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Quantum Mechanical Features of Optically Pumped
CW FIR Lasers

D. SELIGSON, MARTIAL DUCLOY, J. R. R. LEITE, A. SANCHEZ, aND M. S. FELD

Abstract—Quantum mechanical predictions for the gain of an op-
tically pumped CW FIR laser are presented for cases in which one or
both of the pump and FIR fransitions are pressure or Doppler
broadened. The results are compared to those based on the rate equa-
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tion model,
m CH50H.

Some of the quantum mechanical predictions are verified

ENERATION of far infrared (FIR) laser radiation by

means of optical pumping of molecules has received
increasing aftention over the past few years [1].
the optical pumping process is usually based on rate equation
(RE) treatments {2]. Such treatments neglect important con-
tributions to the FIR gain due to multiple quantum processes
and modulation of the time-dependent wave function. From
the quantum-mechanical (QM) point of view an optically
pumped laser can be considered as a coupled three-level sys-
tem interacting with applied radiation fields. It is well known
that in such systems Raman-type processes [3] play-an impor-
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tant role. For example, double quantum transitions can occur
in which a molecule initially in the ground state undergoes a

} coherent transition to the lower level of the FIR transition by
simultaneously. absorbing a pump photon and emitting a FIR
photon. Such processes can modify the pain and, in some
cases, give rise to directional anisotropy in the FIR laser emis-
sion {3}, [4]. Accordingly, a complete understanding of the
quantum mechanical features makes it possible to optimize
the cutput characteristics of such lasers. For example, in one
casz [5] it has been possible to achieve pgain and laser oseil-
lation in the:absence of population inversion. The way in
which Raman-type processes manifest themselves depends on
whether one or both of the coupled transitions are pressure or
Dogpler broadeped., In Sections I-IIT the predictions of the
QM treatment for the gain of an optically pumped laser are
discussed for the various cases. Section IV presents some FIR
laser experiments in which QM features, not predicted by rate
equations, are observed. ’

The theoretical model [6] considers a three-level system
composed of & pump transition, 2-0, center frequency w,,
coupled to a FIR transition, O-1, cénter frequency ), , via the
common level, O (Fig. 1). It is assumed that in the absence of
the pump laser only the ground state, level 2, is populated
(total population #n,). The pump field, £, at frequency Q.,
can be arbitrarily large, but the field E,, frequency £2,, gen-
erated at the 0-1 tramsition is considered to be weak [7].
Different relaxation rates (y’s) are included in the theory: pop-

ulation decay (7q,71,72), polarization decay (Yo1, Yo2).and

decay of the Raman coherence {7y, ). The quantity of interest
is the gain induced at the 0-1 {ransition by a weak probe field
E, propagating either paralle! or antiparallel to £,. Let W(v)
be the normalized velocity distribution of molecules with ve-

locity component v along the propagation direction of the
fields:

W(v)=

1 i 2 2
exp- (vfuY, u°=2KkT/M
e p - (vf ') 24
(u = thermal velocity, M = molecular mass). The probe field
gain is then given by [8]

G(S2) = Gof? Im y.f[ﬁ%%’@] W) ev, (1)

where

@ B N,
¢ h ‘710,

B=pu E,/(2h), -

Ly =A} +ive,

G0=47|'

Ly =-4; +ivz,

R=(A] - A)) - ivay,
A=La? +482%30/(v072),
B=-RL}+8?,

A;=n}—sz f=1:2: )
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E, cos {I,t

E,ctos{l,t

2

Fig. 1. Three-level system used to desernibe an optically pumped FIR
laser. The pump field resonates with the 2-0 transition, molecular
center frequency ws,., The FIR laser emission occurs at the 0-1
transition, molecular center frequency wy.

Qil =91 - klv,
Q3 =0, - ekyv, -
k',:Q]IC

The frequencies §2) and 3 are those seen by the molecules in-
their rest frames and are Doppler shifted by kv and ek, v, re-
spectively. For copropagating {counterpropagating) beams we
have €= +1(e = -1). Depending on whether pump and probe
transitions are pressure or Doppler broadened, any of the cases
described in the following three sections can occur.

I. HOMOGENEOQUSLY BROADENED SYSTEMS
(HicH-PRESSURE REGIME)

When both transitions are pressure broadened (y >> kj 1)
the velocity dependence at both pump and probe frequencies
may be neglected (ie., Q] = £, 235 = 2,), so the factor in

brackets in (1) becomes velocity independent and the remain- ~

ing integration over WAv) gives unity. In this case the gain

curve reverts to the well-known result of microwave-microwave

and microwave-RF double resonance experiments. For sim-
plicity, let us inspect the case in which all relaxation rates are
equal. Equation (1) can be written in the following form, first
given by Javan [9]:

A~ TBL 1 1
(@ - b*)(2a> +7°)-+* } @
@a® +9?) [y +@+b)] ¥ +@- o)1) -

where
GO =4 _CO_] _‘[izl. _JYE.,
¢ h «
a=(83+46)V22,  ORIGINAL PAGE I3
b=A,[2- A, OF- ROOR QUALITY
and : -
Aj = QL"‘ wj.

The first two terms give rise to a doublet with resonant fre-
quencies at

Q1) = w; + 1 [A, £ (A2 +4f)2].

The third term, which is due to interference originating from
overlap of the components of the doublet, is important only at
low intensities (B << ), when the splitting is small. For very
large intensities (f>> v, A;) the doublet separation is 28.

&<
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This splitting is a manifestation of the dynamical Stark effect
{Autler-Townes effect).

Let us first analyze the gain expression for the case of reso-

a1t pumping (4, = 0), where G is always largest. At low in.

ensities a peak gain of 3G, 82 /y* occurs at A, = 0. The peak

gain increases with increasing pump intensity, reaching a max-
imem value Gof3 for f=/2. Ata slightly higher intensity
(B=5¥/7) the line begins to split. As § continues to increase
the splitting increases, and for B>> v the peak gain at each
doublet component approaches a limiting value G /4.

For off-resonance pumping (4, >> g >> 7) the gain curve
is again in the form of a doublet with peaks of equal magni-
tude Gof* /A3 occurring at A; = Oand A, = A,.

The corresponding expression in the RE limit can be ob-
tained from (1) by setting v,, = o, which has the effect of
completely destroying the Raman coherence, i.e., no double
quantum processes can then oceur. - Setting all other decay
rates equal we then obtain

Gre =G 267"
RETTO (A +97) (AT 42 14g)

In contrast to (2), this expression is always a Lorentzian func-
tion of A, of width 2y (FWHM), which has a peak value at
Ay = A, =0 of magnitude

282
Go ,7,2 +4B2

. Therefore, for weak pumping the RE predicts a peak gain
Qﬁzhz, somewhat smaller than the QM result. For strong

uraticn the RE limit predicts no splitting and a peak gain
that is twice as large as-that of each doublot component,

II. SYSTEMS IN WHicH ONLY THE Pump TRANSITION
1S DOPPLER BROADENED

This is the case in which the Doppler effect at the FIR fre-
quency is negligible compared to the pressure-broadened line-
width, but the pump transition is still Doppler broadened
(kru <<y <<k,u). Therefore, in the velocity integration of
(1) the k,v velocity dependence may be neglected () = Q,,
Q) = Q, - €k,v). This gives

, 2
GAN=Gy —
(81)=Go 70
[ Y1 Yo @ - vo(@ - 1)/2 +iA, ] 3)
B2+ (A +710) ((A; 72y +7200) |

with
Wy !1_% Ny exp [-(Azfk u)]
¢ h kzul\/’i? :

Go =47

and saturation parameter
0= [1+48 fror,] Y2

phase changing collisions are absent [ie., for 7,-;,-=
¥ M2) the numerator becomes 2 factor of the denomi-

nator, and the Jine shape becomes a Lorentzian of width
71 Yo O (FWHM). )
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The RE approximation corresponds, again, to setting 7y, =«
in (3). For weak pump intensities the RE limit agrees with the
QM result but not for an intense pump, where the RE predicts
an emission line that does not power broaden (FWHM = 27,,),
and whose peak gain increases as Bfy. In contrast, for large
B/ the QM expression, (3), predicts that the gain reaches a
limiting value G§,(27,0/v - 1). This behavior is a direct con-
sequence of the occurrence of two quantum transitions. No-
tice also the absence of dynamical Stark splitting, which van-
ishes in the velocity integration.

When the pump field becomes so intense that B~ kyu the
Doppler shift at the 2-0 transition is no longer important, and

the system reverts to the homogeneously broadened case of |

Section I,

IIi. FuLLy DGPPLER-BROADENED SYSTEMS

The fully Doppler-broadened limit has been studied exten-
sively over the past few years [6]. In this case Y<<k; 2u,
and so the Doppler shift at both transitions is important., This
gives rise to a directional anisotropy in the gain. The integra-
tion can be performed analytically in the limit §2 << y&w).
Complete expressions may be found in [1o0].

For weak pump intensity and no dephasing collisions the
emission line shape is a Lorentzian, narrower in the forward
direction (e = +1) than in the backward direction (e=-1),and
is centered at frequency Qf(e) = w, (1 + €A,/w,). The re-
spective linewidths (FWHM) are

Y& =71+ 70 + (12 ~ €75) wy /ey, 4
The peak gain, located at frequ:ency Q8 (e) for e=z1,is given
by

G(e) = 4Go B/ [ro7(@)]. ®

Note that the gain in the forward direction exceeds that
in the backward direction [G(+)> G(-)], and that because
Y(+) G(+) = v(~) G(-) the “areas” under the two Lorentzians

are equal. The gain anisotropy has made it possible to con-

struct a unjdirectional optically pumped laser amplifier in a
ring cavity configuration {11}.

The gain anisotropy G(+)/G(-) increases with the ratio
w1 few,. In the case when ail the ¥’s are equal

GG =1+ wifas,. 55 (6)
In the limit of o, feo, <1
G(¥) =G(-) =2GoB*[7?,

and the anisotropy disappears.

For large pump intensities (ku > 8 > %) the anisotropy be-
tween forward and backward emission line shapes becomes
even more pronounced. The backward emission line shape ré-
mains Lorentzian, with a linewidth v, + Q[v, + (v2 + 7o) -
@y fe;] (FWHM). Accordingly, for large B~ the backward
gain profile power broadens. At the same time its peak value
approaches a limiting value

Govallvo + (v2 +70) w1/, ].

In contrast, at large pump intensities the forward emission line
shape splits symmetrically into two components separated by

ORIGINAL PAGE IS
OF POOR QUALITY
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48[ew (w2 = wy)1Y2. The splitting of this doublet is max-
imum for w, = w, /2. This splitting is another manifestation
of the dynamic Stark effect, discussed in Section I, which is

'preserved in the fully Doppler-broadened limit when £ 1 and
£, are copropagating. Note, however, that although the split-
ting increases linearly with 8, as in the pressure-broadened
case, its magnitude is different. In contrast to the counter-
propagating case, the peak gain of each component does not
saturate with increasing pump intensity, but instead continues
to increase « (B/y)/? up to the point §~ ku, where the sys-
tem is no longer Doppler broadened and the gain saturates, as
described in Section L.

In comparison with the above results, the RE approach in
the fully Doppler-broadened limit predicts identical Lorentzian
gain profiles centered at Q3(%). There is no forward-backward
anisotropy, since Raman-type processes are neglected [3]. For
weak pump intensities the gain curves are identical to the
backward gain curve of the QM case. For large pump-inten-
sities the Lorentzians power broaden. In the case of no dephas-
ing collisions the linewidths are v, + Yo T 0o +72) wyfew,
(FWHM), somewhat narrower than the e =-1 QM linewidth.
With increasing pump intensity the peak gain (for both €=+1)
approaches the limiting value G (w3 /w;) 7, /(v + ¥o), which
is larger than that of thee=~1 QM peak gain, but smaller than
the gain peaks of the € = +1 doublet.

IV. EXPERIMENTS

We have studied the emission characteristics of an optically
!)umped FIR system which is fully Doppler broadened. Two

ypes of experiments will be described. In the first a weak
tunable field is used to probe the gain line shape at the FIR
transition in an optically pumped external csli. Subsequent
experiments study the frequency characteristics of the output
of an optically pumped FIR laser. In this case the laser field
itself serves as the probe.

In the gain line shape studies a CH,OH sample cell was
pumped with a CO, laser and probed with the radiation from
a FIR CH;0H laser. The CO, laser, capable of delivering
I2W CW at 9.7 ym, had a 1-m discharge and used a diffrac-
tion grating for line selection. Power was coupled out of the

.cavity via the zeroth diffraction order. The frequency of the
CO, laser could be controlled by adjusting the voltage of a
PZT attached to the end cavity mirror.

Most of the CO, laser power was used to pump the FIR
laser. The FIR laser cavity was of the waveguide type with
two flat mirrors, one of which was mounted on a second PZT.
The FIR cavity modes could be tuned by adjusting the PZT
voltage. The CO, pump beam was focused inside the FIR
cavity through a 2-mm-diam hole in one of the mirrors. This
hole also served to couple out the FIR radiation. The FIR
cavity was filled with CH,;OH in the pressure range 50-
300 mtorr. Using different CO, pump lines, CW FIR radiation
at several wavelengths could be generated [1]. The experi-

ents reported below studied the FIR emission of the 70.5-

line, [P(34) 9.7-um CO, pump].

In the external cell experiments about 1 W of the CQ, laser
power was split off from the main beam and sent unfocused
to pump a 60-cm cell filled with low-pressure (<100 mtorr)
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Fig. 2. Experimental setup for studying the CH30H FIR gain induced
in an external, optically pumped sample cell,

{a)

bl

FIR GAIN, 6(f2,)

{e}

8MHz —

FIR FREQUENCY TUNING

Fig. 3, Observed FIR gain profiles, Lock-in ampliﬁer'output versus
FIR probe frequency is shown. In fraces (a), (), (c) the frequency
setiing of the CO, pump laser is successively incremented by 7 MHz,

CH;0H (Fig. 2). The collimated output of the FIR laser,
aligned to coincide with the CO, beam, was used to probe the
gain at the coupled transition of the CH;OH sample cell in the
forward direction. A TPX filter placed after the sample cell
was used to reject the pump beam and transmit the FIR signal.
A He-cooled' InGe detector was used to detect the FIR radia-
tion. The CO, laser was chopped at 100 Hz, and synchronous
detection was used to measure the gain.

Fig. 3 shows the output of the lock-in detector as the FIR

frequency is swept. The sample cell pressure was 50 mtorr.
In gain profiles (a), (b), and (c) the CO, pump frequency was
successively increased by increments of 7 MHz. The distortion
in the lineshapes is due to the powsr change of the probe laser
(operated at 300 mtorr) as it is tuned over its ~10-MHz range.
The gain profiles are found to be 2.4-MHz wide (FWHM).
Power broadening was negligible at the available pumping
power, so that if we assume v, =y, = v in (4) (with e==1)
we obtain y=24(+6) MHz/torr. Under these experimental
conditions a peak FIR gain of 5 percent/m was measured.

The forward-backward gain anisotropy is one of the most
interesting predictions of the 'QM treatment in the fully
Doppler-broadened limit. Equation (5) predicts a higher gain
in the forward direction than in the backward direction, the
gain anisotropy ratio being 1 + w;/w,, (6). For the 70-um
FIR transition w, = 0.08cw,, yielding a small anisotropy ratio
which would be difficult 'to observe in forward/backward
probe experiments. Instead, the gain anisotropy was investi-
gated by studying the tuning characteristics of the FIR laser
itself, because near threshold the power output is very sensi-
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Fig. 4. Frequency profile of FIR gain induced by a standing-wave
pump field, The dashed lines show the Doppler profile of the 0-1
transition. (a) and (b) show the gain contributions from the right-
and left-propagating traveling wave components of the standing wave
field. Peaks occur at 2} (£) = w; * Azwyfewy. Note that in both
(a) and (b) for Ay > 0{As < 0) the emission component above (be-
low) wj has higher gain,
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tive to small changes in gain. In these experiments the FIR
laser was operated in the low-pressure (80 mtorr) range. In
order to resolve the forward and backward emission line shapes
the pump laser was detuned from the center of the CH;0H
transition. It is important to realize that the gain anisotropy,

. usually described for the traveling wave pump field, is not de-
stroyed when the pump field is in the form of a standing wave,
as is the case in our FIR cavity (Fig. 4). If the pump laser is
set at the high- (low-) frequency side of the CH3;OH absorbing
transition, the high- (low-) frequency component of the FIR
emission line shape should exhibit higher gain, and this gain
asymmetry should give rise to a corresponding asymmetry in
the FIR laser output as the FIR cavity is tuned.

This is verified in the experimental results of Fig. 5: when
the pump is tuned to the center of the absorbing fransition
(A3 =0) 1) forward and backward line shapes overlap, giving
rise to a single symmetrical profile of the FIR laser output tun-
ing curve. For a pump frequency detuning of A, =7 MHz

2) the components begin to split and the gain asymmetry be-

comes apparent. With increased detuning 3) the splitting be-
comes larger and both peaks decrease in magnitude, but the
backward peak decreases more rapidly since its gain is closer
to oscillation threshold. Eventually only the forward emlssmn
component has enough gain for laser oscillation.

Similar effects have heen observed in the visible in a three-
level system in neon in which the common level (level 0) is
lowest in energy [12].

Further experiments to explore the QM features of optically
pumped CH;OH FIR lasers are in progress. Studies are planned
using transitions having shorter FIR wavelengths, where the
gain anisotropy is more pronounced. Cases (1) and (2) will be
studied by going to higher pressures and using longer FIR
wavelengths (A ~ 500 ym). Studies of the transient behavior
of the FIR emission, obtained when the pump laser is sud-
denly turned on or off, are also under way.
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{a] fl-wy»0

{b) §;~w,y=TMHz
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Fig. 5. FIR laser output tuning curve. Laser outpui intensity versus

cavity tuning is shown. (a) on-resonance pumping {42 =01 (b) Az= - -

7 MHz; (c) A, = 14 MHz.
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Fundamental relations for energy storage among the modes of a polyatomic molecule are derived in terms of vy the
V-V collision parameter and the energy flow path. A new method is introduced for making absolute measurements of vibra-

tional energy.

This paper explores energy absorption and energy
transfer induced by vibrational (V—V) collisions fol-
Iowing intense laser excitation®. A theoretical model
is derived which predicts that under appropriate con-
ditions several quanta per molecule can be absorbed
in vibrational energy. This is confirmed using a pulsed
CO;, iaser to vibrationally heat 13CH3 F.In addition,
we directly measure the energy stored in the vibra-
tional modes and show that a_steady state exists, These
findings are basic to the use of molecular gases as ener-
gy storage media. Furthermore, a complete knowledge
of the energy distribution of vibrationally hot but ro-
tationally cold gases opens interesting possibilities for
achieving laser oscillation and for studying chemical
reactions in excited vibrational states.

Consider an intense pulse of laser radiation reso-

* Present address: Hughes Research Laboratory, Malibu,
California, USA. N
John Simon Guggenheim Memorial Fellow 1974--75; per-
manent address: Department of Chemistry, Columbia Uni-
versity, New York City, New York, USA.

T Alfred P. Sloan Fellow.

Many energy transfer and relaxation studies have been made
using weak laser excitation. Sec for enample, ref, [1] and
teferences {herein.

nantly interacting with one of the ground state (v =

0 = 1) rotational—vibrational transitions of a diatormc
molecular gas. When the laser pulse time (rp) is long
compared to the rotational bottleneck time (7g), the
entire rotational manifold of the v = 1 state can be
popuIated*, If 7p is short compared to the character-
isticsV—V collision time (7yy), the energy flow into
the system will be limited by the condition that not
more than half of the ground state population can be
transferred into the v = 1 vibrational state. However,
if 7p > Tyy additional energy can flow into the sys-
tem. This comes about because the normal V—V proc-
esses as they oecur in thermal equilibrium are.unbal-
anced by the presence of the intense laser field. The
laser continually acts to equalize thev=0andv=1
level populations, and resonant V—V processes can
then lead to additional vibrational heating..For exam-
ple, consider the process in which two molecules in
the v =1 state collide to produce 2 v = 2 molecule
and av=_0molecule. The v =2 molecules thus created
will be carried up the vibrational ladder by subsequent

* Tg = TR/, with rg_the rotational thermalization time, and f

the fractional population of the lower level of the laser tran-
sition, Letokhov and Makarov {2] have considered the re-
gime wherse 1 » Ty See also ref. [3],
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V-V collisions. The molecules transferred to the v =0
Ievel unbalance the population equality of the v =0
and v = 1 states, However, the laser maintains this
equality, thereby bringing additional energy into the
system. This build-up of stored vibrational energy can
continue until V--T relaxation (characteristic time
TyT) sets in.

