the finite instrument transfer function. However, it is always good practice




Ly -
to operate the spccs?mctcr in such a way as to introducec the lcast amount of

instrumental broademing. After selecting the proper grating and blaze angle,

one should operate in the diffraction order that produces the largest throughput
for fixed entrance and exit slit widths. In our case, with a 600 %/ grating
and blaze angle for lum, we found that the optimum operating diffraction

order for highest throughput was the second. We decided to carry out absorption
measurements in third order because the loss of output signal was not severe
enough to offset the increased resolution from second to third diffraction order.

The choice of the slit widths is the next step. We found that with innut
and output slits sect at Sum, the output signal was still adequate enough to
allow an essentially noise free scan of the absorption line. The choice of
narrow slits enables us to reduce the amount of background signal and to enhance
substantially the ratio of peak absorption to maximum output intensity, cven
at low temperatures.

It is observed, in addition, that for decreasing temperatures, the absorption
profile looks more and more triang‘plnr in shape. This is due to the reduced
width of the absorption line and to the cffect of the convelution of the temper-
ature independent instrumental profile with the narrow atomic line. (Sece Fig 5-5,
5-6, 5-7).

It is especially in this temperature range that the equivalent width method
becomes useful because direct information about the absorption process is

buried completely under the instrumental transfer function.

M
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FIG, 5-1

ABSORPTION SPECTRUM OF A SIMPLE ATOMIC LINE,
THE RECTANGLE OF WIDTH W, HAS THE SAME AREA

AS THE SHADED PORTION OF THE ABSORPTION LINE,
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FIG, 5-2
A ROUGH APPROXIMATION FOR THE EQUIVALENT WIDTH
W\,' CAN EE OBTAINED AS SHOWN IF THE ABSORPTION
LINE IS SYMMETRIC,
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FIG, 5-3

THEORETICAL CURVE OF GROWTH FOR A FIXED VALUE OF THE
TEMPERATURE.  THE ATOMIC DENSITY CAN BE FORMED AS THE
ABSCISSA OF THE CURVE OF GROWTH CORRESPONDING TO THE

exp

EXPERIMENTAL EQUIVALENT WIDTH Wy
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FIG, 5

THE EXPERIVENTAL CURVE OF GROWTH CAN BE TRACED BY INTER-
POLATING THE EXPERIMENTAL VALUES OF THE EQUIVALENT
WIDTH 1y © AND THE CORRESPONDING VALUES OF LN (Nz). In
UNKNOYN DENSITY CAN BE DETERMINED BY MEASURING Wy ¥

AND FINDING THE APPROPRIATE ABSCISSA  FROM THE ABOVE
CURVE OF GROWTH,
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o
EXPERIMENTAL 4226 A ABSORPTION LINE OF CA.; W, IS THE APPROPRIATE
ECUIVALENT WIDTH,
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FIG, 5-6

EXPERIMENTAL U226 A ABSORPTION LINE OF Ca,; W, IS THE APPRCPRIATE

; EQUIVALENT WIDTH,




EXPERIMENTAL 4726 /. ABSORPTION LINE OF Ca.; W, IS THE APPROPRIATE ZQUIVALENT WIDTH,

600°C
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6. Opcration of the COU 540A Dye Laser and Second Harmenic Generation
&7
Coumarin 540A, when dissolved in ethanol, has a lasing bandwidth from
517 to 576 nm. However, the dye is extrenmely susceptible to contamination
and great care nust be taken during preparation and filling to insure its
E integrity. i
E We prepare COU 54CA in 1.5 liter quantities according to the following g
E Lo 3;
£ prescription: :
The number of grams of powdered dyc required to produce a solution of
particular concentration is given by the relation
J ot =M S M) L ) s
where
# gr. = nunber of grams of powdered dye |,
M = required wmolarity ,
MWL = moloculu; weight of the dye
= 309.3 9/n)
and L. = number of liters of solvent (Ethanol).

Accordingly, 1.5 liters of COU 540A lasing solutjon, at 1 X 107" Molar, requires

46 .4 grams of powdered dye.

To insure cleanliness during the mixing process, all glassware and

accessories ave thoroughly
In addition, the dye laser
remove any dye crystals or

circulation systein.

optics is performed.

Since the lascr

While the dyce is being mixed, the initial

uses d

‘washed with 200 preof ethanol prior to mixing.