The theoretical model assumes: (1) 7 < 7p, (2) -
7p €Ty (to prevent thermal heating) and (3) a pulse
sufficiently intense to equalize v =0 and 1 level popu-
lations for molecules of al{ velocities. Assuming reso-
nant binary V—V processes, and dipole—dipole colli-
sions in the harmonic oscillator approximation, the
vibraticnal heating of a diatomic molecule can be de-
scribed by coupled rate equations of the form¥

dP,fdt + 3y E}U{{(w ' +u@ + D12, P,

—w P 1Py -+ DO )P P (D)
=0l(P5 - P}, 1 —8,0) v=0,1,2,...

Here P, is the fraction of molecules in the vth level,
Yvy is the V-V rate constant (ryy, = 'y\";%,}. The right-
hand side of eq. (1) describes the pumping of the v =

0 = 1 transition (absorption cross section ¢) by a laser
field of photon flux J. For full saturation of the laser
transition P, ~ P and we assume that a quasi-equj-
librium is established among states v 2> 1 having an ef-
fective temperature which increases with time. The
number of quanta per molecule, €, is then

e= 2109, =(1- 222, . (2a)

Using eq. (1) and initial conditions P(0) = P (0) =
172, 2(¥) is then given by

YP3+41002P) =4+ yyyt, (2b)

from which e(r) can be obtained. Computer solutions
of eq. (1) agree with eqs. (2) and confirm that an ef-
fective temperature is established [5].

In polyatomic molecules, where other modes are
present, the energy absorption process is modified by
V-V cross-over collisions, which lead to energy trans-
fer to other modes. However, when the.w = I leve] of

* The left-hand side of this equation is given by Shuler [4].
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a closely coupled mode, vy, is at least ~&T above that
of the mode beingpumped, v, (asin the CH 3F experi-
ments), a temperature relationship [eq. (5), below] is
rapidly established between the modes during the punp-
ing process, and the number of quanta within the modes,
€, and e, increases with €, > €1, As a result, the ner
vibrational energy deposited in a polyatomic molecule
is very nearly the same as in the diatomic case, so that
egs. (2) still hold, with e = ¢, + €y, and 7y being the
V-V rate constant of the mode being pumped. Com-
puter caleulations [5] confirm these findings. As seen
below, eqs. (2) give good agreement with the data. -

The 9.65 pm P(32) CO, laser line falls within the
Doppler width of the »; (v =0 - 1) R(4, 3) transition
of 13CH, F. The large transition matrix element leads
to full saturation at moderate laser intensities, and
TR < 7yy <7y7 [1]. Spontaneous emission from
several modes is readily observable, providing a means
of observing stored vibrational energy. Laser pulse du-
rations were typically 2—4 us. Pulse energies (<0.25 J)
were kept well below the threshold for.collisionless
absorption [6], but sufficiently high to ensure com-
plete saturation of the !3CH4F Doppler profile.

In the energy absorption experiments the laser beam
traversed an 18 cm CH;F sample cell. Incident and
transmitted pulse energies were monitored with cali-
brated Au . Ge detectors. Given the energy absorbed

"by the sample and the beam volume, the number of

CO, quanta absorbed per molecule, e(P), can be ob-
tained as a function of the I3(31-13F pressure, P (fig. 1a).

. For 2 <5 torr €(P) rose monotonically, reaching a

maximum of 2.6 quanta. At higher pressures it slowly
decreased due to incomplete laser saturation over the
cell length. A best fit to e(P), obtained from eqs. (2),
gives a value of vy =0.8 £0.2 us—! torr—1, This re-
sult agrees with Earl and Ronn’s value [7) of 1.2 £ 0.3
us—1 torr—!, measured via laser fluorescence, and con-
firms that eq. (2) is a good approximation for predict-
ing energy absorption in a polyatomic.

If a rotational bottleneck [2,3] is present it can be

“eliminated by adding 2 buffer gas which-reduces TR-

In CH3F, however, no bottleneck is present, as evi-
denced by the fact that the energy absorbed did not
change when up to 500 torr of argon was added to a
fixed amaunt of CH;F. o

To establish that for times <7y, the absorbed ener-
gy resides in the vibrational degrees of freedom, the
time evolution of the‘ﬂuorescence from the 9.6 pm
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(a). The insert shows relevant vibrational levels.

C—F stretch mode (p3) was monitored by a Cu: Ge
detector. In the pressure range of the experiments the
fluorescence signal was always in the form of a rapid
rise, governed by the duration of the laser pulse, fol-
lowed by a long {(~ ms) decay, determined by the V—T
relaxation processes. The 3.3 um C—H stretch (¥;, 4)
and 6.8 um bend (v,, v5) fluorescence bands exhibited
the same temporal behavior as »4. This indicates fast
intermode V—V transfer rates, and that soon after the
laser pulse terminates a vibrational steady state among
the modes is established.

Since the absorbed energy is distributed among all
the modes, it is important to determine how much is-
stored in each. However, absolute measurement of
fluorescence intensities would be difficult and impre-
cise. A new technique, which utilizes the fact that a
steady state Is rapidly established among the vibra-
tional modes, was employed to measure the energy -
stored in v5. In this technique the peak fluorescence
is first observed after it passes through an empty “cold
gas filter” cell to give I(0). Then, methyl fluoride gas
at room temperature is introduced into this cell to re- '
move the v = 1= 0, giving J(0) - { 4. This “*cold”
(room temperature) gas s an ideal filter for the v =
1 - O fluorescence, since the absorption band matches
the emission frequencies line for line, and the small
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anharmoricity (18 ecm~—1) is sufficient to prevent ab-
sorption of v4 fluorescence from higher lying levels ¥
Describing the vibrational level populations by a Boltz-
mann distribution at temperature T3 (T3 > room tem-
perature), and assuring harmonic oscillator transition
moment matrix elements, we obtain

TolH0)=(1+e3)™2, ey = [explfiw;/kT3)— 1]*1( ,
3)

where w5 is the v5 frequency. The measured ratio
I10/1(0) determines €5, the number of quanta stored
in V3 .

In practice, care must be taken in obtaining the
ratio I1o/7(0). The v = 1 - 0 emission occurs over the
entire rotational manifold. The intense emission lines
are absorbed strongly; conversely, the weak emission
lines are absorbed weakly. As a result the curve of
transmitted intensity J(P") versus cold gas filter pres-
sure, P’ has a long tail rather than a sharp cui-off. One
finds iy

HPOYIO) =1+ [110f1(0)} (P — 11, (4a)

where x(P") is a function of the symmetric top matrix
elements and absorption coefficients. For a cold gas
filter cell of length L containing Doppler-broadened
CH;F, x(P") is closely approximated by ,.

X(P’) =0.567 e—'0.6_14P'L +0.33] ¢—0-145P'L
+0.102 e~0019PL (4b)

Fig. 2 shows the transmitted fluorescence intensity as
a function of cold gas filter pressure for several values
of sample cell pressure. In each case the solid line gives
a best fit to the theoretical expression for I(P")I(0)
feq. (4)], from which e, is obtamned [eq. (3)], Note

that with increasing sample cell pressure, P, 1(P) falls ~

off more slowly, indicating increased population of
the upper vibrational states and thus higher 7.

The observed values of €3 at various pressures are
given in fig. 1b. Note that 40—50% of the total energy
(fig. 1a) resides in ». Since Ty is long the remaining
energy must be shared among other modes.

In order to determine more precisely the partition-
ing of energy, the vibrational energies €, of the v g

* Pressures of both sample and cold gas filter cells were kept
below 10 torr to avoid overlap of lines due to excessive pres-
sure broadening.
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Fig. 2. Cold gas filter measurements. The theoretical fits give
the temperature of the vz mode.

and »; 4 modes were also measured. (5 was too weak
to measure.) This was done by taking ratios of the cor-
responding fluorescence intensities to that of »5. Know-
ing the ratios of the mode frequencies and transition
moments, and the detector efficiency, ¢, could then

be obtained i terms of €3 (fig. 1). Cold gas filter ex-
periments performed on the v; 4 fluorescence, which
are less accurate because of its weak transition moment,
establish a firm upper bound for €; 4 which agrees with
fig. 1.

The steady state partitioning of energy among the
modes may be determined from a knowledge of the
path by which energy is transferred among the modes.
The temperature of two modes, energies £, and £, in
vibrational equilibrium are related by [8]

E,IT, - Byl Ty =(Ey — BT, )

* with 7 the kinetic temperature. Therefore, by assuming
a dominant energy flow path, eq. (5) can be successive-
ly applied to each pair of modes collisionally coupled
in the energy flow process. The smooth curves of figs.
1b—1e were obtained from eq. (5) using the theoretical
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curve of fig. 1a and the energy flow path of ref. [3].
The agreement with the experimental points is indica-
tive of the accuracy of our absolute measurements of
vibrational temperatures, and supports the energy flow
assignments {9]. No other path assignments led to goad
agreement with the data. .

In conclusion, this is the first time that the energy
storage and partitioning of a highly excited poiyatom-
ic have been measured. The confimmation of the sim-
ple prediction of laser induced vibrational heating feq.
(2)] and subsequent vibrational energy redistnbution
shows that these relationships can be applied with con-
fidence in other molecules. Finally, a comparison of
the present results with weak excitation experiments
[9] strongly suggests that the dominant path for vibra-
tional.energy redistribution does not change in CH3F
for vibrational excitation up to =7 kealfmole.

The authors wish to thank Rick Forber, Viadik
Letokhov, Bill Ryan, Howard Schiossberg and Ramesh
Sharma for useful discussions and Ali Javan for his
support and encouragement.
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ABSTRACT

Theoretical and experimental studies are made of the energy flow into
and among the vibrational degrees of freedom of polyatomic molecules due
to V-V collisions following intense laser excitation. Simple elesed
Fera-expressions are derived for predicting the energy extracted by

sovAl.
diatomic andApo1yatomic molecutes from a saturating laser pulse. A new
method for measuring tihe energy stored in the vibrational degrees of

freedom is introduced and a model for predicting the steady state par-

titioning of energy in polyatomics is applied to CHSF.
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I. INTRODUCTION

The interaction of intense iaser fields with molecular
systems and the subséquent inter-molecular processes is ‘an
aiea of great interest among physicists and chemists. The
laser has become an excellent téol for probing the flow of
energy within the internal degrees of freedom of a molecule,
and it providés a péWerful method for obtaining high levels
of excitation. Conversely, the increased knowledge of. energy .
absorption, transfer, and relaxation procésses in molecules
has led to new and improved lasers, with many more possibili-
ties ahead. ‘

Very litéle is_kndﬁn about the detailed kinetics involved
in the energy absorption process in molecules, nor has the
redistribution of absorbed energy among the vib;atiqpalxﬁe-
grees of freedom of polyatomics been fully understood: -ﬁe—
cause of the spectroscopic complexi?ies and the lack of in-
formation on interaction potentials, collisional rate constants
and energy flow mechanisms, polyatomic molecules have not been
investigated as thoroughly as some diatomics.

This paper presents a detailed theoretical and experi-
mental study of energy absorption and transfer in a poly~ ‘
atomic molecule from intense resonant laser pulses in the
regime where the energy flow is determined by V-V collisions.

This is different from the studies of Letokhov and others,( )

d17<



Whiéh are céncerned_ﬁith collisionless cascade excitations
characteristic of’shorter, more‘intensé‘laser pulses.
' The theoretical work investigates both a single mode
oscillator and one. with two collisionally—coupied modes. We
uséffhe collisional rate equations for vibrational energy
transfer,. asrin the works. of Shgle: and oth%rs,( ) 'with the
adaition of two important features: (l) a laser punping term,
and (2) the assumption of a quasi-equilibrium among the
vibrational levels not directly connected +o the laser.field,
which provides a relationship between the populations of all
the levels. In the case.of a single mode oscillator, simple
expressions are derived for predicting tﬁe eﬁergy absorbed
'during the laser excitation. The addition of one other vib-
rational mode, collisionally coupled to the first, is considered
in some detail. A general formula is derived and discussed in
relation to the one mode case} it is found that the influence of
the second mode on-the absorption process dramatically depends
on its energy spacing relative to the spacing on the energy
absorbing mode. Numerical solutions of the population.rate of
change equations are used to justify the guasi-ecuilibrium as-’
sumptions, and the agreement with theory is quite good.

The experimental work studies the absorption of the P (32)
line of CO2 by l3CH3F, and the subsequent energy transfer among
the modes of the molecule. Fitting the single mode model to

the measured absorption leads to a determination of Yoy ! the

VV collision rate constant for the v mode. In addition, 113



£ﬁe pa;titioniné of the ébsorbed enerxrgy among the several vib-
rational modes is determined by means of a technique fér
-measuring the abselute enefgy stored in a particular mode.
This technique, which involves the use of a "cold gas" filter,
is'ééscribed in detail. ZXnowledge of the partitioning of
energy then allows confirmgtion of a speqific flow path for
the transfer of energy between the modes of CHBF.
Interest in laser development, laser induced chemical
reactipns, and chemical lasers requires a deta;led understanding
of the molecular processes involved. The rate constants and
paths of energy flow during and after excitation govern the
. gain, power outputs, reaction rates, mode"specific excitation,
etc. Once the transient mechanisms of energy absorption and
transfer are understood, a vast set of applications await them

It is hoped that the present work contributes to that under-~
standing.
Some of the concepts and data presented here are outlined

in Reference . A detailed treatment is given here.

IT. THEORY

A. Introduction
Consider the interaction of a resonant laser pulse of
carrier frequency w and duration TP with a particular rotational-

vibrational transition from the ground .vibrational state of a

19<



molecule to its first excited vibrétiénal state (Fig. la).
Tﬂe émount of energy t@e moleéuie can absorp depends on Tp.
. As Tp is increased three distinct regimes cantbe considered.

1) When Ip’iS short compared to the rotational ;elaxation
timé, Ter' theﬁ only the fractional population ZJ of molecules
in the particular rotétionél state J of ‘the ground vibrational
state can be excited. Therefore, if thg pulse is intense

()

enough to saturate the transition then only the energy

%Zdﬁm can be absorbed by the molecule on the average.

2} When S is on the order of TRR/ZJ then the rotational
populations of both the upper aﬁd lower‘vibrational states
have time to reach a new equilibrium during the laser pulse,

In this case the totdl poéulation in the upper and lower vibra-
tional states can equalize, and the average .enerqgy absorbed
by the molecule is %ﬁ&.

3) When 2 is longer than the characteristic fime for
vibrational-vibrational energy exchanging collisions, Tyy e
and both times are longer than TRR/ZJ then additional energy
can be absorbed and stored by the moclecule és vibrational
engrgy.( ) When this condition is satisfied the rotational: struc—~

ture becomes unimportant and the system reduces to that of a

simple vibrational oscillator. This last regime is the subject

<D<



"of this work.

For example consider the process in which two molecules
in the v = 1 state collide and exchange energy, producing one .
molecule in the v = 2 state and one of the v = 0 state. The
reéﬁlt is that energy has been barrieé up the vibrational lad-
der and a molecule has been';eturned to the ground state where
it can again absorb energy from the laser. Energy will con-
tinue to be absorbed through processes of this kind, until

the laser pulse length becomes comparable to T the charac-

vT'
teristic time for translatiomal energy transfer. Thus, under

appropriate conditions many guanta can be stored as vibrational
enerqgy.
This process is analyzed theoretica}ly iﬁ the following

‘sections. Section II.B. treats the case of a molecule with

only one vibrational mode, as in a diatomic molecule. In

Section II.C. the addition of another vibrational mode is con-
sidered, in an attempt to obtain an understanding of the vibra-
tional energy absorption process in a polyatomic molecule

such as CH,F. Computer results will be used throughout to verify
the analytical results and check the assumptions. A treatment

of the conditions necessary for ignoring the rotational structure

is given in the Appendix.

B. One Mode Model
If we denote Ev as the probability of a molecule being

in state v, where the density in state v is Nv = BVN (N is the

<i-
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total number density of molecules in the system)}, the rate
equations describing the interaction of the laser with the

oscillator system may be written as

3B _
4= = S’%) - (BB |
4B . Eﬁ’u) -~ P, - W
ax - ). T te (¥ ) .
4P . O
31v ) Eﬁ;lz vz

where an/at)c is the contribution due to V-V collisions and

Yp is the effective rate constant describing the energy flow into the
system due to stimulated emission aﬂd collisions. [The ex-

pression for Yb is éiven in Eg. (A-15) of the Appendix.]

This expression assumes that the laser pulse duration-is

sufficient so that the rotational structure can be ignored

(the conditions are given in the Appendix), and +hat the laser
intensity is such as to only couple to the v = 0+l vibrational

transition, collisionless multiple photon absorption processes

being negligible. Relaxation due to VT processes is also as-

“sumed to be unimportant, as in the case when T << %VT' The

treatment will be generalized to include VT processes below.

If we assume resonant binary V V processes, and dipole-
dipole collisions in the harmonic oscillator'approximation, the

process has a probagiii@y rate

Therefore, the collision part of the coupled‘ratghéﬁﬁatioﬁg'can

be written as( )
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{-(q'“)vil’v.tﬁ'u"Pu?v'__\} . (2).

o



Here Yyy is defined such that for an isolated three level

system (v = 0,1,2), -

where Yyv is the characteristic "up the ladder" collision

¢

rate. Equation (2) may be simplified.by using the con-

dition of number conservation

o

Z.Pv"“‘ y (3)

v= 0

and’noting-that the mean number of guanta stored in an os-

cillator is given By

Vibrattonal enevqy
e = Z v Pv = (4)

wmslecule -

Thus,

B-Pv — v
SE)c = ’% gm['(zv-u)e +v]P + veR,, +CV+0(6+')E+:3- . (5)

We now wish to examine the problem in the limit in which

the laser saturates the v = 0-1 tfansition( )-suchithat
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dt dt (6)
_That is, the time rate of change of levels 0 and 1 are locked
together, so that if one changes the other follows. Therefore,

using Egs. (1)
1 ~§_L_EL) - z_:g.)
Pa“B=i§P[‘arta at¢] .

Thus, it can be seen from Eg. (5) that PO-—Pl is at most of

order va/sz' So, if

¥ << 2%, y (7)

then

P =B . (8)

Accordingly, (7) is a sufficient condition for equalizing
the populations of the v = 0 and v = 1 levels for all time,
and thus insures (8) and (6). Note, however, that we must

allow the product xp(PO—Pl) to be non-zero, but as yet unséecified.

Let us now find an expression for the time rate of
change of vibrational energy per molecule. Taking the

derivative of Bg. (4) and using Egs. (1)

> dp Z‘” 2P
* o v
€=2vy = v 51)¢ © ¥ (B.-P) .
Voo v o
2 OB} o
Substituting Egq. (5) one obtains §;V 3{)‘==0 , as expected,

since energy 1is conserved in the collisions in this model. za<



. Thus,

e = %(L-2) (9)

and the rate equations become

_ 3% -

. = 2. & ; (10a)
v bP: - .
P = %), t € ; (10b)
- _ a v
g = ‘é% )e vz . (10c)

The ¢ term may be considered as a perturbatioﬂ, not neces-~
sarily small, on the usual collisional relaxation. The VV
processes attempt to drive all the populations to a Boltzmann

¢ )

equilibrium, but the & term offsets the process by main-
taining nearly equal populations in v = 0 and v = 1. As a
result, VV collisions pump molecules to higher wvibtational

levels, with the laser supplying the necessary energy.