. L : . . . .
is equiped with an " in line " filtration system to
A

foreign substances that may be present in the

Alignment of the dye laser

Phase~R LP-60 P'rism Assc

mbly as a tuning




conventional alignment proc%/dures using a He Ne laser are time consuming
and impractical. We developed a quick but accurate technique to visually
allign the flashlamp-pumped dye laser.

With pure ethanol circulating through the laser firing head, the maximum
and output reflectors are visually brought into allignment in a plane-parallel-

n
mirror cafiguration ( pPPMC ).

g SO )

DP-50 B e -

Brlems Flash Lamp Output
Reflector

Maximum Reflector
This is done as follows.

)
1) With the capacitor bank voltage at zero volts, and the dyve
circulation system containing pure ethanol ( no lasing solution or reflectors ),

one may orient his eye in such a position as to see coaxially through the

center of the flashlamp with both input and output ports appearing concentric.

2) One installs the maximum reflector in the PPM configuration and adjusts
the horizontal and vertical vernier controls on the maximnum reflector mount
so that the return image of the eye from the reflector is concentric with

the input and output ports of the flashlamp.

3) One, then installs the output reflector in the PPM configuration
and again adjusts the horizontal and vertical vernier controls on the output
reflector mount so that the recturn image of the eye from the output reflector
overlaps the image from the maximum reflector. When this is done, the laser
optics is alligned in the plane-parallel mirror configuration. It should
be noted that this alignment proce_dure is relatively accurate, can be performed

in a very short time, and does not require the use of a lle~-Ne laser.

The cthanol, being used in the dyc circulation system as a cleaning
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solvent, is drained and the freshly mixed COU 540A lasing solution is filled.

e
-~

The dye is allowed to circulate for several minutes to insure that the ' in

line " filtration system will remove any undissolved dye crystal, or foreign

particles that may bLie present.

¥ g e

The laser system can now be operated in the "broadband' lasing mode.
thile the system does not yet contain the Phase-R DP-60 dispersive prism
assembly, the broadband configuration will allow one to check the thermal
stability of the lasing solution in the flashlawmp along with the dye concentratien
and integrity.

Once lasing has been achicved in the broadband node, the maximum reflector
is removed to allow installation of the DP-60 prism assembly. (TFig. 6-1)

The assembly is oriented so that the normal of the input face of prism
#1 makes an angle of approximately 60% with the optical axis of the flashlamp.

The capacitor bank is now charged to approximacely 10-11 FV. While
this voltage value is large enough to permit the spark gap to break down allowing
the flashlamp to fire, it is below the lasing threshold of the dye, and
consequently, no laser action will be produced. However, by placing a small
card several inches from the output face of prism #2 while firing, the fluorescence
from the flashlamp emerging from the output of the prism assenhly can be
readily obsecrved.

When the exact location of this fluorcscense has been carefully noted and
the capacitor banl voltage reduced to zero velts, an extension rail holding
the maximnum reflector can be temporarily installed at the output face of prism #2,
The maximum reflector should be handled carefully to insure that the horizontal
and verticol vernier settings on the reflector wount are not changed from their

-

PPN configuration settings. Under operating conditions, the angle between the

cutput reflector extension rail and the output face of prism #2 will controel the
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gross frequency tuning of the laser. Fine variation of the output frequency

is accomplished by varying the horizontal vernier of the maximum reflector
after the extension rail has been nositioned and sccured.

Optimization of the energy output at the selected frequency will require,
at most, fine tuning of the vertical vernier on the maximum reflector mount.

The output reflector, still set in the plane parallel mirror configuration,
requires no additional optimization.

It should again be noted that this entire allignment can generally be
accomplished in less than five minutes and does not require the usc of a le
Ne laser.

The extended cavity length in the tuning configuration produces a
collimated beam capable of producing burn patterns on Polaroid film ot distances
up to 6 feet from the output reflector.

The energy of the laser pulse was measured 2 feet from the output reflector
using a thermopile ( Keithley 149-Milli-Microvoltmeter and a Model No. 108
detector head ) calibrated at 50.2 uV/joule. Typical output energies of the
order of several tenths of a joule are obtained routinely. TFor pulse shape
studies the buam was monitored by a photodiode (Fig. 6-1) and a Tektronics 7613.
A typical pulse has a fuljl width at half maximum.of 600 ns. With a pulse
energy of 6.2 Joules and a pulse duration of 600 ns, the pulse power of the
laser is about 300 KW. While this represents a typical output power, pulses
with power up to 860 KW were recorded.