Using Egs. (5) and (10) with PO = Pl and @0 = él
- xw > )
e = TPk ~-FP . : (11)

This equation gives & once Pl(t) is known. Conversely, Pl(t)

can be found once & is specified as a function of t or Py

The fact is, & = YP(PO—Pl) is an unspecified parameter other

than the requirement Po(t)zP t).

1 ¢
This difficulty can be overcome by taking advantage of

the fact that the vibrational levels v > 2 are all in 25 <
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'equilibrium with respect to the v = 1 level: This can be

understood in the following way.. With'PO = Pi the tendenéy

rof the collision terms in Egs. (10a) and (10b) is to increase

P0 and decrgase Pl [ef. Eg. (2)]. However, the € terms in

these two expressions oppose these changes and sufficiently

retards the relaxation of these two levels so that they can be

)

considered slowly varying on the VV time scale.( The

remainder of the levels then come into equilibrium with the
v = 1 level in a time l/xvv. Thus, the wvibrational popula-

tions can be described by an effective temperature in the form

FE=8R=P

P, =Pe ) (12)
where © ='ﬁw/kTV, with T, being the time-dependent effective

vibrational temperature of the v = l»e vibrational levels re-
lative to the v = 1 level., This assumed time dependent guasi-
equilibrium distribution is verified by computer solutions bf
Egs. (1) and (2). Figure compares the distribution-of Bg. (12)
with the rate equation predictioné for a value of Yp/va = 100.
As can be seen, the overall agreement is excellent. The small
discrepancies are inconséquential, since e(t) is determined by

a sum over the Pv’s and is not Vvery sensitive to individual

values., .
Substituting (1l2) into {(3) and (4), and solving for £ in

terms of P

(13)

e = G-eY/p | 28<
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and

e = - P? F (14)

This gives an independent éxpression for é(P), as desired.
Equating the two expressionS'for‘é, {(11) arid (14), one obtains

a differential equation for P

P [Z-'"!f-n] = %’P- ) C as)

which can be easily integrated subject to the relevant’ boundary
conditions. Since the laser saturates the v = 0+1 transition -
on a time scale substantially shorter than the characteristic

VV time [see Eg. (7)], the appropriate boundary conditions
are
- - - - !
P(-t:.-o)':- F‘({—,:o\ = PBC{:VO) - = - (l16)
Thus

-711;2 + Yin2p

it

ST + H . (17)

This simple expressidn, together with Eq. (13), determines the
number of guanta éer molecule absorbed. Note that ¢ is entirely
determined by the product of the VV rate constant and the laser
pulse duration, which is roughly the number of V-V collisions

occurring during the laser pulse. Neither the laser intensity

7=
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nor any other parameters enter in. Values of e(t).predicted
by Egs. (17) and (13) are in precise agreement with computer
solutions of the coupled rate equations (1,2) (Fig. ).

This solution has interesting forms for the limiting values
of YVVTp' For vatp'<< i, PH(YVVTP) doesn't change much from

its initial wvalue and

~ ! 3
€ = 3z + 3 ¥, Tp . (18a)
Thus, in the initial part of the pulse the energy stored- increases

linearly with time. In the other extreme, when vaTp >> 1,

(YVVTP) << 1 and consequently

é ~ X\N’CP {18h)

This expresses the fact that the energy absorption,becomes
more like a random walk (YVVTp = number of VV collisions), since
higher states are populated and energy can f£low down the: vibra- '

ticnal ladder, as well as up. Furthermore, in these two limits

-

L d
=~ P
o I

¢
1

v ¥t <<

. N . _ i .
R - .P| m?’ftxvv ) va't >> ‘

11

so that PO and Pl do change at a rate substantially slower than
the charateristic VV rate, Yy which is consistent with as-

sumption (12).

PASES

According to the results so far, any desired amount of
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of laser energy can be transferred to the molecule by using
a laser pulse of sufficiently long duration. In actuality,
vibration-to-translation (VT) relaxation processes place an

upper limit on the maximum amount of stored energy. For

VT’

stored vibrational energy will be converted to translational

pulses exceeding T the VT relaxation time, some of the -

enerqgy. Thus, for TP N Ty the amount of stored vibrational
energy reaches a limiting wvalue.
To include the influence of VT processes one must include

this interaction in the rate equations. For this the term

S [(wn(f.m - B - ‘?_(fv - ) ]

must be added to each of Egs. (1), where YVT = T 1 is the-

()

VT
~hw/kT

VT relaxation rate and §} is given by Y= e , as is neces-

sary for detailed balancing.( ) In this case Eg. (9) becomes

E + XVT(E-*Q(&-H)) = Y% (B-P) .

using the expression for the laser pumping term in the revised

BEgs. (1), with Py = Pl and Py = él’ and the expressions for ¢

and € from the temperature assumption [Bgs. (13), (14)1, the

T

differential equation for P becomes

When the system comes into thermal equilibriuﬁ (i.e. the

vibrational temperature ggual to kinetic temperature, T )
: ; -

this choice of Y| causes EEI)VT Coll = 0.

©9<



This can be. integrated with the initial condition,
P7(t ='0) = 1/2, as before. For ¥ << 1 and Yoy >> Yy

(the usual case) the energy per molecule is
E S Em) = Ao (] - L EZB‘”TF
o -“~=~\ P Z¥u7 2 Ty (20)

valid for Tp 2 Ty~ Thus, for laser pulses longer tﬁan é
few Ty the number of quanta per molecule reaches the limiting
value f/ﬁk Thus, VT processes place an uppgr limit on the
amount of laser energy which can be vibrationally stored in

the molecule.

Finally, Egs. (1) with VT interaction but without the
laser-(after the laser pulse is. terminated) have the expected
solution for + > TP e{t) = €4 +le(t )—EO] exp [:jl"ﬂ)YVT(t—Tﬁ)]

if(/(l 1) is the energy of the oscillator system at

where~e =
room temperature.
it should be noted that this model becomes inadequate for

cases in which the laser induces substantial population into
high lying levels in which there is a significant degree of
anharmonicity. This is so because an anharmonic oscillator
does not evolve toward equilibrium through a continuous series
of Boltzmann-like distributions,( ) hence assumption (12)
becomes inadequaté. To get an idea of when this effect becomes
important assume that the temperature assumption of Egs. (12)
is still approximately valid and notice that Egs. (3) and (4)

for small P lead to

P, = P e

SO<
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Thus, if the degree of anharmonicity is not significant up to
vibrational level v = 10, for instance, then the model remains
valid for energy absorption of up to 4 or 5 photons. After
that anharmonicity effects such as bottlenecking, Trainor

()

pumping, etc. may become important.

3id<



IZI. ENERGY ABSORPTION IN METHYL FLUORIDE (CHBF)

A. Relevént Properties

The energy absorption from an intense laser pulse and
subseguent vibrational vartioning, induced by vibrational

collisions, have bsen studied in methvl fluoride. This molecul

3

was chosen because of several features which make it well suit

¥ . . . o .
AR {(a) A strong C‘3E3F absorption resonance coincides with
=
a strong CO2 laser line® ¥, (b) in methyl fluoride the relaxation
o . .- . . {19 -
processes obey the relations T <<t CTp s (c} 1ts energy
TS

v-T v-v
C

flow path and kinetics in the low ex

wall established,and (d) f£luorescence abserved from emission by

the vibrational modes make it possible to study partitio

ol
l..l
o}
(9]
Q

the vibrational enexgy after the laser excitation process is
completed.

Strong fluorescence rfrom the C-F stretch mode, vy near

£y

q.6 um, and the C-H stretch, v, and v, near 3.4 pm, have baen

1 &
(3)

observed. Weaker but observable emissions also have been

reporited from the bending modes, Vz
. i/
2y /40 13 SR NRANNN § S |

- { ! -~ .
V(P Yg i Bna L BTS driaed

methyl rock mode, U6 near 8.8 ypm.

These fluorescing modes have provided much information
about relaxation processes in methyl fluoride. The rotational

relaxation time in methyl fluoride, measured from pressure

LMY 3 . -9 15
boradening data, was repoxrted to be 8x10 sec.( ) Ty_y and

Tv P have been determined from laser induced fluore

techniques with reported values of 0.83 psec-torr and

1.69 msec—torr(3; rospectively.
ORIGINAL PAGE IS
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and v., near 6.8 um and the

.....

YA
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The BLE65 pm P{32) TER CO. laser line falls with
. .. i
25 MHHz of the vQ(V'= 0 -1} R(4,3) transition of 3CH3F.

er

1]

-
=

|l

pulses were typically 2- Bz;sgc duration with energies < 0.25
Joules, small enouch to avoid apD*ecxable absorption by collisionless
(16,127) , o s . . N 1.
nrocbssas, but sufficiently large to snsure compiete
saturation of the Jopoler profile. Sincgls mode output of the
tLa Lov O%er ",4 {ar
grating coupledheaviby was ensured by placing apertures inside ’
the cavity. Care was taken to avoid mode locking which could
produce ambiguitiss in the data analysis. The long vulses,
necessary to insure many V-V collisions during the laser excitation

process, were obtained by ajusting the nitrogen content of the

aser gas mixture.

(==

The laser output, ccllinated to a 6 mm spotsize, was passed

~

through an 18 cm glass absorption cell. A KCl beam soiitter was
- g =

he incident

cr

placed in front of the cell to sample a porition of
beam for monitoring. Both the sample beam and the transmitted
beam were scattered off coarse aluminum surfaces to avoid the
viewing of hét spots by two Au:Ge detectors whose outputs were
integrated by an RC circuit and viewed on a dual beam
oscilloscope. . A Scientech 362 energy-power meter was used to
alibrate the detectors and astablish their linearity. Gas
13 12 .

CHBF and 10% CHBF from Merk, Sharp, and

Dohme of Canada. The approwriate factors for the isotopic purities

samples used were 20%

7]
-

used were included in all analysis.
The volume of the interaction region wes carefully estimated
to within 10% The number of CO2 guanta absorbed, %, was obtained

by ncasuring the amount of eaergy absousozd Irom the lases »e

£

o and
33<



dividing by the number of molecules in the interaction region.
f Figure #a give the measured nurmber of CO,

The data points o
P rifes

srvanta absorbed vs

cu
monotonically up to a value of 2.6 guanta absorbed at 6.0 torr,
at which point it starts to decrease. This decline is due to
the gas samplie.
= Y

absorption of the laser pulse as it transverses
, the condition, I >{ﬂﬂfhabs £

fficient ati

T0O occur., At
=low <t

occurs
before +ti leading to a
T & shorter cell would not h

heating eificienty.
permitted sufficient okservable absorption for accurate measurements

below 3.0 torr.
The data was analyzed using the model discussed in Section III.

The zssumptions made in the derivation,
ORKHNAL.PAGEIS
2R < Tyy © Tp < Tym, OF POOR QUALITY

are all.satisfied in CH,F. BAs explained in Secrion II, analytical
2

result of eq, 1D should be accurate te within 20%; accordingly,

Taking the experimental value

this simple expression was used.

of laser pulse duration, Tp N~ 3 usec, eg. 15 was fit to the

el . 1 5?2 L3 - L3

data points of figure =a by varying the single parameter Y-y
8 e

best fit (so0lid curve of figure %a) resulted in a value of

e}

“fhe
-1 -1 . . . - . L. .
va 0.8+ 0.2 isec torr T, No significant improvement in it
sommnsey model of Section II.

could be gained by using the two mode soumes
iciple sources of error in the guoied value are uncertalnity

wme and fluctuations of the laser pulse amplitudes.

[

The ori

the beam vol

34<



(19)

This value is within experimental error of the Earl and Ronn

- -1 -1 . - .
value of 1.2 4.3 usec torr measur{Zg using laser induced

fluorescence technigues.

Ls explained =arlier, eificient VV heating can only occur in

-

the absence of a rotational bottleneck. The necessary condition,
derived in the Appendix, is <. = 7 << T
bp ’ ‘B - 'R V-V,
zi ;
3 g
However, if this inequality is not satisiied by the pure absorbing

gas, a buffer gas can be added to decrease Tt

for the presence of a bottleneck, energy absorption expariments wara

periormed at a fixed CH pressure, 5.0 toxr, while different amounts of

1S
3
argon was added up to 500 torr. Argon was chosen because this heavy

nert ‘atom should leave the V-V rate unafifected but should increase

e

the rotational collision rate, without appreciably deactivating the

T_.
Rf
level populations via V-T procesces.

The pressure broadening of CH by ar Gora was estimated to be &

3

This rewresents a factor seven increase in the rotational collision

3
3 MHz/toxxr, by comparison of pressure broadening data in references
X . - . . i5 L
PO, 21, 29, 361 The CH_F self broadening is 40 MHz/torr J( ) tThus,
J 3 177
| . 700
500 torr of argon would broaden the 200 MHz CH,F lines to 1408 MHz.

o+

ime given by

where Av is the linewidth (FWHM). This gives TR-R ¥ v 0,23 nsec at
500 torr argon, more than sufficient to remove any potential bottlenzck.

However, the transmitted intensity vs, argon pressure indicates no

detectable increase in the energy absorbed as argon was added.

35<



<;m—-We could than conclude that in pure CH no rotational bottle-

"3
; - . . /.
neck is present under our experimental conditions. These vesulis also
3‘.«&-&56""& Heo abronge 01': hu/ff"x':»fh “:h."*«.». or oM roe vios | Shisrpiion 55‘5}{:3;'_.
v - + - oo » s 4 .
The condition for efficient laser vumping is by eguation (1}.
Te =T Z__, << 7T
B R—R/ JK V=V
where T., is the Y ional bottleneck time and 2 the fraction
B JK jrigg
at, {LoToYr
offmolecules in v (J,K) sta: Using Toip = 8 nsec’and Zix =
Q073 for *+he 2({4,3) transition, wea find g = 1.1 usec or
"”"' “ -~ . : . = £} . £} ST
Ty ‘VHV and, therefore, the existence of a bottleneck. fhis

b 1 ] by . T 2 L] " = A
conflict with experimental observaticns suggest that maybe f’_R

is inaccurate due to the J-dependence of the pressure broadening.

Also, the unegual distribution oI populaticn among theéJ,K) statces

=

with a large concentration in the

L

=3, 6, 9... states can shortzsn

the number of collisions necessary.ior transfer of molecules into

the (J = 4, K 3) state for pumping. Nevertheless, experiment
establishes the absence of bottleneck effects, and to resocolve

this discrepancg?“acxixéa a more careful exanination of the parametar

Ta

’tﬁ_R and how it is used here;a,ﬂL?Awi

ORIGINAL PAGE IS
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IV. EBnergy Distribution in CH,F
To establish that for times <<TVt the absorbed energy re-

éides in the vibrational degrees of freedom, the time evolution
of the fluorescence from the. C-F stretch mode‘(v‘)was
(fm$g> ..
monitored by a Cu:Ge detector .~ In the pressure rdhge of the
experiments the fluorescence was always in the form of a rapld
rise, governed by the duration of the laser pulse, followed
by a long (~ ms) decay, determined by the V-T relaxation proh-
cesses., The 3.3 m C-H stretch (vl,v4) and 6.8 um bend (vz,vs)
fluorescence bands exhibited the same temporgl behavior as v3€3§%§§%>
This indicates fast intermode V-V rates and that a vibrational
steady state among the modes is reached soon after the laser

pulse terminates.

A. Cold Gas Filter Analysis of Mode Temperature

Since the absorbed energy is distributed among all the
vibrational modes, it is important to determine hdéw much is
stored in each. Absolute‘measuréments of' fluorescence inten-
sities from each mode could provide this information but such
are difficult and imprecise. A new technique, which utilizes
the fact that a steady state is rapidly established among the
vibrational modes, was used to measure the energy stored in
the Va mode. In this technlque the. peak fluourescence is first

observed after it passes through an empty "cold gas filter"

cell to give I{0). Then, methyl fluoride gas at room temperature

37<



is introduced into this cell to remove the v=71-+v =40

component of the fluorescence, giving I(O)-i This “cold™

10°

gas (room temperature} is an ideal filter for the v =1 > v =0
fluorescence since its absoérption frequencies match the emission

frequencies line for line, and only the vibrational ground state
is significantly populated. Thf small ahharmonicity'(IS cmfl)
fluorescence from

is sufficient to prevent the absorption of Vo

higher lying levels.

I(0)-T
I(0)

determines the vibrational temperature or energy content of

The ratio is an easily measured guantity which

the mode in guestion. At higher temperatures more of the fluor-
escence arises from higher lying vibrational states and the
ratio tends to unity. At lower temperatures the fluorescence

is primarily Ilo and the ratio tends to zero.

Describing the vibrational level populations of the V3

mode, vibrational freguency v by a Boltzmann distribution

3’

at temperature T the fluorescence intensity arisng from

3!

a particular vibrational transition is

' e L =k -4,
L=, . e (‘"ﬁfs ) (1)

_. hw3y . ) . .
wheref93 = kT3 - I, 4_q is the net fluorescence intensity
summed over the individual rotational guantum numbers J,K.

Thuslu?v g1 1S the vibrational transition moment and the re-

a8<



maining factor is proportional to the total population of

level v.- Assuming harmonic oscillator transition moment matrix

elementslufv'v_l - V@fl,o the ratioc becomes
. _ - - _;'z_ . . -2 .
TO-Tw _ 1- (1—Cp) = 1- (1+€Q (2)
I(o -

where €4 is the number of vibrational gquanta stored in vy
This equation is valid when the IlO component is com-
pletely removed by the cold gaé filter. In practice, however,
several problems are incurred in achieving this. The v = 1
to v = 0 fluorescence is composed of many rotational-vibrational
lines. The intense emission lines axe absorbed stronglf; con-—
versely, the‘weak emission lines are absorbed weakly. A
qsimilar effect occurs because each rotational-vibrational line
is Doppler bfoadened and the wings of its profile are absorbed
more slowly than its line center. As a result the curve of
transmitted intensity I(P'} versus cold gas filtexr pressure P'
is not a single exponential but instead has a long tail.

In principle all of I,, can be filtered out by increasing

10
the optical absorption length, proportiénal to P'L' in the

Doppler regime. However, signal is lost to solid angle if L',
the filter cell length, is made too long. Furthmorxe, if the .

pressure P' is increased too much, the IlO absorption lines

may be pressure broadened sufficiently to overlap rotational-

QRIGINAL PAGE IS 39<
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vibrational lines of higher vibrational transitions. To avoid
these problems the dependence of I10 on P'L' was determined

by considering the absorption of éach individual.rotational-
vibrational emission line and summing over J,K.

-~ The spontaneous emission intensity of an individual line
(J,K J'K'jlis determined by the population of its upﬁer state
and its matrix element. Both are functions of the rotational
quantum‘nuﬁbgrs. Similarly, its absorption by the cold gas
filter is dependent on the matrix element and the population
difference between its uppér and lower states. Neglecting for

the moment the non-zero linewidths of the rotational~vi5rational

transitions, we have

L
I (P’ ;) OC Z) N ! i ) hand O(:I'K-.'J'K’ P L .
L 2 , , e
1o\ TR IR 3K/¢‘%K«3K C ' (3)
with absorption coefficient
D( '- - C, (N - N ’ r)
sx-3% T T’ TR TX (4)
where C' is a known constant. Here NJK and §J'K' are the

populations in the upper and lower states, respectively

{(inciuding statistical weighting factors for nuclear spin and

K degeneracy) and[u? is the matrix element for the

JK-J'K!

(21}

branch considered (P,Q.,R). "The value for the transition

dipole moment, necessary for calculating Hygmgtg! WaS deter—-

4£0<



(15) The effects of

mined from known absorption coefficients.
Doppler broadening ({non-zero linewidth) are included by re-—
— L] ]
placing the single exponential e CIK-J'K'FPLT 5 mg. ()
= h s
by Z (-..p( iy ﬁ__’) /nHml . ‘This function is readily derived
AN .
by considering the absorption of a Doppler broadened line by
a gas whose absorption coefficient.is'aiso Doﬁﬁler broadened
{similar considerations are found in Ref. ( J)1.
This numerical procedure establishes an expression for
the transmitted intensity as a function of P'L'. To facilitate
data énalysis this generated curve was approximated by a three
exponential fit, X {PL) = 0567 exp (-0.414PL) 10,330 exp (~0.1450 )40, 02 exel- 0,018
so that ‘
’
T )= T (o)x(¥L)
1o ) 10 )
(5)

Bquation { ) can thus be modified to include the dependence
on P'L’.
L (P’L') o) - Lot I, (-?i”)
T (o) X.(0)

- * 2
= 1= (s6,) [1-xe) ]

In the data analysis, the parameter €, f Eq. (6) was varied

until the resulting theoretical curve matched the experimental

data (Fig. 8)}. iy
//;ﬂ
In the experiments .(Fig. &) 0.25J CO, laser beam,

0.6 cm diameter, was pﬁbsed"ﬁﬁggggh a fluorescence cell de-

ORIGINAL PAGE IS
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signed for viewing emission at right angles to the beam.
Noise from laser scatter, most of which is off the exit window,
was minimizéd—by locating the exit window far from the side

since 13cH.F is a strong absorber, the

3
scattered radiation was completely absorbed in the long optical

path between the two windows. To minimize reabsorption of the
fluorescence by unexcited gas it is important to keep the laser
beam close to the side window. Recessing the side window into
the cell reduced-this distance to only 2 mm. The 6 mm beam
diameter was sufficiently small so that‘absorption of f£luoxr-
escence in the excited region was unimportant. The side

light emission from this fluorescence cell was passed through
an 8 cm cold gas filter. The transmitted intensity was focused
onto a Cu:Ge detector whose output was displayed on an oscillo-
scope.

Figureéﬁ?shows the eiperimental data and the theoretical
fits for vaf&ous fluorescence cell pressufes, P. As can be
seen, at higher pressures, P, and thus higher VV rates, the
number of quanta found in Vg
this represents only_ig:ggg of the total ene?gy absorbed by

increases as expected. However,

the molecule. The remaining energy 1is transferred to the other

vibrational modes through VV cross-over collisions.

42<



B. Energy Distribution and Flow Paths

The VV cross over collisions which transfer energy from
vé to the other vibrational modes have rates about 1/10 of fhe
VV rate within the Vs mode.llg) As explained above, the VT
relaxation rate is slow enough to allow ‘all of the modes to
reach a vibrational equilibrium, with each mode at a different
vibrational temperature.-

Measuring the<temperatures of modes other than Vg by the
cold gés filter method is generally nét practical because of
the weéker absorption coefficients characteristic of these
modes.

.For these modes, I10 can only be absorbed out by increaéing
P'L' to the point where the signal to noise and pressure
broadening limitations are significant. A cold gas fiiter
‘measurement on both (vl,v4) and (vz,vS) was only able to g%ve
an gpper'bound-fé thé;énergies (vl,v4) which agrees with

Fig. 4. Once the temperature of v, is established by the

3
CGF method, however, relative fluorescence intensities can be
used to determine the temperatures of the other modes.

The fluorescence intensity due to a particular vibra-

tional transition in a mode of frequency w is

ety
4 2
< el n,C ORIGINAL Pa

where ng, is the population of the vibrational ground state.

43<



The integrated absorption "strengths", a, for each mode,
which are tabulated in the literature allow us to replace
plg in the eguation since

l0< "--!, ho 4‘)'{?“&) 2 9-.A.«-J,_'_r g_..« [
) lo . . (8)
he . ‘ _

Summing over all v yields the total flourescence intensity
for the mode.
T £ e (1~¢e ﬁ)

(9)
Therefore, from measurements of IB/IA, the ratio of the
fluorescence intensities of two modes, A and B, the vibraf
tional temperature of mode B can be obtained from the known
temperature of mode A via

ﬁﬁs(l B)J= E‘i(wg)g == e ('“ ,«9) (10§'

IH g 9(5

Once the temperature is known, of course, the energy stored

in the mode £p is also known [Eg. ( )1.

This method was applied to the degenerate modes v,
and Vg at 6.8 ym and degenerxate modes vy and Vg at 3.4 um,

The fluorescence from the Ve mode at 8.8 um was too weak to
measure., The (vl,u4) fluorescence was isolated with an
infrasil guartz filter and the Vo1V fluorescence ‘with a wide

bandpass dielectric filter. The Vg flourescence, which served

44 <



as the reference inteﬁsity was isolatéd by a dielectric
filter ﬁhich passed long wavelengths. In establishing the
relative vibrationgl'temperatures with Eg. k ), the tabu-
lated values of integrated absorption coefficients of Ref. 24
were used. These values agree with the absorption spectra
given in Refs. 25,26. In the analysis (vz,us) was cohsidered'
to be triply degenerate since the doubly degenefate Ve is
- only 4 cmul below Voo Likewise, (vl,v4) was treated as triply
degenerate since doubly degenerate vy is 15 cm—l above.vl.
Conributions to the 3 um fluorescence from the Fermi mixed
(vz,vS) state were neglected hecause of its relatively weak
intensity.(27)
The results of'these measurements are shown as data points
“in Fig. 4. 82'5 and 81,4 are the sums of all the consistent
degenerate modes' energies. Although €g Was not measured, it
could be estimated théoretically {as discussed below). Thus,
we have experiméntally established that for times <<VT, all
of the absorbed energy is partitioned among the vibrational
degrees of freedom. This result aléo establishes the internal
consistency of the absorption, cold gas filter, and relative
fluorescence technigues.
éiven a knowledge of the energy flow paths between equili-

brating vibrational modes, and the total amount of energy

absorbed, the distribution of this energy among the modes can
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be circulated theoretically. Since we have measured these
enefgies experimentally we can choose between various possible
flow paths on the basis of how well they fit the data. The
solid‘eﬁrves, (b}, (¢}, (d) and {(e) of.Fig. 4 are theéretical
fits assuming a model given below.

The path below, Path 1, used t5 Ealculaté the curves in .
Fig. 4, has been shown by Flynn and'coworkers (23
to be the dominant path in the weak excitation regime.
Path 1 ‘

(1) (vg) + (02 () + (0) ~ 147 em ™t

(2)  (vg) + (02 (v,,ve) + (0) = 275 cm

(3) 2(v,,ve) 22 (2v,,2v,) + (0) ~ 68 cm

(4)  (2v,,2vg) .+ (0)&(vy,v,) + (0) + 103 em T
where, for instance, (2v2,2v5) represents a single molecule
with two guanta in mode v, and two quan?a in mode Vg and (0},
a molecule in the vibratidna; ground state.

The temperatures, TA and TB’ of two different modes in

vibrational equilibrium with each other are related by

Wa _ Ye o (wgi-00g) (11)

where the w's are the vibrational frequencies and T is the
kineti¢ temperature. Applying Eg. ( )}, for example, to the

two modes v, and v, held in vibrational equilibrium with

3 &
each othexr by reaction (1) in Path 1 we £find 4&5”
-1 )
-1
T, = ¢, { 2rce (e | f:’_z».] ORIGINAL PAGE IS
300°K Tz OF POOR QUALITY



(12)

which for T, = 2000° X gives T, = 1180° K. Similarly from
this T6 and reaction (2}, T2,5 can be calculated'ané SO on.
From these temperatures we can relate 'a particular distribu-—
tion of enhergy among the modes to the total vibrational
energy of a molecule. Curves (b), (¢}, (d), and (e) were de
termined in this fashion from the total energy cirve (2}
which itself was a theoretical fit to the data assuming a
particular Yyye

The good agreement of these curves with the experimental
data in Fig. 4 aréues well fér the validiéy of Path 1. &
possible alte:nétiva path, Path 2 below, was shown not to
agree with the experimental results.
Path 2

(1} () + (V)& (2v3) + (0) +

(2)  (2vy) + (v3Z (3v,) + (0) +

(3)  (3vy) + (0)2 (¥, ,v,) + (0) + 16 cm ™+

For example, small energy defect of reaction 3 would indicate

— O R .
14 1a4 = .13 for a T3 of 20007 K. This is

much greater than the measured ¢

T, = 2000.4° K. or e

1,47
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EXTENSION OF MICROWAVE DETECIION AND FREQUENCY MEASURING

TECHNOLOGIES INTO THE OPTICAL REGION

3
A, Javan and A, Sanchez
Department of Physics, Massachusetts Institute of

Technology, Cambridge, Massachusetts

ABSTRACT

Precise frequency measurements in the far-infrared and infra-
red have made possible highly accurate’ spectroscopic observations
in these regions, This article gives a review of the gemeral prop-
erties of the high-speed diode element used in the frequency mea-
surements. Other future applications are discussed in the conclud-
ing section,

INTRODUCTION

Conventional. spectroscopy in the optical and infrared region

is based on precision wavelength measurements which-utilize a vari-

ety of dispersive methods to compare different wavelengths and
accurately determine their ratios. In the microwave region, on
the other hand, precision measurements are done by measuring  fre-'
quencies, In these, two different microwave frequencies, or a
nicrowave and a radio frequency, ares compared via frequency mixing
in a nonlinear eiement, ‘ '

The practical limits in the accuracies of the optical wave-
lengths measuring methods are set by the dispersive instruments,
whose resolving widths are generally broad and considerably exceed
the frequency spread of a stable monochromatic laser escillator.
In contrast, the ultimate accuracy of the microwave frequency mea-
suring methods are determined by -the fundamental limitation aris-
ing from the purity and the frequenecy stability of the microwave
radiation, Because of this, the relative accuracy obtainable in
a precision microwave frequency measurement is in general appre-
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ciably higher than the relative accuracy of a precise wavelength
measurement in the optical region.

The existing wavelength measuring methods have been more than
adequate in a wide range of spectroscopic -observations where the
widths of the optical spectral lines are broad and appreciably
exceed the resolving widths of the high-resolution wavelength mea-
suring devices. In these cases, accurate molecular or atomic para-
meters are obtained by means of observations in which a large num-
ber of tramsitions belonging to the same atomic or molecular specias
are studied over a broad range of the spectrum,

With the availability of stable monochromatic laser radiation,
it has become possible to make high-resolution spectroscopic ob-
servations in which optical resonances appear at much reduced
linewidths, considerably below the resolution limits of even the
best optical wavelength measuring instruments, Early observations
followed the advent of gas lasers. These resulted in the discovery
of a number of nonlinear radiative processes in which the interac-
tion of monochromatic radiation with an atomic resonance occurs
selectively over a marrow region of the atomic velocity distribu-~
tion, resulting in narrov resonances which are completely free
from Doppler,broadening,  Other approaches, such as the molecular
beam method,” have also enabled application of monochromatic laser
radiation to the observation of narrow resonances whose widths are
considerably less than their classical Doppler breadths. Beyond
these, in the ‘far-infrared and the loang-wavelength region of the
infrared, the Doppler breadth of a molecular transition is imher-
ently sufficiently narrow to allow the frequemcy of a monochromatic
source to be tuned to the center of the transition with an accuracy
much beyond the capabilities of a high resolution dispersive in-
strument, The exploitations of these methods in high resolution
spectroscopic observations are subjects of our "laser spectroscopy'.
the topic under review in this Conference. In order to use the
potentials of laser spectroscopy in highly accurate observations,
with an ultimate accuracy beyond the.capabilities offered by clas-
sical wavelength measurements, the frequency measuring methods
previously used in the microwave region, are introduced into the
optical regions. This radically different approach to the art of
measurements in optics became possible with .the aid of a new op-
tical element which responds to an Infrared frequency in much fh
same way as a microwave diode responds to microwave radiation,

In the micrcwave region, the technology of microwave rectifier-
frequency mixer diodes has been the basis for all types of micro-
wave receivers and spectrometers. With the extension of this tech-
nology into the optical region, a host of new possibilities have
now become available, These include a number of possibilities
besides the frequency measuring applications, some of which do not
necessarily have an analogue in the microwave region. (See below)
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In September of 1971, a review paper was presented (by A.
Javan) at the Esfahan Symposium on the topic of modernm methods in
precision spectroscopy. This review included a summary of the
developments at M.I.T. in nonlinear laser spectroscopy and also
in the-area of extending the microwave frequency measuring methods
into the optical regions. Since then, further advances have been
made at M:I.T. in both of these areas. TIn this paper, however,
rather than reviewing these recent resu}6§13(which are due to ap-
pear in several publications elsewhere), an account will be
given of the quantum mechanical mechanism occurring in the high
speed diode element which has enabled extension of the microwave
frequency measuring methods into the infrared region. This will
be done along with a description of the general properties of the
diocde element. The concluding section will describe several novel
possibilities and future applications.

GENERAL PROPERTIES OF THE INFRARED METAL-METAL OXIDE-METAL.
ELECTRON TUNNELING DIGDE

In the high speed diode element, alternating electric currents
flowing at infrared frequencies give rise to its general properties
as an infrared frequency mixer and rectifier. Im addition to the
application in precise frequency measurements, the diode has been
used to parametrically generate infgared radiation at the mixture

frequencies of two applied fields. The neonlinear current—-voltage
characteristics of the elexment arises from a guantum mechanical
electron tunneling process occurring at its meral-metal oxide-

_metal junction.

The diode element consists of a thin metallic wire antenna
mechanically contacted at.its pointed tip to a polished metal post.
The thin wire antenna is a few microns in diameter and several
infrared wavelengths long. The antenna serves the purpose of cou-
pling the diode to the radiation fields. The pointed tip of the
wire antenna has a dimension below 1000 & (as verified by electron
microscope photographs of the tip.) Eleectron tunneling occurs
across a potential barrier formed by thin layers of oxides exist-
ing on the surfaces of the two metals in the small area of the
junction between the pointed tip and the metal base. The size of
this area, along with the thickness and the effective dielectric
constant of the oxide layers, determine the capacitive loading,
€, of the element across its tunneling junction. As is shown
below, in the elemgntsastudied the thickness of the bgrr}zr poten—
t1al is below about 10A. From this it follows that Cv10 — pico-
fard. Inspection shows that the diode's series resistance, R,
is essentially determined by the thin antenna's radiation resis-
tance. From these general considerations, the RC time constant of
the diode which limits its high-frequency response, can be approxi-
mately estimated to be RC. 10 7 sec. :
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Quantum mechanical electron tunmeling across a potential bar-
rier formed by a thin dielectric i between two metals, has been
the subject of extensive studies, with some of the theoretical
considerations dating back to the early days of the quantum me-

chanics. Until now, the experimental studies in this field have
been mainly confined to the observations made in the dc and the

low frequency regions, in which the I-V characteristics of differ-
ent types of metal-oxide-metal junctions are explored under vary-
ing conditions. These junctions, however, differ in important

ways from ours. The contact areas in the previously studied junc-
tions are macroscopic in dimensions, having generally an area of
about 1 mm x 1 mm. Because of this, these are low speed junctions.
In our elements, the required high speed performance dictates a
microscopic size for the contact area, from which several impor-
tant consequences follow. Considering that the junction resistance
is inversely proportional to its area, we note that the barrier
thickness in our junctions will have to be thinner than those
studied previously; otherwise, the junction resistance will be ex-
cessively large., (A reduction in the barrier thickness exponen-
tially lowers the electron tunneling impedance, see below.) From
this it follows that at a given voltage drop across the oxide layer,
the corresponding electrie field is larger in our element. More-
over, at a given bias field, the current density in our junctions
can become very large. This can be of particular importance,

since we believe that the charges within the dielectric layer
arising from the tunneling electron's wave functioms inside the
classically forbidden region of the barrier potential can contribute
cooperatively to the shape of the potential barrier {(in a way
_similar to the role played by the space charge ia a vacuum diode.)
‘The charge neutrality in this case is satisfied by the image charge
distributions in the two metals, which also cooperatively contrib-
ute to the potential barrier., As the junction is biased by an
external field, the resultant current Twhich arises from an imbal-
ance caused by a change in the wave functions of the oppositely
traveling electrons inside the barrier) will be accompanied by a
change -in the overall charge distributions. This will in turn
result in a modification of the potential barrier. These types

of effects need to be considered in a complete theoretical treat-
ment of the subject.

The nonlinearities of the I-V characteristic give rise to
rectification and frequency mixing in the diode., The various orders
of frequency mixings are dictated by the derivatives of the I-V
characteristic curve, as can be readily seen by considering the
Taylor expansion of I versus V around a dc bias voltage, V=V .

For instance, when a radiation field-is coupled to the diode? a

dc voltage appears across it due to rectification of current flow-
ing through the diode, At a low signal level, this dominantly
originates from the second order term in the Taylor expansion of
the I-V curve, This term is proportional to the second order

ORIGINAT, PAGEIS
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derivative of T versus V. Hence, a plot of the resultant voltage
measvred versus a simultaneously applied dc bias voltage gives a
curve identical to a second-order derivative-of the I-V character—
istic curve. At the same time, the amplitude of the current com-
ponent flowing through the diode at the second harmonic of the fre-
quency of the applied field is also due to the same second order
term, and hence, it will show a dependence on bias voltage which is
again identical to the second-derivative of the I-V characteristic.
In general, the current amplitude due to an nth order frequency
mixing, measured versus a de field, follows the nth order deriva-
tive curve of the I-V characteristic, (This is true for low level
applied ‘ac fields, otherwise, the n + 2, n + 4,... can also con-
tribute to the nth order frequency mixing.)

Fig. 1 gives the observed de bias field dependence of the
amplitude of an infrared frequency current flowing through the
diode at the sum (or difference) frecuency of a simultaneously ap~
plied 10.6-p radiation field and a microwave field. The synthesis
is due to a second-order frequency mixing, (as in the casé of
second~-harmonic generation or the rectification of an ac current
resulting in its conversion to dec current.) This synthesis corres-
ponds to currents flowing through the diode at the lst microwave
side-bands on either side of the 10.6~u frequency. The current
amplitude for either side-band will be proportiomal to I' (V),
the second-order derivative of I versus the bias field V. The
measurements are made by detecting the infrared radiation emitted
from the diode at the lst microwave side-bands on either sides of
the frequency of the 10,6-u radiation. (See Ref. 14) The detec-
‘tion is done by means of a superheterodyne method. In this case,

“the detected signal is proportional to the electric field amplitude
of the side-band radiation and, hence, proportional to the corres-
ponding diode current responsible for the emitted radiation. Note
that this method of detection is phase-sersitive and thus is capable
of recognizing a 180° phase-shift which can occur as the polarity
of the applied dc bias field is reversed, Accordingly, the mea-
sured signal is proportional to the magnitude as well as the alge-
braic sign of 1" (V).’ '

Theé above observation represents measurements directly per-
formed in the infrared, A measurement of the rectified dc voltage
developed across the same diode when subjected to either the 10.6-u
radiation or the microwave radiation alone also shows a dependence
on the bias voltage identical to.that of Fig. 1, These observations
show the intricate relationship of all these processes, and the
fact that they are all manifestations of ac currents flowing through
the diode at the frequencies of the applied radiation. The non-
linear I-V characteristic distorts the current waveform, resulting
in the rectificatien and the frequency mixing.

G

58<



DRIGINAL, PAGE IS
OF POOR QUALITY

100

VepsimV)

1 .
=200 -100 o 100 200

Fig. 1. Bias voltage dependence of the amplitude of an infrared

frequency current, synthesized in the diode a2s a result of a sec-—
ond order mixing.

.