The position of the laser line was measured in the following way. A

portion of the heaw was eplit and fed into a Spex 3/4 meter monochromator.

With the wavelength selector set at 5790 A, the laser line was photographed :
. i
against the background of a known portion of the Hg spectrum. Prior to !

entering the monochiomater, the laser pulse was attenuated by a D=0.4 ncutral
(34 }




density filter and disperced by ground plass.
¥hile the entrance slit was set at 5y, no output slit was used.
With knowledge of the reciprocal lincar dispcersion of the monochromator,
. . . - . i
we were able to determine the position of the laser line using the 5461.3 A
emission line of a low pressure lig lamp as a reference. If a typical laser

line, for example, is found to be 0.9 mm to the left { bluc ) of the 5461.3 A

Hg line and if the reciprocal linecar dispersion of the spectrometer in the
. 19
wavelength range of interest is 22,195 A/mm the Jasing wavelcngth, XL’ is equal

to

>
n

Q v
5461.3 A - 19.95 A

o

= 5441.32 A
The output frequency of the laser can be changed by varying the horizontal
vernier on the maximum reflector mount.

With the laser tuned to the desired fundamental frequency of 5441 R, the
second harmonic crystal can be set up for producing the required UV pump
pulse. We initially attempted second harmonic generation with a 90° phase
matched temperatured tuncd ADP crystal. (This recquired the addition of a 2X
telescope at the dye laser output to increase the power density of the 5441 A
radiation and to reduce the beam size to accomodate the ADP crystal.) 1In

< @ .
90 phase matching crystals, the fundamental and second harmonic beams propagate

<

e

normal to the optic axis without birefringence while the wave vector mismatch

is made equal to zero by temperature tuning the crystal. The quoted operating
<

temperature for proper phase matching at 2721 A is 82 YC. The temperature of

. < w .
the crystal was increescd to 82 7 C. at a rate of 1.5 “C per minute.

Shortly after the operating temperature was rcached, it was observed that

the Jevel of the phase matching {luid (freon) surrounding the ADP crvsteol in
] § k b

S e TS

the crystal oven had dropped considerably. Atteopts to replace the lost fluid
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and operate the crystal proved to be futile as fluid loss was still considerable.
Even after repairs the unit continued to suffer from loss of frcon and in

addition, degradation of the ADP crystal faces was observed.

Several attempts by the manufacturer to repair and modify the crystal
assembly over the proceceding months, did not produce a2 satisfactory solution
of this problem. After concluding that our difficulties were caused by
unavoidable chemical decomposition of the crystal end faces at the operating
temperature, we decided to purchase an angle tuncd KPP crystal from Cleveland
Crystal Co.

The angle-tuned KDP crystal does not require critical allipnment to be
oriented correctly along the optical axis of the dye laser. It operates at
room temperature and requires no reduction of the fundamental beam size.

The UV conversion cffeciency is high enough that induced fluorescence can be
detected visually from a suitable screen placed more than 2 fect from the

second harmonic crystal. The output of the dye laser is almost linearly

T

polarized in the horizontal planc and the emerging UV pulse is linearly

polarized in the vertical direction.
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s Production of 1R laser radiation

Our original plans called for operation of flash lamp Dye laser operating
at 9153 A% and using IR 125 dyc dissolved in DMSO as active medium. In
assembling and ¢testing the commercial unit which had been purchased for this
purpose, we encountered several serious difficulties which we believe ought to
be made explicit in this report.

The dye solvent (DMSO) when used in large quantities (about onc liter)

poses a serious hcalth hazard. The alignment of the laser's optical components

is made very difficult by the long path length of the active mediuwn and the
nearly total absorption of the He-Ne laser light by the dye. In addition the

- % 1 . L& 1
DMSO freczes in the tubing when the taboratory temperature is less than 18.4 C,

vhile at the same time, the operating efficiency of the dye becomes too low for
useful operation at tcmpératurc higher than about e,

However, two of the most scrious difficulties in the original commercial
design of the lascr were the very low pumping efficiency of the IR dye by the
Xe flash lamp and the rapid degradation of the dye by the high frequency
spectral end of the pump radiation. (It should be kept in mind that the IR 125
dye has an absorption peak at 8000 A%

A sccond attempt was made using the dye laser cavity to produce a broad

Q . . . . .
band 7000 A~ laser radiation using no tuning elements and Oxazine 720 dye