Fig. 2 shows another frequency mixing example observed at an
infrared frequency, This figure gives the bias field dependence
of an infrared frequency current flowing through the diode aris-
ing £rom a third order frequency mixing process. The diode is
simultanecusly subject to 10.6-u and microwave radiation. In this
case, the emitted radiation at the second microwave side-band on
either sides of the frequency of the 10.,6—u radiation is detected
in an external detector. {See Ref, 14), As in the previous case,
the detection is dome by means of a superheterodyne method, which
gives a signal proportional to the amplitude of the detected side-
band radiation, and hence, as before, the Infrared frequency -dicde
current responsible for the radiation, Fig. 2 gives the dependence
of the detected signal on a dc bias field applied to the diode.’
This curve represents the third-order derivative of the I-V charac-
teristic curve. In fact, it also agrees with the bias field depen-
dence of a signal observed across the same diode due to a third
order frequency mixing process in which both of the applied fields
are-in the microwave regions (see below).

Measurements of the 3rd-order derivative given in Fig., 2 is
performed on-a different diode than that wsed in determining the



Znd-order decivative curve given in Fig. 1. Note that the tunnel-~
ing contacts in both diodes correspond to I-V characteristic curves
which are somewhat asymmetrical with respect to the origin. How-
ever, the asymmetry is more pronounced in the Fig. 2 diode than
that of Fig. 1,

VPDS (mV)

1 ] 1 1

1 1
-200 /150 -100 -50 50 100 150 200
. Vgiag(mV)

Fig. Z. Bias voltage dependence of the amplitude of an infrared
frequency current, synthesized in the diode as a result of a third
order mixing,

The similarity of the microwave frequency mixing curves and
those obtained at the infrared frequencies show that in the ele-~
ments studied there are no observable dispersive effects. (There
are a number of dispersive possibilities which can be expected to
become observable under appropriate conditions. These include
effects when hv becomes comparable to the barrier height,)

Observation of a high-order frequency mixing signal versus
a bias-field is a convenient method of obtaining high-order deri-
vatives of the I-V characteristic curve. Becsause of the broadband
characteristics, the measurements can be more conveniently per-
formed at a microwave or rf frequency. In addition to information
on barrier thickness and height, comparison of these high order
derivatives with theory can give additional useful information,
particularly in regard to the shape of the potential barrier. The
latter is a topic which has not been given sufficient attention
in the previous studies.

Fig. 3 gives the observed derivatives up to the 6th order of
the I-V characteristics. These have been obtained in the same &3(?
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diode element by means of a frequency mixing procedure performed
in the microwave region: The element is subjected to the ocutputs
of two S-band microwave klystrons (tunable from 2 to 4 GHz) at
frequencies v, and v,. The two microwave frequencies are tuned
to obtain a 46 MHz bE€at signal due to a frequency mixing of a

type in which m,v, + m, v, = v__, where m  and m, are positive or
X . 171 272 . IE

negative integeTs and V.- is the IF freqiency. The order of fre-

quency mixing is given by |m | + Im,|. The 40 MHz beat note is

observed by feeding the signdl across the diode to a fixed fre-
guency narrow-band IF. By tuning the v, and v, frequencies, sig-
nals due to different orders of frequencCy mixifig can be observed
in the same diode and studied in sufficient detail over a period
of severzl hours, during which time the diode characteristic re-
mains unchanged. The studies are made by observing the dependence
of the 40 MHz beat motes versus a varying dec bias field applied to
the diode. A phase sensitive detector is used to obtain a signal
proportional to the amplitude of the 40 MHz beat note (rather than
its square obtainable with a square law detector.) This is done
in order to obtain information om the sign as well as the ampli-
tude of the observed beat note versus the de bias field, In the
phase sensitive system, the reference signal is obtained by simul-
taneously performing the same frequency mixing ezperiment in a
separate frequency-mixer consisting of an ordinary silicon dicde,
The resultant 40 Mz IF signal provides the reference used in a

40 MHz lock-~in amplifier whose signal channel is subjecte§6to the
&0 MHz beat note across the high speed tunmeling element.

A.CLASSTFICATION OF THE OBSERVED CHARACTERISTICS

. As 1is expected, due to the local inhomogeneity of the metal
base and the non-uniformity of its surface, the exact shape of

the I-V characteristic is found to vary appreciably as the process -

of mechanically contacting the wire antenna to the metal post is
repeated. In fact, for the same diode element, several types of
I-V characteristics corresponding to different types of barrier
shapes and heights can be obtained by repeatedly breaking the

mechanical contact and attempting new-ones. A disadvantage of -this

is that, once a contact is burned-out or purposely disconnected,
it requires several trials in order to-reproduce a centact with

approximately the same I-V characteristic curve. Because of this,

accurate comparisons of different properties of the diode must be
done by means of observations performed on the same contact and
before a change occurs in its I-V characteristic. Breaking the
contact and repeating it a number of times, however, gives an op-
portunity ro conveniently produce junctions corresponding to a
varied set of tunneling barriers. This in turn makes it possible
to study different types of barriers whose properties are varied

and represent different manifestation of the tunnelinz effect, Im
general, however, mechanical instability of a junction is trouble-
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some and careful measurements require both delicate manipulation
and patience. Also, one must guard against spurious signals not
related to the electron tunneling process, which can appear across
the element and interfere with the measurements (See Ref, 1).

The di1fferent types of I-V characteristics observable in the
element can be classified as follows. One type consists of anti-
symmetriec I-V curves for which the current versus voltage closely
satisfies the relationship I(V) = ~I(-V). 1In this case, rectifica-
tion of an applied radiation field can occur only in the presenceé
of a dc bias field since the even order terms in the I-V expansion
are all zero at V=0, For the same two metals, a different type
of contact can be obtained with a non-symmetrical I-V character-
istic around Vo=0. In this case, rectification of an applied
radiation field can occur in the absence of a bias voltage. The
pelarity of the dc rectified voltage, however, is dependent on a
specific contact and can reverse its sign.as the contact is broken
and repeated over again, This can be understood on the basis of
the relative values of the effective work functions of the two
metals in different contacts.

THEORETICAL DISCUSSIONS

In -the previous studies of the large area tuaneling junctions,
there have been a number of Eheoretical analyses to explain the ob-
. 15772
served I-V characteristics. In general, the observed I-V curves
are found to be in good agreerent w.th estimates based on reasonable
models for the barrier potentials. . *

+  The following discussion is intended to éive a preliminary
account of the application of the existing theory to our explana-
tion of the general features of our observed I-V characteristics
and their high-order derivatives,

The theory considers an individual electron with an energy E
(measured relative to ths Fermi energy E_) moving inside the meta
along a direction, x, normal to the plane of the metal-oxide-metal
junction. When the electron reaches the junction, it sees a poten-
tial barrier highoer than its energy E_; according to quantum me-
chanics, there is a probability- that the electron will tunnel through
the barrier., Let us consider this process in the presence of an
external field causing a potential difference V to appear between
the two -metals, From the W,K.B., approximation, the tumneling
probability can be written ‘as: '

P (EX,V) = exp TQ (EX,V)

Bo<
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where : Q(Ex’ V) ¢{x,V)—Ex

$(x,V) is the barrier potential in the presence of the applied
voltage, V. It can be written as

¢ (x,V) = ¢, (x) - —--1— eV
X

In this equation, ¢ _(x) is the barrier potential for V=0 and x
and x, are the classical turning points which satisfy

¢(xl,%) = ¢(x2,V) = Ex' The thickness of the oxide layer is

L = Xy~Xys at the Fermi level (EX=0), and no bias voltage (V=0),

1

The net current density can be expressed as the integral

J(V) = A f dEx P(EX,V) F(EX,V)
_EF

vwhere A= X kT

and 1+ exp(—EX/kT)

F(E ,V) = #u
® 1 + exp(-(E _teV) JKT)

+

the function F(E ,V) accounts for the Fermi-Dirac electron enargy
electron energy #istribution. Inspection shows that the integrand
in J peaks near Ex=0’ {the Fermi level). 1In the previous treat-
ments, approximaté analytic expressions are ebtained by expanding
the integrand arcound E =0.. The resultant expressions for different
barrier heights and thlcknesses provide goed fits to the experi-
mentally measured J-V characteristics. However, these analytic
approximations are not applicable to our juncétions where the bar-
rier thickness is considerably less than those of the barriers
studied previously. In a thin barrier, electrons with energies
appreciably removed from E =0 can contribute sizably to the tun-
neling current,

The integral in equation (1), along with the high-order deri-
vatives of J versus V, can be numerically calculated without re-

" sorting .to an analytic approximation. This can be done with the
aid of a digital computer. lere we give a brief summary of the
results for several cases in which Q can be expressed analytically.
This considerably simplifies the computer caleulations, Specific-
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ally the calculations are done for trapezoidal, rectangular, para—
bolic, and triangular barriers, The parabolic barrier is emphasized
below, JIn this case with

- X % -6 (&
4,00 =4 T (A -D) L 0 = ¢ D
the computer's exp?ession for Q is:
E.,W =L aL s (1-L)2~E§
R x’ ; ¢ ¢m 4¢m ¢m

For a symmetrical barrier, the J-V curve as well as the curves
corresponding to the even-order derivatives of J versus V go
through the origin and have an inflection at that point (i.e. the
Taylor expansion of I versus V will contain only odd powers of V),
Let us now consider the behavior of J"(v), the second-derivation
of J versus V, for a symmetrical barrier. In this case, in the
region close to the origin, J" ‘appear$s as a nearly straight line,
with a slope which varies at increasing values of V. Depending
on the shape of the barrier, its thickness and its height, the
slope can either increase or decrease when increasing V. An i?g)
creasing slope versus V corresponds to a positive value for J
rhe 5th derivative of J versus V at V=0, vhile a negative value for
J (5) gives a decreasing slope. We have insvected this behavior -
over wide ranges of values for barrier heights and thickn%§§es.

Interestingly, we find that for a rectangular barrier, J appears
to remain positive for reasonable values of barrier thicknesses

and heights, corresponding to an increasing slope for J" versus

V. The experimental results show, however, that in our junctions
the observed second-derivative curves Ffor symmetrical barriers

have a decreasing slope at increasing values of V.19 In a parabolic
barrier, on the other hand, it is possible to find a range of val-
ues for the potential heights and thicknesses corresponding to de-
creasing values of slope versus V. Fig. 4 gives a typical computer
calculation, In this figure, in order to emphasize the nonlinear
features of J" versus V,-a straight line has been subtracted from
-J" as indicated, This is done so that each curve appears tangent
to the V axis at V=0. Note that the curves below the V axis have
decreasing slopes at increasing V. (di.e. Jo(5)<0).

The above example is mentioned in order to.emphasize that
high order derivatives of the I-V characteristics can be used to -
obtain some informaticn on the shape of a potential barrier. From
the theory, it is possible to obtain.a series of curves.for J(V)
as well as J"(V) at different values of ¢, and L. These curves,
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as noted above, are nearly straight lines for small voltages.

From the slope of J versus V, a2 value for the tumneling conductance
per unit area, ¥, can be found at varying ¢, and.L. We then note
that for given values of ¢p and L, the ratioc of J"(V)/J(V) is
constant at small V's., (Both J" and J are pearly straight lines,
as noted above.,) We define this parameter as r(¢m,L)=J“(V)/J(V).

From the experiments, it is possible to measure the parameters
Y and r in a high speed symmetric junction. This can be done, e.g.,
at a radio frequency where the rf voltage across the junction can
be directly measured. The parameter Y can be measured by applying
a small dc bias voltage (.01 to 0.1 wvolts) to the diode and mea-
suring the bias current density. The current density can be ob-
tained from the measured current along with a knowledge of the
junction area A. From electron microscope,photograghs of the tip
of wire antenma, A is found to be close to 0.01(mu)”. The para-
meter r can be measured in the same contact by applying a radio
frequency field and measuring the rectified rf curreant versus the
dc bias current. This is done at a fixed (and known) value of_
the rf voltage amplitude. (Note that r is proportional to v £
and 1s independent of area). r

The resistznce of the junction varies in different contacts.
In a typical }ow impedance contact of 100 ohms, (corresponding to

Y & lmho/(mu}”), the measured value of r is found to vary between
2.4 (volts)~Z,

For a parabolic barrier, a class of curves for r and Y can
be found by varying ¢m and L. The results show thatDY=l mho/ (um)
and r = 3 volts corresponds to ¢ = (0.7 ev and L. = 6A. A further
result is that these values are fiot a se?sitive function of the
barrier shape (as is the sign of the g , see above), In fact
a rectangular barrier having an effective height the same as the
parabolic barrier with ¢ = 0.7 volts and L = 64, will also give
the same wvalues for Y'ang r. (For definition of effective height
see Ref, 17). As noted above, however, a rectansular barrier
predicts the incorrect sign for the curvature of J" versus V.

In the face of mechanical instability of the junction, and
the. difficulties in obtaining reproducible recults, the zbove
estimates must be considered to give approximate values for the
barrier parameters. These results will yet have to be supported-

by other independent observations, particularly.at cryogenic
temperatures, .

FUTURE POSSIBILITIES

The observed properties of the high-speed diode element arise
from interaction of the tunneling electrons with the thin dielec~
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Fig. 4. Theoretical second derivative with respect to V of the
J-V characteristic, The shape of the barrier is approximated by
a parabola. A straight line, «V, has been subtracted to emphasize
the nonlinear features of J", ‘

tric barrier occupying a microscopic volume where the pointed tip
of the thin wire antenna touches the metal basa. Accordingly, we
can generalize our thinking and consider this as a method for
mating observations on the physical properties of matter oceupy-
ing a microscopic volume in the regicn of the poimt-contact. For
instance, this approach can be used as a "micro-probe" for study-
ing surface physics in metals. From previous observations made
in large-area metal-to-metal tunneling junctions, it is knovm that
resonant scattering of electrouns off the local infrared or far-
infrared vibraticnal modes in the thin dielectric barrier can
contribute to the detalled features of the I-V characteristic
curve, These have been observed at cryogenic temperatures and
appear as changes in the tunneling impedence whose onsets occur

at fairly well-defined values of the bias wvoltages. These volt-
.ages correspond to the quantized energies of the vibrational modes
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associated with the specific molecular bonds in the dielectric
barrier. Our high-spesed tunneling junctions will permit these
types of observations to be made not only in the dec and the low
frequency regions, but also at the far-infrared or the infrared
frequencies where the quantized local modes of a barrier can
interact resonantly, or in their near-resonant regions, with the
ac tunneling current and the applied fields. These will result
in dispersive effects, causing phase-shifts and thus introducing
inductive or capacitive components in .the tunmeling impedence,
These effects will be nonlinear-functions of the applied fields.

A high speed metal-dielectric-metal tunneling junction can
be made via vacuum-deposition of thin films on a substrate, This
requires application of methods of microelectronics to achieve the
small area junction, These methods will alsc permit the junction
to be integrated with thin film antenna structures for coupling
to the radiation field, The deposited antenna length can be
designed te be resonant at the wavelength of an applied radiation
field, In addition, with microelectronics, it is possible to
simultaneously deposit a large number of these types of junctions
in a small area of & substrate. The various junttions along with
their resonant antenna structures can be placed in a geometrical -
pattern to form a phased-array configuratiom,

At the time of the Vail Symposium, promising results were
obtained in a series of experiments designed to show the feasi-
bility of achieving a high-speed tunneling junction by means of
thin-film vacuum deposition combined with microelectronics. These
experiments have been completed by the time of final preparation
of this manusecript for publication in the proceedings of the Vail
Symposium., The results are described in a manuseript due to appear
in publicatioﬁ, . The reader is referred to this reference for
the details of the experime?ts and. the results,

With the possibility of depositiang a large number of high-
speed diode elements as noted above, several novel applications
appear to be within the range of practical possibilities, - These
include the possibility of applying a two-dimensional phased-array
configuration teo obtain in real .time a hologram of an image formed
on the array, Consider, for examole, the image to be formed by
laser irradiation of an object. The image can be heterodyned at
each junction with radiation from a local oscillator uniformly
applied to all the junctions in the array., The local oscillator
frequency, if desired, can be shifted by a fixed frequency to
obtain a heterodyne signal at a convenient IF, The IF signals
across the various junctions will have information on both the
amplitudes and the phases 0of the image at the locations of each
junction, These real-time signals can be storea; thaeir Fourier
transform, in turn, will reproduce the image holographically.

It should also be noted that this proposed method for holographice



imaging in real time, can be applied utilizing any two dimensional
array of detector elements whose speeds are sufficiently fast

to produce heterodyne signals at the IF frequency. A holographic
image in real time is of considerable importznce in a number of
practical applications, both in the infrared as well as in the
visible region., Beside these, superheterodyne imaging offers

the advantage of enhanced detection sensitivity, There are a
number of variations in this imaging scheme. For instance, the
local oscillator used to obtain phase and amplitude information
can be chosen to have a frequency widely different from that of
the laser which illuminates the object. (In this case, the two
iaser frequencies can be phased-locked, using a separate frequency
nultiplier chain, as discussed in Ref, 1.) Another possibility
is to use an illuminator laser consisting of two closely spaced
frequencies, vy and vp. With appropriate frequency components

in the reference local oscillator radiation, it is possible to
extract phase information (and a corresponding amplitude), at

the difference frecuency |U1-v2|. This will enable holographic
imaging at a longer effective wavelength corresponding to inter-
ference between the two propagating waves at frequencies vy and
v2, giving rise to spatial beats.

It is known theoretically that, under special conditions, a,
tunneling junction can be obtained in a multi-barrier structure
(the super-lattice), in which the corresponding I—Vlchariateristic
will show regions of negative differential conductivity. A high-
speed- junction of this type, if achieved, can be integrated with
a high frequency L-C tank configuration, to obtain a high-frequency
negative impedence oscillator. Imspection shows that, with the
available methods of microelectromicg, an L-C tamk circuit con--
sisting of, e.g., a simple pair of lines, or a more complex con~
figuration, can readily ‘be made whose rgsonances lie in the far-

IR or the IR regions,- The major challenge, however, is achieve-
ment- of the negacive impedence junction. ’

: o

It is also kno theoretically that, instead of a diode, a
triode configuration” can be envisioned with a control-grid for
controlling the current flow in the element., A high-speed. junction
of this type will have interesting possibilities in novel high
frequency device applications.

The above examples are cited in areas other than frequency

measurements and spectroscopy. For a review of these and the
related topics, see Ref, 1,
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The metal~to~metal point contact diode used in this experiment
has a nonlinear current—voltége characteristic similar to a radio
frequency orymiCrowa§e diode, but it has a speed of response which
is at least as high as the near infrared.frequencies. The diode is
similar in construction to that used'for.tﬁe first time in an experi-
ment demonstrating its speed of response in the far~infrared,l and
later in the 9 and the near-infrared rgagion.z’B’4 A thin tungsten
wire antenna -- several i in diameter and somevhat lesé than a mm
long -- is mounted at thé end of a coaxial cable;-its tip is pointed
by means of a standard etching technique and.contacted mechanically
w1th a nlckel post mounted on a differential screw to allow fine
adjustment of the point ‘contact. The pointed tip of the?w1re antenna
"is less than 10008 in diameter5 and its contact witn the nickel post
occurs most likely through a thin oxide layer on the order ofxsevefal
}ﬁ thick. The processes occurring in the diode have not been estab-
lished in great detail, but electron tunneling across the thin oxide
Jayer can be responsible for the nonllnear current—-voltage character-
1st1c As infrared radiation is coupled to the diode's antenna, an
alfernating'voltage at the corresponding fregquency is developed
across the oxide layer. This gives rise to an alternating current
flowing through the diode at the corresponding frequency, but with a
distorted wave. form due to the nonlinear characteristic. The dis-
torted wave can have an‘average rectified value as well as current
components at high order harmonics of the frequency of the applied

infrared field. When two or several radiation fields are coupled

to the diode, the total current will contain additional components
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|t freguencies corresponding to the mixtures, {(i.e. sums and dif-
ferences), of those of the applied fields as well as the.mixtures
of their various harmonics; this occurs for the mixture frequencies
below the diode's high frequency cut-off limit. ‘

The current components at the various harmonics and the frequency
mixtures generated in the point contac£ can excite proﬁagating cur-
rent waves in the thin wire antenna which can subseguently emit elec-
troﬁagnetic waves at the corresponding fregquencies. Until now,'
however, only the frequency mixtures corresponding to a zero beat
note (or a beat note at a convenient IF in the tens of MHz) have
been detected directly across the diode in the form of a voltage
appearing ét the beat frequency. In these experiments, for example,
'the radiation from two lasers at frequencies vi > vzjthe mixture
(vl - Py, t qum) equals the IF frequency or gives the zero beat,
with p and ¢ representing integers larger than or equal to unity.

Here we report for the first time the detection of radiation
emitted from the diode due to the current compoﬁents flowing through
it at mixture fregquencies lying in the infrared. 1In the experiment,

the output of a CO, laser is coupled to the diode together with that

2
of a microwave klystron. The emitted infrared radiation displaced
in frequency by the fundamental or the second harmonic of the micro-
wave frequenby'is detecged in a liguid He-cooled Cu:Ge detector.

The experiment is of importance in several_applications. it pro-
vides a new way to stuéy the processes occurring in the diode.
Furthermore, it demonstrates a new method to generate ‘frequency

} tunable radiation at the tunable microwave side-bands of any fixed

frequency gas laser oscillating throughcut the infrared and the far-
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infrared regions. The radiation emitted from the diode is not
intense -but i£s magnitude is sufficiently above the noise to make
it useful in spectroscopic applications. We are also able to show
that the diode can potentially generate detectable radiations at
the harmonic frequeﬁcies of a number_of existing fgr—infrared or
infrared lasers.’ .

En the .experiment, the radiation emitted frdm the dicde was
observéd with a superheterodyne detection system which offered high
sensitivity. The CO2 lagef, which had a resonator with a gra£ing for
lipé selecfion at one end and a mirrof mounted on a piezoelectric
. tuner at the other end, was made to oscillate simultaneously on two
adjacent P or R branch transitions; The laser output wﬁé coupled
to the diode by focusing‘it onto the diode's tungsten antenna close
to-its_point contact along .a direction perpendicular to the antenna.
The lens had a 2.5 cm focal distance and produceé a spot-size on the
antenna of about lOOﬁ digmeter. In the first phase of the expgri—
ment, the-output of a frequency tunable klystron operating in the
52.6 GHz region was fed through a variable attenuator into a wave-
guide with an open end; the microwave radiation emitted from the
wave~guilde was coupled to the diode simply by Qlécing the diode at
a distance of about 1 cm from the wave-guide with its wire antenna
parallel to. the microwéve,E—field. The total microﬁave p&wer
emitted,inﬁo free space was determined to be about a few milliwatts,
-and the total laser output incident on the diode was about a watt.

The .emitted radiation from the diode was collected along a-

direction perpendicular to that of the incident laser radiation. and
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the antenna with a 1.3 cm focal iength lens, which focused it onto
the liquid He—cooled-Cu:Ge detector placed at a distance of about
50 cm, and in some cases as much as about 2 meters, away from the
lens. The Cu:Ge detector package had a epeed of response of up to
about 100 MHz; |

The frequency mixing process described above-reeults in
emitted infrared radiation containing frequency components displaced
from those of the éwo incident laser lines by + nv, . with Yo the
klystron frequency and n representing integer numbers. The dominant
COmponents of the emitted 51gnal however, consists of re-radiated
fields at the frequen01es of the incident laser lines due to the’

-

process of- linear Scatterlng_from the_dlode s antenna; in our casef

the resultant scattered radiation at the undisplaced frequencies

collected by the lene and focused on the Cu:Ge was several milliwatts

The two oscillating laser lines selected for the experiment

were the P{14) and P(l6) transitions of the CO2 9 3 g band which
differ in frequency by 50= 52,592 GHz with the P{14) line lying on
the high frequency side of the P{(l6). The klystron freguency was
tuned in a region overlapping 60. The emitted radiations at the
frequency mixtures displaced from the two }aeer lines by # v, was
observed by detectlng across the Cu:Ge element a beat signal arising
from heterodynlng of the frequency upshifted P(16} radiation-with tne
P{14) local osc1llat;r radiation and the downshifted.P{14) radlatlon
w1th the P(16) local oscillator radiation; .the correspoqdlng beat
ﬁreqdency for both signals appear at (64§m), where 6 is the frequency

.pacing of the two oscillating laser lines which is close to 60 and

-fluctuates near it due to laser detuning effects. The several milli-
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-amatts of scattering radiation incident on ehe Cu:Ge elementAat the
undisplaced'frequencies provided adequate local oscillator powers
for the superhetercdyne detection. |
In the second phase of the experiment, another klystron whose
frequency v, was tunable in the 26.3 GHz region was used. In this
case, the emitted radiation displaced in frequency by % va was detected
as befo}e, by observing a heterodyne beat signal across the Cu:Ge
elemeht-at,the frequency (6—2vm).
Prior to the experiment, the current-voltage characterietic
curve of the metal-to-metal point contact diode and its higﬂ order
derivatives were studied‘in detail; the nigher order derivatives are
responsible for the various orders of frequency mixings.6 This study .
showed that a-D.C. bias voltage applied to the diode had a sizeable
WEroct on the various frequency mixing signals. The initial observations
were made by mixing in the dicde two microwave frequeccies in various
_orders and noting the behavior of the resultant beat siéggis developed
;érééé fﬁe diode-éersus the bias voltage.' Similarly, the effect was
studied in the far—inffared and infrared regions for several orders
of frequency m1x1ng, here we defiine a mixing of the nth order by the
orrespondlng frequency combinations obtainable from v? where V is
Eﬁé“éuﬁ'of‘the applied oscillatory voltages: ~If the stadies we' find
that in general, the even-order mixing signals have a mlnlmum for the
bias voltage, Vo‘ close to zero; the odd-order mixing signals, on the
""E%Bér hand, are at a maximum for- V neaén;ero. For lﬁeieﬂce, an infra—'
red radiation applie@ to the diode produces a D.C. voltage across it

'ue to rectification arising from even-order terms in the i-v charac-

teristic: in this case, the rectified voltage is found to increase
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sizeably when the bias voltage V is applied. This occurs in general
!%r botn negative as well as positive Vo. On Fhe other hand, an odd-
order mixing signal, e.g. the zero beat (of about several millivolts)
observed across the diode when the output of the CO2 laser oscillating
on the two P branch transitions is applied to the dioae together éitb
the mixrowave radigtion at a frequency.vm * §, will diminish %n size
as VO is_increésed. For high order mixiﬁg, the beat signal versus Vo
show several maxima and mihima when |V0} is increased by as much as a
few nundred millivolts. In fact, the curve obtained for mixing of the
{n+1l) order signal versus éo resembles closely the derivative of the
curve obtained for the nth order mixing, as expected.6
From thése observations we note that inffared frequency curxrent-
components filowing through the diode at the first microwave side-bands
kise from an even-order mixing, hence, their corresponding amplitudes
and the éubsequent re~-radiated signalélghould increase in size as a
biés-voltage-is applied. On the other hand, the re-radiation at the
second sidefbands should have its maximum near V0=0 sincé they arise
from odd-order mixings; Accordingly, provisions were made to apply a
varying bias voltage to the netal-to-metal point contact freqﬁency
mixing element. |
In the experiment, the frequency fluétuations and'the drifts of

both the laser and the klystron due to thermal and micréphonic effects,
resulted in sizeablé variations of the beat frequency (G-vm). Becaﬁse
of this, narrow-banding .of the post-detector. electronics for enhancéd
sensitivity required special precautions' to eliminate the instabilities
f the beat frequency. Enhanced detection sensitivity by narrow-band-

ing aided our initial search for the signal. With the observation of

ORIGINAL PAGE IS  79<
OF ‘POOR QUALITY


http:voltage.is

.Fe signal, however, it was possible to imérove its magnitude size-
ably so that a broad-band electronic system was adequate in Ehe sub-
sequent observations. We shall first describe the latter: the sig-
nal frc%yau:Ge'detector was amplified by an amplifier with a band-
pass extending from 10 KHz *+o about 1 MHz and its output displayeé
‘on an oscilloscope screen. The klystron frequency was swect.in.eynf
chronlsm with the osc1lloscope sweep ovar a range of about several
MHz centered at v~ §. The beat signal appeared on the oscilloscope
screen as the beat frequency (6-vm} was swept ﬁnfough the amplifier
band-pass. (See the lower trace in Fig. 1.} The observed signal was
improved by rectifying the output of the amplifier and feeding it to
the input of a one hundred channel box-car integrator. Eacii channel
had a 2 usec gate-width and they wexe switched oe consecutively in
ynchronism with the‘klystron and the oscillcscope sweep. The upper
trace in Fig. 1 i's the output of the integrator with a Few seconds
integration time and a sweep repetition rate of about one KHz.

In agreement with the above, the observed signal increased size-~
ably as the biee voitage, Vo’ was increased; in fact, as a function of
Vo' the beat'signal followed identically the behavior determined pre-
viousl& for the eecoha order mixing signals.
| ‘Ie‘our'initial_search, the following method was used to.stabilize
the beat frequency (G—v ), enabling much improved sensitivity: The
klystron frequency was detuned from § by about 40 MHz. In this case,
the thlfa—crder mixing of the frequenCLes of -the two laser lines and

the microwave frequency produced across the diode a beat voltage at

.40 MHz. This signal was amplified and fed to a voltage limiter and
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then mixed with the output of a stable crystal controlled reference
!scillator at 40 MHz; a corfection signal was subsequently extracted
and fed to the klystron reflector to form a phase-locking looOp. The
loop caused the klystron frequency to follow the variatiéns in 6 so
that the beat freguency (6—v ) remained the same as the 40 MHz refer-
ence oscillator to within one hundredtn of a radian. The 40 MHz beat
.signal‘across_the diode was sufficiently intense, (about several milli-
lets), so that even for over one ordexr of magnitude decrease in its
intensity, caused e.g. by varying the vias voltage V_, OT by attenua-
ting the miérowave power, the performance of the feeéback loop re-
mained entirely unaffected. ’

. The elimination of the instability of tﬁe beat fréqaency (G-vm)
enabled narrow-band detection of the heterodyne siénal across the
'Cu Ge detector: the detector output was fed to a 40 MHz phase~sensi-
tive amplifier with the 40 MHz crystal controlled oscillator providing
the reference signal. Figuré 2 shows the block diagram. Figure 3
indicates the dependence of the radiation.generated by the diode on
the'applied bias voltage.

With the 26.3 GHz modulating klystron, the second side-bands
correspond, to fregquency displacements close to §, enabling observa-
tions with the same -heterodyne detection schemes described above. We
find that for several milliwatts of 26.3 GHz klystron power, the
emltted infrared radlatlon at the second SLde~band igs to within a
factor of two the same as that observed previously at the first side-
band using the 52.6 GHz klystron. The radiation emitted at the seccnd
side—band; howe&er,.behaved differently as a fﬁnction of the applied

|
bias voltage V_ . In this case, the emitted radiation had its maximum
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for Vo close to zero. The detailed dependence on VO was in agreement
Wth our previous determination of the behavior of a third orderxr
frequency mixing versus the bias voltage, as describe& above.

As a function of the lnCLdent microwave or klystron power, the
zZero beat {or the 40 MHz beat) across the dlode is found to behave
§im§l§rly to the dependence of the zero beat (of correspondlngly, the
40 MHzabeat) across the Cu:Ge element. The relationshlp between the
twé signals, (i.e. the heterodyne signal across the Cu:Ge detector
on the one hand, and the beat signal developed across the diode on
the other}, éan be used té determine prior to an obsefvation; whetherx
the current flowing through the diodé at the‘synthesized infrared
frequency ié_of sufficient intensity to generéte deteétaﬁle radiation.
This relationship shows that the diode is potentialiy capable of
1enerat1ng detectable radiations at the harmonlc frequencies of a
number of existing infrared or - far- 1nfrared lasers. For example,
£ifty to one nundred of mW radiation from a 337 p HCN laser and several
W from a 118 W HZO laser coupled to the diode togetner with tens of
nw output of a V-band klystron can readily produce a zero beat across
the diode as large as several millivolts; the zero beat is obtained
when the klystron frequency, Voo is tuned_gb that v,y ~ 3v334 + 2v_ = 0.

m

Qur results show that the corresponding current at the synthesized

frequenpy (3\)337 - 2v ) should be suffLCLQntly large to produce detect-

& . —

able radiatidn.

— In our- experiment, the wavefronts of the synthesized and.the local

oscillator radiations incident on the Cu:Ge were not in exact coinci-
dence: The heterodyne signal across the Cu:Ge was found in general to

b

increase as the aperture of the collecting lens was reduced down to -
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'Fout 3 mm diameter. A rough calibration gave an estimate of about

~11

5 x 10 watts of total radiation emitted at the synthesized fre-

guency. Much'improvement can be expecfed since in our experiment the
couplings of both the laser and the microwave radiations to the.
diode are as yet far from optimum. | @

Lastly, we note that the slow speed of'the Cu:Ge limits the
superheterodyne detection to cases where the frequency of the syﬁ-
thgsized radiation falls witnin hundreds of Mhz of the local oscilla-
tor frequency. However, instead of a Cu:Ge, a metal-to-metal point
contact diode used as a detector element would allow, with its fast
response and highly nonlinear characteristic,_superheterodyne detection
of a synthesized radiation at a frequency differing from the local
oscil}ator's by an amount in the microwave region: In this case, in
I!daition to the local oscillator and the synthesized radiations, the
detector diode may also be subjected to a microwave radiation at am
appropriate differencé frequency so that final ﬁeterodyne signal across

it is observed at a convenient IF frequency, (say in the tens of Miz

region).

“Ia
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The current voltage characteristic curve in the presence of a

bias voltage VO, can be written as i = E %‘ anvn where
th

o is the n derivative of the characteristic curve evaluated at
VO and (VO+V) is the total applied voltage; accordingly, the obser-

. . tn
ved vwvariation of an n

order mixing signal as v, is wvaried
gives closely the dependence of the nth derivative on V (since

the term in V" is dominantly responsible for the nth order mixing.)
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

" The lower oscilloscope trace is the beatnote after band-

pass amplifier.  The upper is after the integrator.

Block diagram (see text). Switches 51 and S, in
position A give the phase-locking of the klystron and
the subsequent narrow-band detection system. Position

B ‘corresponds to the broadband detection of the zero beat.

Phase-sensitive amplifier output for bias voltage vary-
ing at about 10 Hz by about 100 millivolts.



ORIGINAL PAGE I
OF- POOR QUALITY

N

£ 440353

O"r“\%'\’b\ \ | ~
AR ’?\’Q_c&«g re s ‘

a 2! LA, '

‘ _ ) %}A.\l:/b’}, QIL% 0'\50,:-{-:\



ATTEN, KLYSTRON [é—i SPS;NPEFY a
A A
/{__ ~ o P-LOCKINGL A S,
P .;"‘\ ¥ UNIT | 0B
R | . 4 )
I — dc BIAS
L \ ! 40 MHz
\ s REF.
| 0SC.
\/ ) ; ' saw-
j ' 20 MHz TOOTH
o Cu: B FOMI Ll b-SENSITIVE SWEEP
? 5o 5. AMPLIFIER
< 2
O : MULTICHANNEL|
LC;\J\IMEAZSS BOXCAR ogc
AMP D § INTEGRA’TO%&’
) SWEEP
‘ 1TRIGGER
Ao Lo, -



L
£l _r -
\\- -’A ‘\‘ hd
A /; :
\;"\',{ R
':'E.

M&xﬁﬁmmm%‘i:}ﬁ

r'-_ P
-’/ C S .‘.



ORIGINAY, p AGE Iy
JF POOR, QUALITY

i ————

' ‘ — - SL&;‘ ;; t(\
! | J {QQg‘i ' JQQ__Z:UL'}/'% . b\dtgj . -
€Y\'[ %f mq[g}. . ‘-"\"—-\ . - ~89:‘-

Pl

' =_‘.-.;'-<".:
MY zas _



T, W. Ducas and A. Javan

Measurement of Microwave Fine Structure

in OH Infrared Transitions using Frequency

Mixing with Metal-to-Metal Infrared Dijodes

J. Chem. Phys. 60, 1677 (1974)



Measurement of microwave fine structure in OH infrared
fransitions using fregquency mixing with metal-fo-metal

infrared diocdes®
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In this letter we report precise measurements of fine
strueture in OH utilizing an infrared pure rotational QOH
laser. > Frequency mixing with metal—to—-metal infrared
diodes®® was used to find the precise frequency spacing
between laser lines originating from fine structure sub-
levels of the same rotational level. These frequency
spacings lie in the K-band region, and the accuracy of
the present measurement is 100 times better than that
achieved with conventional infrared techniques, ©

The OH fine structure consists of the splitting of each
rofational level into doublets by the interaction between
electron spin and the molecule’s angular momentum.
Each element of a doublet is splat again by the interac~
tion of molecular rotation and electron angular momen-
tum (A doubling). Laser lines are observed as closely
spaced quartets of R(K) lines: R,(K), R{(K), R,(K),
R3(K), where K is the total orbital angular momentum.
{The fine structure sublevels are designated by sub-
seripts 1 and 2 for the different spin-doublet compo-
nents. Primes indicate the A-doublet components of
higher energy). The pairs of laser transitions used
were the R,(20), R,(20) and R,{21), R,{21) lines {~ 14pn
wavelength), within the =0 vibrational level of the %I -
electronic ground state of OH.

The experimental apparatus included a pulsed helical
“pin” transverse laser discharge tube! through which
Cq, Hj and ST were flowed with partial pressures of
5.6, 1.4, and 0.9 torr, respectively. The pulses orig--
inated from a 0. 1uF capacitor bank charged to 15 XV.
The laser pulses were 1 sec wide and the repetition
rate was ~1Hz. An internal mirror configuration was
used with.a cavity 1.5 m long and two 4. 25 m radius-
of-curvature mirrors. A 2mm hole in one mirror pro-
vided output coupling. Laser oscillation occured simul-
taneously on 44 lines ranging from 12u to 18p,

The laser and the pulsing circuit were enclosed 1n a
“¥araday cage” to reduce nomse from the circuitry and
the laser. The line voliage was taken through an RF
hlter. These precautions were important because
otherwise the radiated noise would be picked up by the
point contact diode and would overwhelm the difference
frequency measurements.

The 1aser output was focused onto the point contact
diode using a parabolic mirrer with a 7 em focal length.
The diode itself consisted of a pointed 1 mil tungsten
wire in conlact with a polished nickel post. The struc-
ture was identical to that described 1n Ref, 2. Micro-
wave power {rom an OKI 24V10 X-band klysiron was
coupled to the diede’s-infrared antennn by subjecting the
diode to the radiation from the open end of a K~band

The Journal of Chemical Physics, Vol. 860, No. 4, 15 February 1974

.

wave quide. Frequency measurements were made fo
within + 2MHz with a calibrated wavemeter. The out-
put of the diode was sent into an . F. sirip centered at
vir =57 MHz with a bandwidth of + 3MHz.

The frequencies of two infrared laser lines differing .
by Avy mix with the klystron output to produce a beat
note at Avy — vy . Accordingly a beat signal is observed
at the outpui of the IF amplifier when Ay, —ve=xvie.

The laser oscillation on each transition can take place
over a frequency range deternuned by the combined
Doppler and pressure-broadened width of the transition.
In the pressure and temperature regime at which the
OH laser operates, the total width of the transition is
about 150 MHz.! Since cur laser cavity had g mirror-
separation of 1.5 m, this indicates that oscillation took
place mainly on only a single longitudinal mode. Tius is
confirmed by the observed beat note which fluctuated
over many pulses in a rangeof 40—-50 MHz. After re-
peated runs and statistical analysis, the difference fre-
quencies were established to accuracies of a fraciion of
the oscillation width:

v{R4{20) - R,{20)}= 21,500 =005 GHz ,
and -
v{R,(21) - R,(21)}=15. 26(5) 010 GHz .,

The precision of these difference frequency measure-
ments represenis an improvement of betier than a factor
of 100 over results using a conventional grating mono-
“chromator,® and a factor 500 over work observing ul-
traviolet electronic transitions.®

The above work has shown the applicability of fre-
quency mixing techniques using the metal~to~metal in- ~
frared point contact diode in precision spectroscopie
studies of OH. Extension of thas work can provide high-
ly accurate measurements of fine structure parameters

.and the influence of molecular rotation on the splittings.
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THE MOM TUNNELING DIODE: THEORETICAL ESTIMATE
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" ABSTRACT

A theoretical analysis of the metal-oxide-metal (MOM)antenna/
diode as detector of microwave and infrared radiation is pre-
sented with experimental verification conducted in the far
infrared. It is shown that the detectivity at room temperature
can be as high as 1010 wattshl Hzl/2 at frequencies of lOl4 Hz
in the infrared. BAs a result, design guidelines are obtained
for the lithographic fabrication of thin film MOM structures

that are to operate in the 10 micron region of the infrared

spectrum..