5

dissolved in BEthanol as the active element with a concentration of 5 x 1077 A1,

Under these conditions the power dinsity output of the Oxazine laser was
; , 2
measured to be approximately 550 KW/cm™.
: R T : .
The IR 125 solution (1 x 16 "M in DMSO) was placed in a 1 cm x 1 cm
spectrophotometric cell which was positioned inside a cavity consisting of the
appropriate reflectors (Fig.(7-1), in a planc parallel configuration. The

solution was stirred by a magnetic bar and magnetic stirrer., By hard focusing




the pump pulse inside the limited volume of IR dye we have succceded in
obtaining IR laser cmission, but not to such an extent as to allow energy
or power measurements. By focusing the IR output on exposed Polaroid film
we have barely managed to produce small and faint burn patterns.

A third design cmployed a special IR cell (Fig.(7-2)) pumped by the
Oxazine laser pulse. The dyc concentration was optimized at 1 x 10-4r1in bSO
and the solution was circulated axially through the active volume. In spite 1
of numerous precautions to minimize losses end to optimise the coupling of the |
active medium with the pump, the IR laser power was found to be still unsatis-
factory. 1In our opinion the dye efficicncy is too low for operation with a
pump pulsc as long as 600 nscc, which is about the 1imit for the flash lamp
pumped Oxazin laser.

Our fourth design invelved the use of a Q-switched Ruby laser as a pump

for the 1R dye. Preliminary tests were carried out successfully with a

passively Q-switched Ruby laser (=40 nscc pulse duration, 0.4 - 0,5 Joulc
pulse energy).

The 6943 A° radiation was focused by a cylindrical lens into the dye
solution using the same geometry shown in Fig.7-2, but after replacing the
Max reflector with a high power grating (1200 lines/mm). Reliable IR laser
output at the required wavelength (9153 AY) was obtained routinely using an
optimum concentration of 1.3 x IO—AM.IR 125/DMSO solution. Typical IR pulse !
cnergies were measured to be about 10 m J with pulse durations close to 20wnsec.
(500 KW power). In our present set up,tho passively Q-switched Ruby Laser
has been replaced by a new 3.5 J, Pockefs Cell Q-switched Holeheam Ruby
laser (purchased with Drexel funds).

The IR cell design has also been modificd (courtesy of Phase = R Co.). A i
i

very satisfactory performance huas been obtained using the set up shown in Fig(7-3).
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IR pulses in excess of 90-100 mJ (20 nsec duration) can be produced routinely.
The output radiation sho&é good beam quality and moderate divergence. One
major advantage of the present set up is that the IR laser beam is wide cnough
to cover essentially the entire face of the grating. Surprisingly, the
intracavity IR laser power is so high that rcpeated operation has been shown
to causc progressive damage of the high power grating used as a tuning element.
The problem can be cured by cither lengthening thc IR laser cavity (this
would also improve the collimation of the laser output) or by replacing the
grating with a pair of tuning prisms. This sccond solution looks less appealing
because df the low spectral resolution of the prisms in the wavelength range

of interest,
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8. Timing Unit

>

An impertant requirecment in our experimental scet up is the ability to
control the temporal sequence of the UV pump and of the IR pulse. In the
present set up the firing of the Ruby lascr can be controlled with good
accuracy. A major problem was posed initially by the need to link the Phase
Phasce-R Con 540 A° dye laser with the Q-switched Ruby laser.

This was not a negligible difficulty because of the large time jitter
of the dye laser spark gap, the slow rise-time of the trigger transfcrmer
and the dependence of the corona discharge time on the NZ pressure in the
gap and the air moisture.

To overcome this problem, we have climinated the Phase-R spark gap and
replaced it with a specially selected EG & G spark gap and trigger transfomm
characterised by a faster rise time (20 times faster than the original
transformer) and a much smaller electronic jitter.

The new unit is sealed, so that it eliminates the need for additional
spark gap pressurization. This trigger may have to be replaced more frequen
than the original one (it cannot be cleaned inside) but 1t provides numerous
advantages which well compensate for the finite life-time,

The operation of the new tuning unit is illustrated in Fig.(8-1). At
t = 0 (the onset of the Ruby flashlamp) a pulse enters a master clock to

initiate the delay (Fig.(8-2)). The Pockels Cell is triggered by a second

w

pulse from the waster clock which is produced after a present time ty {in ou

Ca 0.68 nsec). A thivd pulse is finally sent, after a variable delay t2,

ing the input pulse to be the IR pulse one only

or
Oy

tly
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