* This work has been supported by the Air Force ARPA and,

in part, by NASA and Army Research Office. 33<
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1. INTRODUCTION

The metal-oxide-metal diode has been used extensively over the past .
decade for frequency measurements in the 1nfrared.(1'4)
up to the 2.0 micron region have been measured.(s) Electron tunneling
across an oxide layer separating the sharply tipped tungsten wire from
the metaﬁ(typica]1y nickel} post, has been recognized as the dominant
{nonlinear) conduction mechanism in the dc regime. Previously it has
been shown that the conduction mechanism at low frequencies is also
responsible for rectification in the 10 m%éron region.(s) Radjation is
coup]ed from an electromagnetic wave to the nonlinear junction by means
of an antenna that in the case of the point contact aiode is the tﬁngsten

(7.8)

wire. Several theoretical analyses of the meta]-oxide—metaf point

contact detector have dealt either with the nonlinearities of the junc-

n(9r10,l%¥ (12}

tio with the antenna characteristics. These theoretical

results are consequently not easy to compare with the measured values of
detector characteristics such as responsivity and noise equivalent powver.

(9)and Kwoélo)the

For instance, in the analysis followed by Green
junction's nonlinearities are thoroughly discussed but the problem of
matching the junction to the antenna is ignored. Other analyses based

only on the antenna mode1(]2) predict a frequency dependence of the diode

responsivity that is not in good agreement with experimental observations.

Page 1
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(13)
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In the present paper a model is chosen for the antenna (Section I1)
where the load contains a capacitive component due to the small contact
area. Electron tunneling theory is briefly reviewed in Section iII to
‘obtain expressions for the responsivity in the case of a trapezoidal
tunneling barrier. The‘%esults from these two section are combined in

" Sections IV and V to yield actual numerical results for optimum expected
power conversgon efficiency (~10'2) and detector NEP at room temperature
(~10~ -10 W Hz 1/2). Further, it is seen that the quantum efficiency factor

can be as high as 1072 in the 1Qp.region.

Section VI contains the results of computer calculations that support
the validity of.the simplified analvtical results of the previous two

sections.

II. ANTENNA MODEL

The antenna, as a receiver, is represented by an ac voltage source
vcoswt with an internal vreal impedance RA. |
The non-linear resistance, RD,in parallel with the juﬁction_capacitance
represents the dioue whose series resistance is assumed negligible
compared to both R, and Ry- The effective voltage (see Fig. 1) developed

across the diode is
ZD - ' RD

V. = Y ———— = Y -
D . RA + ZD RA +-RD + JmRARDC

where ZD is the parallel combination of RD with. X . The junction
capacitance, C =€, e-—E- is due to the finite contact area, a, and d1e1ectr1c
thickness, L.

¢ -2~ - 35<
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Introducing the "reduced frequency," q = wCR,, the "reduced diode

resistance," x = R/R and the "incident power" P =4~ , then
' D/ "A SRA

=V

v X
D T+ (1+Jq)x

The power dissipated in Rp {effectively the receiver load } is
ot )
)}

2

(1]

It is of interest to ¥ind the value of the diode resistance that

aP

maximizes Pr’ the power coupied to the load. The condition
Tx2 =—T1  and then
m 1+ g2
r i} 1 + ]'l+q2

L]

At high frequency {(q>>1), there is a roll off where Pr(xm)axq

=0 leads t

o X

-1

I the Tow frequency regime (q<<1}, the maximum value of P occurs

for RD = RA’ (x = 1) and is

P. (mgx) = P

Pagg 3.



We then say that the antenna is matched to the Tload. This optimum received

power, P, is related to the Poynting Vector, S, of the incident field.

hY

o

P =¢16.9) |5

This relationship defines the effective aperture  of the'antenna(!4)

Ca]cu1at1on of the aperture and antenna impedance for different antenna geo-

metries is a subject that belongs to antenna Lheory For certain simp]e

_geometrwes {e.g. d1po1e), the max jmum effect1ve aperture is about 0.1x ©

(See Se ct1on VIT a). In what follows,

- - . ——

and forhreasons that w111 become ev1dent 1ater, we w111 want to study the
effect on the dicde as the radiation frequency is changed. In order to
still couple the same power P, we will require that: a) the linear dimen-
sions of the antenna be scaled with the wavelength (that means same RA’ ‘
same 6/A’);b) the power incident in Af=A"IS]) also be kept constant. In
the case of two lasers of equal power and different frequencies this implies

that their beams are focused with the same f number.

ITT. DIODE MODEL

Electrical conduction between the two metallic electrodes forming the
MOM diode is due to electron tunneling through a potential barrier formed
o
by a metal oxide layer on the order of 10 A or less. This mechanism

. produces the non-linearities in the I-V characteristic. In order to

97<
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calculate the I-V characteristic, we cgoose a model consisting of a trépe—
zoidal potential barrier with thickness L and heights ¢, and ¢, on eﬁch
side. The WKB approximation is used”5 ) to calculate the tunneling
probability for an electron that has a certain energy associated with its
motion normal to the barrier.

_ The total current density for an applied voltage V is obtained by
integrating the contributions of electrons with all possible energies.
" This can be done with the help of a computer. However, some analytical

15)

approximations allow us to obtain a closed form expression for the I-V

_ characteristic. A series expansion up to V3 leads to

1 = ?%— (V A.my2Z + nv3)
D .
. . . _¢1+¢1
Introducing the average barrier height ¢,= —5— > the asymmetry
factor @ = -gL¥:J%£— and the dimensionless parameter S = 1.025LV %,, where
) 1 TP

L is given in angstroms and ¢, in electron volts, the theorv (see Avovendix A)

gives the following results

s

Ry = §§Z¢% aplma) | - (a= junction area)  [2]

. S :

mo= o and {3]
1 2

no= g Ug) [4]

88<
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If a voltage of amplitude Vo cos wt is appiied to the diode

simuf%aneous]y with a bias vo?taée Vb’ there will be a rectified current

whose value is

2
N | 1 N _ Vb
Vb
= (m+ 3an) P,
- .ir -
* The current responsivity is defined as F% = 5 - In what follows-
r

we will consider only the case of the unbiased diode so thatf?:i

IV. RECTIFICATION AND PQHE? COHVERSION

a) Rectification

The rectified voltage appearing on the diode‘(with given parameters

-d:: Ls ¢33 a) 'iS

where P is - the power delivered by the antenna to the diode (16ad)

Therefore

) ; 2 ’
V = . 4PR X [51
r P A 1w 2x+ (1 +q2) x2

99<
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It should be noted that both B. and g are relatively
insensitive functions of the barrier thickﬁgss, L, while x
has an exponential dependence. With that in-mind we can
see from Eq. (5) +that Vi is a monotoniczlly igcreag—
ing function of x. The limiting value 1is

vi(x=m) = v where v, = 4BiRAP [Q]

C

Fig. 2 displays the rectified voltage given by Eq. (5) as a
function of the reduced resistance x and for various values
of the reduced fregquency q..

From Eq.(6) we can get some numerical results for a
practical case. Consider é barrier with L = 10 i, ¢9 = lev,
o =.0.2 so that S % iO‘and Bi =m= 1/12 amp/watt. If
R, = 1000 and g << 1 (frequency below the roll off) we ob-
tain for an_inqident power P = 1lmW that the maximum recti- .

fied voltage is about v0==3p my.

b) Power Conversioni

An incident power P generates a rectified wvoltage Vs

associated with

according to Eg. (5). The rectified power L

V. is given by

2

%
Poc = & T 4827 Ry B (x,a) o
- X3 .
where F{x,q) = (8]

1+ 2x + (1 + q2) %212
100<
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‘The maximum value of PDC- occurs at

x = L * Y4+ 3q 9l
1l +ag

so that the optimum conversion efficiency Ng is:

-

P.~{x)
g = —s—2— = (48,)%P R, F(x_,q) [10]

[1+ v+ 3q2.]3 {111

1+ ) Ia® + {2+ V2 + 3¢%)%)°

where F(XO:Q) =

In Fig. 3 the depenience on the reéuced frequency,
g, of the optimum reduced diode resistance, X1 and of the
function F(xo,q) are displayed. For the typical value of
Bi = 1?12 amp/watt used in the preéious section ne/P is
also displayed as a function of g in Fig; 3. It should be

noted that for frequencies below roll off ne/P % 1 watt L.

The maximum_ power P that can be used in iEq: (10)
is determined by the burn out level of the diode. Voltages
across the diode on the order of 0.3 volts can already burn
the junction (the electric field in the .oxide would be on
the order of 3 x 106 volts/cm). This would result from a
maximﬁm incident power, P, of abou# 10 mwaéts and, therefore,

for g < 1 we would obtain a conversion efficiency of 1%.

_i@lt_
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It should be rémembered, héwever, that- when the diode is
driven with such high power levels, the rectified current
depends quite strongly on higher‘ordef derivatives of the
I-V characteristic. The simple model used to calculate

the nonlinear I~V characteristic cannot predict the correct
behavior cf the fourth order derivative. Available experi-
mental data on MOM diodes, however, show tha£ the fcurth

derivative contribution is already impoxrtant at V = 0.1 volt.

At frequencies lving in the roll off (g >> 1) the
conversion efficiency goes as q—3 (see Fig. 3 ).. It is,
therefore, ‘evident that in order to have good conversion
'éfficiency in the irnfrared we should reduée the 5unction
area to minim;z; C and have g = wRC i 1 a£ the freguency
of intereét\ In what follows we will estimate the junc-
tion area a, and barrier thickness, L, to achieve that con-
dition a£ a given freguency.

At the corner frequency (g = 1) and for optimum con-
version we have from Eq. (9) that X, = 32 = 1.82. This

Rp

together with Eg, (2) gives a condition relating the area, a,

and the barrier parameter S,

S

= 1 S5 e T 12
1.82 Ry = 357 5~ 52— £12]

A second relation involving S and a is obtained from the
202%< |
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requirement g = 1, so that 2nfcRAC = 1 where the junction

capacitance, C, is given in farads bv

[13]

- [} -
with a in (um)2 and L in A. This second relation can there-

fore be expressed as

13 ¢
a = .177 x =— 1077 [14]

ol iy
ko

’
’

From Egs. {12) and (14) we have that

13

S ~10 i
e” = 103 V& = i [15]
. oefc )
13
L=-—1—— fn (103 /5 22—) [16]
1.0257%, s 0&lo

The results given by Egs. (14} anad (16) are displayed in
Fig. 4 for the typicgl case of ¢, = 1 and Ry = 100.
‘ It shoulé be noticed that the values for L iﬁ Fig. 4
do not depend on the antenna resistance '(see Eq. (16) )
while those for contact area, a, are inversely proportional
to R, (Eq. (14)).

‘ Also, since.the value of L changes by not more than

, - ‘o S
a factor of 5; so does the current responsivity Bi = %35: .

103<
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The above guidelines are important to consider in the
design of'high speed MOM juﬁction structures in which,
using photolithogrzphic technigues, an antenna is printed{ls’lT)
and integrated with the small area junction.

As the corner freouency of the diode goes up to -
14

£f = 10

c Lz we see that the required L and a decrease.

The decrease in a, although a difficult technical problem
with the present photolithograp hm:technlaues could be
achieved with some further sophistication (e.g. electron
.beam lithography). It should be mentioned that areas on

2 . . .
can be obtained in -a mechanical

the order of .0004 um
point contact diode. The reduction in L.down to 2_273;

on the tqer hand, brings into ques*xon the valldlty of the
WEKB appro;lmatlon used in calculating the electron tunneling.
The condition Ffor its validity is ‘that this probability

( ) is small compared to unlty Substituting tnis conditior;

into Eq (15) requ1res
CE, << 103 9,107 & 1000

‘We will.not attempt at this point to make any quantita-
tive estimates on the modifications to Ehe model due to the
Breakdown of the WKB approximation ip’the optical and near
infrared region. In addition, in this fregquency region,

photon energy is comparable to the barrier height (,lev) and

other interesting effects may set in and dominate the rectifi-

cation procéss.
1G4~
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V. DETECTOR FERFORMANCE

Let us consider thermal noise to be the dominant one.

Then

oo V= {AkT R v = {4xTReAY X

Using the rectified voltage given by Eq. (7} we obtain the

signal to noise ratio where F(x) is given by Eq. (8)".
Vr

V%
= 4piFe F (o (173
Vi V4RT BY

The noise equivalent power (NEP) is the value of the
power P that gives a unity signal to noise ratio for a band-
width of Av = 1Hz. The inverse of the NEP is known as the’
detectivity, D, .and therefore, is given by

. Y : '
4ﬁL¢Rn‘F'z(x} (18]

VawT

D(x)=

With the same considerations that we used previously we can

obtain,by optimizing F(x), the barrier thickness that for a

given junction area yields the oPtimﬁm detectivity.

Replacing F(xo) as given by Eg. (11), we_obtain:

)= 4f3‘crﬂ (xo ' [19]

Y)::'E)(Xo JETEF?'

1085<
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Using si = 1/12, R 100 ohms and T = 300°K we obtain

10 V7

De 2.6x10 F “txo)

The dependgnce of D on‘the frequency is given in Fig. 3.
It is of interest to compare the detector responsivity
of the MOM diode with those of existing infrared guantum-type
detectors. The detection mechanism in the MOM diode arises
from rectification of ac  currents induced across the junction
at infrared freguencies. The mechanism in the second type of
detectors arises from géﬁeration of free carriers due to ab-
sorption of infrared photons. For this ﬁype of detectors
the curreﬁt responsivity, Bi,and the quaétum efficiency, Nes

are related by S

. h \) ) ORIGINAL PAGE IS
~ o, OF POOR QUALITY
=" '

For comparison purposes let us estimate the quantum effi-
-ciency, nq, of an MOM diode ope?ating, below roll off, in the
10 microns region. The energy hv of a photon at this wavelength
is about .l ev and taking the typical responsivity Bi% .1 amp/watt,
we get that hq Ry 10_2. In the average, there is a transfer
of one electron across the barrier for an energy coupled to

the diode corresponding to 100 infrared photons. As the fre-

quency increases, so does the guantum efficiency, but remains

466~
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below unity everywhere in the infrared. It is this fact that
provides the theoretical justification for using the low fre-
quency I-V characteristic in order to estimate the rectifica-

tion at infrared frequencies.(lg)

foi
boly
n\]
A
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VI.. COMPUTER CALCULATIONS

In order to get the results of the previous sections,
approximations were necessary. In Eg. (5), (7), and (18},

the values for Vs PDC

and D(x) were optimized by varying
the barrier thickness. In one instance the maximum of the
rectified power Pn. is obtained by maximizing ¥ ({x) in Eg. (8).
In this approximation the fact that Bi ﬂas a linear dependence
on S was ignored because x RD n es has an exponential
dependénce. More exact computer calculations have been car-
ried out tc check the validi%y of these approximations. The
results will be compared with those of Fig. 3.

Figure 5 shows the ?alculatgd detectivities‘at dif-
ferent f#equencies aé the barrier thickness is changed. For

' 2
. this calculation it was assumed R, = 100 ohm, and a = lpm” .

A

Eq; (18) was used where F(x) is taken from Eq. (8) and for Bi
we take the value of m given by Eg. ,(3).- The important result
iﬁ Figure 5 is that for each frequeﬁcy there is a value of the
barrier thickness that optimizes the NEP.‘ For a given contact
.area we have that to each frequency corresponds an optimum NEP
Zleading to the results of Figure 6. These résults are very “
much in agreement with those in Fig. 3, obtained analytically,
where D(xo) is plotted as a function of the frequency d.
In comparing Figure 3 with Figure. §, we would like to

_comment on two points. In the low freguency region (g << 1)

A0R<
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Figure 6 predicts detectivities ranging from 1010 to

/2

1.2 x« 10lo tr?a.‘c:ts“1 X Hz , depending on contact area, while

Figure 3 predicts .85 x J.()l'0 independently cof the contact
area. This is so becavse  the small dependence of Bi on bar-
rier parameters was not taken care‘of in calculations leading
+o Figure 3. The second remark is about the roil off region

-1.5

g >> 1). Figure 3 predicts a dependence D ~ w while

more exact calculations predict D v w-l'78. Considering

the type of approximations involved the agreement ig satis-

factory.

o
Eb
A
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VII. EXPERIMENTS AND TEST OF THE THEORY

a) Experiments in support of antenna theory

We have measured the efficiency in coupling the radiation from
a focused HCN laser beam (A= 377 um, Py =5 mw)} into the antenna/
diode and studied the dependence of this efficiency on-the diode
resistance and focusing angle of the laser beam. A balancing
technigue is used for measuring the FIR coupled power (Fig. 7). Tﬁe
focused beam and an adjustable amount of vf {at 400 KHz) are coupled
alternately to the diode at a rate of 80 Hz so that a null signal is
obtained when the rectified signal due to the FIR laser rectification
equals that due to the rT. . '

The, otherwise unknown, AC voltage at FIR frequen;y induced on
the junction equals that of the baiancing » f voltage, easily measur-
qble-on an oscilloscope. The received laser power, Pr = VEC / ZRD on
éhe junction can then be measured when a laser beam with total power
PL is focusgd on the -antenna/diode and the dependedce of the coupling
.efficiency, n= P /P . on the diode resistance can be studied and com-
pared to the theory (Eq. 1).‘ In the experiment, the antenna is formed
by a thin'éungsten wire several wavelengths 16ng so that the radiation
impedanée,is predominént]y resistive. Also the radiuﬁ of the point
contact ( :IOOO'K) is sufficiently small that capacitive loading is
negligib}e'(q<é1). The registance of the diode is varied by adjusting
the pressure on the point contact and the coupling ef?iciency is measured

for each value of the resistance. A typical set of experimental results

is presented in Fig. 8 and found to agree with the theoretical pre-
R
D
diction: n=4n, R
0 A (RD ¥ RASZ
110=
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.In this way, a value of RA =162 £ 10 ohm vas obtained for the antenna
whose radiation pattern was also measured (Fig. 9) by using a previously
describéd-technidue.7

The dependence ny (85) on the focusing angle was then investigated.
If the focusing angle is much smaller than the width of the first lobe
(Bf<<92), the laser radiation appears-essentia11y~as a- plane wave and the

. 2
coupling can be described by an effective antenna- aperturec=ﬁ— G where

. . . 120 L
the gain, G, for L>>x 1is given by G =5— —<
Rp X

{See Appendix B). In this regime, (ef<<8£}, the efficiency is given by
the rationyg Zcr/wwoz (where 2wy =ih¢ 1s the focused spot diameter).

120 - L
Then n0=c/(1rw02)=1?-2-R—; - 61:?

2 depeﬁ&ence in agreement with the experimental results in Fig. 10.

has a ef _
" The experimental results of Fig. 10 show that for small focusing angles
( éf = D/f where f = 12.7 cm. in this case) the efficiency o is in fact

proportional to efz

,_consistent with the concept of effective aperture.
That proportionality constant agrees within a factor of two with the one
expected from.the theory when in the abéve expression for n, we replace

L and RA by their experimentally measured values. Considering tﬁe sim-
plifications involved and uncertainty in our calorimetric laser power
measuremeﬁts, thé above agreement is satisfactory. As the focusing angle
is increased to a value comparable to the width of the first-radiation
lobe, the coupling efficiency saturates to about 3%, in agreement again
with the theory. (Appendix B)- The experiment was repeated for a different
antenna length and a proportionally differént coupling efficiency (or
antenna gain) was observed for small focusing angles. At larger focusing:

angles, however, the same saturated value of the coupling efficiency is - -

reached.
- . 1di1<
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To confirm that the FIR detection is due fo the same mechanism as that
of rf detection (i.e. rectification), we checked that the balancing
condition remains when a bias, up to about 100 mV, is applied tc the

diode. {i.e. FIR and rf detection have the same bias .dependence.)

A major recent advance has been photolithographic fabrication
of a high-§peed metal-oxide-metal junction16 With a two-stage thin
film vacuum evaporation method, a high-speed junction is deposited
on a sub;trate, along with a small antenna infegrated to it; We have
applied the balancing technique to the study of such a dfode Junction
{(integrated to an antenna). Preliminary results show that ip some
structures the coupling efficiency is as high as 2 or 3%, comparable

to that of the mechanical point contact .diode.

He shou]dArecall that the technique is applicable Eegar&1ess of the
nature of the rectification mechanism as long as it ig the same at rf
.and ir frequencies. For example, we have also fabricated anténna structures
where the load is an evaporated micron-sized, thin-film wire without a
“junction. A.weak bolometric respdnse was observed at both frequencies and

the best coupling efficiency vias found to be around 1%.

-

b} Experiments in support of tunneling as the rectification mechanism

We have sfudied the behavior of the point contact diode nonlinearities
by observing the bias dependence of the rectified signal when a known
amount of rf power is coupled to the-diode. These results can be com-
pared with the predications of the tunneling model (Section 111) yielding
values for the barrier parameters that are found to be reasonable.

The diode's 1-V characteristic up to third order can be expressed as:

1
I-'-"R' (V + mv

2, nV3)

b
b
&
/\
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Due to these nonlinearities, the rectified voltage; V., when an
rf voltage VD coswt is coupled to the diode 1s given by .

v,2
Vr = (m+ 3n Vb)"_g‘“

The experimental dependence of V. on Vg shown in Fig. 11, can be
approximated by a straight line in the Tow bias region. We can then
obtain for the 2 K-ohm diode, m = .16 V-I and n = 1.81 V-Z.

Note that these values for m and n, which are independent of the
contact érea, are in general agreement with those obtained from the tunnel-
ing model- assuming.reasonabie value; for the barrier parameters.

We can invert equations (2) and (4) to obtain:

1 324 RDa

¢, ~ . &n -
&Y 6n 4/ 6n

S = 4gg. on
L =4 /6ng,
1.025

By estimating the ya]ue of contact’area as a = .1 umz, we can then
- obtain ¢, = .65 ev and L = 10.3 A which are quite reasonable and change
only lograithmically with the estinated area. Furthermore, the value of

«  according to the theory is given by -

a=m/§7rT

which, in the case of Fig. 11, is equal to 0.29 and does not depend on

the estimated area.
As the resistance of the diode is lowered by adjusting the pressure
of contact, the value for n decreases monotonically. For example; if

: 0
Rgq= 50 ohms we get n = 1.39 so that ¢, = 0.43 eV and L = 7.3 A. At

143<
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these low values of L and ¢4, the W.K.B. approximation used in calcu-
lating the tunneling probability begins to lose its applicability.

On tke other hand, the value of the barrier asymmetry factor

can vary over a very wide range for diodes with the same resistance, Some

. . 6,11,13,20
of the other characteristics reported in the literature

correspond only to nearly symmetric diodes.

We have shown that in agreement with the theory, the zerc bias respon-

sivity, B. {=m), remains nearly constant as the resistance is varied over

1

two orders of magnitude. This statement was previously made in saction IV (a}

without experimental support. We have, however, verified Eq. 5 at FIR

frequencies (where q<1) by' studying the laser rectification as the
resistance of the diode "relaxes" continuously and sTowly (presumably keeping
the same asymmetry factore )} from 10 to “few thousand ohms. We were able to

fit the result to the expression:

R 2
Vr‘ = Vo(._.__p......__)
RD + RA

with two adjustable parameters, Vb and RA'

This method of determining RA is, however, more tedious and difficult

o~

than the previously described balancing technique, where the changes in

RD need not be contiﬁuous.

The authors would 1ike to acknowledge several valuable discussions on

this subject with G. Elchinger.
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APPENDIX 2

The problem of calculating the I~V characteristic of

(15,21;22) has been treated

a metal-insulator-metal structﬁre
by different authors. We will summarize the treatment given
in reference ‘15, However, we should point out that when the
I-V characteristic is expanded up to the V3 term, the same
results are obtained from reference 21..

The cuxrrent is due to quantum'mechanical tunneling of
electrons through the potential barrier presented by the thin
insulating iayer. When a voltage V is applied across the
junction the barrier shape is ¢ (x,V) = ¢ (x) - % eV. An elec-
tron approaching the barrier with an energy E, in.the direc-

tion perpendicular to the barrier has a transmition probabil-

ity given by the WKB approximation

P(Ey,V) = e"“ef:"‘”"’v’"'s"‘ dx
X - i

~%neg-1

2v2wm A

where o .025 eV
T :
carrying out a Taylor expansion: :
o . 2 =

. gn p(B,,V)= -[by + c1 ex + f1ex +- -] where ¢ =¢1-Ey,
and €4 is the Fermi energy in metal 1 and the V dependence appears
in the coefficients by, Cy. £ -,

The total tunneling current density is obtained by inte-

gration over the contribution of slectrons with different

energies E .

iy = Amme kT [ (e, V) F(E V) B

e exp ESAT)
awd  F = In T VK T)
A1S<
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It is ‘possible, at this point, to obtain numerical
solutions' with the help of a computer. However, further
approximatibns will let us obtain analytical solutions.
A discussion of the approximations involved in different
methods is best discussed in ref. 22. A series expan-—
sion of the current density up to the third pox&e;: of the

voltage is then obtained.

3= em v+ mYEE V)

G(T) = jo %16 qn (nCokT)
-blo
Ae :

[OF PR e

ja : (Cjo krr)z'

2 2 ,
L ammee UL pg0 TR amp s O -
A = h? .
ben — Cio0
m = # 2 2 - rAN
2 b 2 _omT L b by
_ b 0% 4 L0 by FOTZ 4
) Z & _

The parameters b;s, by Dy and C,, are obtained from

) ) . 2 _
: 3 L b V + b]zv -
bl = O(e;[CJV W and [ALl]

=f__(§ l:___fl...g-—- = C10+C‘HV”*" [A2]
¢y T2 Jy Pz

116~
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For a trapezoidal barrier we have ¢ (x) = ¢y - (@1“®2) %

that when substituted in Egs. (A3}, (Al), and (A2) lieads to:

L= 3
‘.b
o
! i
[ ) (]
Ay
Yt
]
b
Y
+
b
—

where the parameter S has been introduced

S = o L VA = 1025 L V4

I

¢ -__—_-_ f}___%.‘.ﬁz-. . and
[ +]
& Ao £
- = asymmetry factoxr
?&'+ Q& as e

For zero bias and neglecting high powers in o we get the re-

sistance and responsivity of the diode

Se? _ L
) a}‘lmz‘) R (Oth) 324 &, — G—(ohm"‘/'”".z

-—

2*1 ¢o and

2
o = (%)

ORIGINAL PAGE IS -
OF -POOR QUALITY
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APPENDIX B

We shall estimate the efficiency with which

power focused from an infrared laser can be coupled to the
antenna/diode. Using the reciprocity theorem of antenna theory

and considering the antenna as a radiator, we will
calculate the fraction, v, of power radiated under the same-
solid angle, 90, with which the infrared radiation is focused.

The efficiency is

ﬁz.ﬁ,[ﬂoc(e,gé) dn

where G(8,9) is the orientation-devendent antenna gain. It is

assumed that the load is matched to the antenna. By definition of
gain if QO is taken as 4w steradians, then v = 1 (all power

delivered to antenna is radiated). In the case of a whisker

diode, long wire antenna theory aﬁplies.(7’8)

(25)

The gain in

the case of a standing wave antenna is

G.:'-—g—g—-—-— {-cos""k L + cos?s s:nsz + 1 -1 cos H.'COS(H_ cose)
Rnsinle . _
~2 tos © .3%in kL sin (H_ cos a)}

where L is the whisker length.

This radiation pattern has a main lobe at a small angle from the
2 A

antenna. The first null is at: -e& = =

L
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For long antennas (L>> 1) it can be shown that the
i2c L

maximtm gain can be approximated by . .- sO ’
m RA A
that the coupling efficiency when the focusing angle 8¢ is
comparable with 8 isy, 32 1
RA I

For a typical R, = 150 @ we would get v = .06

In principle it is possible to use phased arrays in the
same context that it is done in microwaves. A horn antenna
or an end-fire phased array would provide coupling efficiencies

close “to ﬁnity.

Page 26
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FIGURE CAPTIONS -
Figure 1. Equivaient circuit model of the antenna/diode.

Figure 2. Rectified voltage as a function of the diode re-

sistance, RD = xRA,

above (g>1l) roll off. The voltage, Vo is proportional to

at frequencies from below (g<l) to well

the incident power, P, and is given by v, = 4B;R,P.

Figure 3. Several guantities are plotted as a function of

the reduced freguencv, qg. Tﬁe value xolis the reduced re-

sistance that optimizes the power conversion. This coﬁver—
sion efficiency is given by ne/P in Eg . (10). The optimum

detgétivity, D, is given by Eg. (19). Finally, F(xo) is

givén by Eg. (11i) appears freguently in the text.

FPigure 4. As the operating frequency of the diode increases
the juhction area, a, and oxide thickness, L, have to be decreased
order to optimize the detectivity of the diode. The result-

ing current responsivity, %, decreases logarithmically.

Figure 5. The detectivity, D, for a junction area of 1 umz,'

is plotted as a function of .dielectric thickness, L. The cal-
culation is done on a computer using Eg. (18). 'It is noticed
that for each fregquency there is a value of the thickness, L,
that optimizes D. In addition, it is seen that as the fre-

11 )

quency increases beyond 3 x 10 Hz, roll off effects are

noticeable.
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Figure 6. The maxima of the family of curves displayed in
Fig. 5 shows. how the optimum value of the detectivity depends
on the frequency. In this manner we obtaiﬁ_the curve labeled
above as a = 1 umz {the area for which Fig. 5 was calculated).
Curves for other junction areas are similarlf obtained. The-
optimum thickness at the corner freguencies are displayed
abéve the curves.
Figu:e'7. Block diagram of the equipment used for establishing
an rf level that gives egquivalent response to aﬁ incident focused
:%lgééﬁibeam for various measured diode resistances. An adjustable
“amb;nt of 400 kHz signal is coupled when the chopper bladé blocks
the laser. The lock-in is nulled by adjusting the amplitude of the
~rf, which is tﬁen measured.
Figure 8. Anﬁénna/diode efficiency is plotted as a function of
tﬁe diode resistance. The curve was fitted to the data by varying
R,; best fit is 162 0. Whisker length is 1.95 mm = 5.8 A,
A = 337 um. _ v -
Figure 9. The radiation pattern is given for the antenna used in
the measurement of Fig. 8. In this caée, the pattern for 311 um
is also given.
Figure 10. The antenna/diode efficiency is plotted as a function
of iris diameter, D, fo£ = 12.7 cm. It should be noted that
saturation at high values of D comes from a combination of approcach-
ing the beam diametgr and exceeding tﬁe width of the first lobe.
The proportionality constant, .0035 coincides with the theoretical

prediction. However, the experimental value contains an uncertainty

of a factor of about two due to power measurements.

CA23=
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Fig. 11. The experimentally determinad dependence of Vr on

Vi is presented.

Diode resistance was measured as 2 KO
1

and

values of m= .16 V - and n = 1.81 V_2 were calculated from this

plot.
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ABSTRACT

The first observation is reported of laser oscil;ation in
pure rotational transitions of the OH and OD free radicals. Forty-—-
four lines in OH and seventeen lines in OD have been seen in the
12 to 20 u region. Transitions were observed within the v=0, 1, 2
vibrational levels of OH and the V;O 1'7i.brational level of OD. Accu-
rate values are calculated for the B and D rotational constants

for OD and higher order rotational constants for OH.
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Observation of Laser Oscillation in Pure Rotational Transitions

of OH and OD Free Radicals

We report the first observation of laser oscillation in pure
rotational transitions of the OH and OD free radicals. Forty-four
lines in OH and seventeen lines in OD have 5eeh seen in the 12 to
20 Y Yegion. Transitions wére observed within the v=0,1,2 vibrational
levels of 'OH and the v=0 vibrational level of OD(l). These levels

all belong the the 2y electronic ground state. In this state &1,

where A is the projection along the internuclear axis of the orbital

Fd
angular momentum of the unpaired electron.

These pure rotational lasers are of special interest because

- of the structure of the OH and OD rotational spectra. Each‘rota—
£ional level is actually a doublet due to the interaction of electron
spin and the angular momentum of the molecule. FEach element of a
doublet is split again by the interaction of moiecular rotation gnd
electron angular momentum --— A.doubling(Z). .

The experimental apparatus consisted of a pulsed discharge tube

through which SF and O, were flowed. The pulses originated from

6 M2 2 _
a .l microfarad capacitor bank charged to w15 kilovolts. The current

pulse was "2 usec wide, and the repetition rate ranged from one té-
five per second. An internal mirror configurétion-was used_with_a
caﬁity 1.5 meters long and a tube diameter of 5 centimeters. > The...
optical arrangement was near confocal using two 4.25 meter radius of

curvature mirrors with a 2 millimeter hole in one mirror for output

coupling.

The partial pressures of the gases for maximum laser power 4 30«



were typically 4 Torr SF6’ 2 Torr H, and 6 Torrx 02. This held

2
. 14-1 i i ~(12-14 kilovolt regio
true for bright arc dischargésﬁang gi%%vﬁigcﬁggéggb;ﬁ both of which gLon

oscillation.

produced laser/ ‘ It was found that, in garticular, the SF6
and H2 pressures were critical for lager oscillation.
~ Laser oscillation was also observed when a transverse discharge -
tﬁgé(3) was placed in the cavity. In this case the dependence on
the_Ha and SFG pressure was far less critical. When CO2 was sub-
stituted for'SFG-, oscillation St.ill occurred in this configuration.
This indicates that SF6 and CO2 primarily plaf a role in conditioning
the discharge for optimum production of excited OH or OD. The
mechanism for this process is most likely a chemical reaction which
is as yet undetermined.

Spectral studies of the laser output were performed using a
Spex 1400-11 double monochromator. The accuracy of tﬁe wavelenagth
measurements of laser lines was better than 1 part in 20,000 for all
but the weakest of lines. For these lines the accuracy is better

than 1 part in 3000,

Before discussing the measured laser lines, it is useful to

describe the rotational structure of -OH and OD in more detail (see

Figure 1). PFor clarity, each rotational level is.labéled by K, the

total orbital angu}ar.momentum,'i = & + 0 where A is defined above,. . . . _ .
.and E.is the fotatiohal angular momentum of the molecule. The ener-

gies of the sublevels corresponding to a given K are designated 5y

F{K). The interaction of eiectron spin and orbital angular momentum-

{ BH;KI'°TE )} splits each rotational le?el into a doublet. In OH and

OD the spin-splitting constant, A, is negative, yielding an "inverted"

structure where the J.= K - 1/2 sublevel (energies F(K) with subscript 2)

_583<,
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lies higher than the &=K + 1/2 sublevel (energies F(X) with subscript
1l). Eéch J sublevel is split into a doublet (A doubling) by the
interéction_df molecular rotation and electron angular momentum. The
higher components of lambda doublets are labeled with primes (energies
Fi(K) and Fé(K)). ‘Selection rules allow transitions only between
similarly labeled sublevels in adjacent rotational levels. [That is,
there is ﬂo change in spin or in the projection of electron orbital
angular momentum onto'E]. Thus, for each pair of rotational levels
there is only the quartet of R laser lines as indicated in Figure 1.

The observed laser lines in OH and OD are shown in Tables I and
iT respectively. The splitting of each rotational_level into the four
closely -spaced levels was manifested in the quartet grouping of laser
‘1ines. These -quartets were seen for v=0 and v=1 in OH,and v=0 in OD.
In OH, lines were ocbserved from R{1l4) to R(24) with a gap at K=16
and 17.(4) Oscillation occurred simultaneously for all the laser
lines observed.

Molecular rotational parameters can be extracted from these
observed iaser frequencies in a straightforward manner -- without

the necessity of detailed analysis of spin-splitting and A—doubling(S).

This can be done by noting that the rotational energies E; are given
by: _
1 - 1 ]
. . FL(I) + F Iy + F1(J) + Fy ()
(1) Ej =
4

the need to know -
which ellmlnatesAthe fine structure of the rotational levels.

The difference between successive rotational energies is:

J - 4D ___J° + H(63°+23°) -8p (37 +37)

(2) Ej - By = B¢ eff

J J-1
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where Beff is essentially the rotational constant B; D gg Tepresents

the influence of centrifugal force; and H and P are higher order‘

- (5)

terms for the vibrating rotor .
Figure 1 has been drawn . ' showing the splittings
as sublevels of rotational levels labeled by K. Note that F2(K+l)

and Fé(K+l) correspond to F., and Fé of J = K+1/2. Also, Fl(K) and

2

rY
Fi(K) correspond to F and Fi of the same J. We can combine these

facts with Bgs. (1) and (2) to write E_-E

g Eg.p in terms of the laser

lines, RkK).
Ré (7-1/2) + R2 (T-1/2) + R]’_ (J-3/2) + Rl (0-3/2)

(3) By~Ey1 =

4

(6-9) have been in

For OD, the previous spectroscopic studies
the ultraviclet region. Our measurements of rotational splittings
were more precise than those of the u.v. experiments. This enabled
us to arrive at an improved value for D because of the high J's of
our laser lines (see Table III).

(

In OH, previous measurements 10) have also been made in the u.v.
region. This work was both more accurate and more extensivehthan

the u.v. data for OD. The accuracy of the measurements reported in
Ref. 10 for rotational splittings was lower than that of our measure-
ments; but their wide range of measured lines made it possible to
obfain good values'for the rotational constants —-- especially B and
D(S). The constants derived from their data [Ref., (5)] fit our data
guite. well, However, we can obtain improved values for the higher
order constants by employing the data from Ref. 10 to give the lower

order parameters, and the accurate high-J data from the present experi-

ment to obtain the H and P values. 1In this way, H and P were derived
4 =<



for v=0, and P was derived for v=1 in OH. (See Table III.)

An interesting insight into collisional cgupling comes from
noting the relative amplitudes of the lines within a quartet.

Those lines originating from levels which are strongly coupled via
collision .effects can "compete" with each other. In such a situation
the lines with higher gain rob energy from £hose with lower gain

and thus have much greater intensity. In OH and OD, competition
occurs between the palr of laser lines arising from within each A
doublet [Rl(K), R; (K) and R2(K), Ré(K)]. Rl(K) and Rz(K) having

the higher gain, are usually the more intense lines. However, when
lines originate from states of different spin, no competition takes
place since collisional coupling is weak between such states. Thus,
ﬁl(K) and Rz(K) generally have comparable amplitudes.

We have been able to resolve completely the spin splittings
and A-doubling in OH and OD. BAnalysis of these splittings and
their J dependence in the intermediate coupling.region-of our data
is ﬁow in progress. In addition, we are investigating the coupling
characteristics by introducing a grating into the laser cavity, to
prevent competition between laser lines.

- Knowledge of the detailed rotational structure of the OH
radical is importaqt to studies of the upper atmosphere, as well as
;o future astrophysical applications. Pure rotational lasers in

OH and OD provide the basis for analysis of this detailed structure.

We would like to thank L. W. Ryan, Jr. for his expert technical

assistance.
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Tafle I X
ox rotaTIONMF LINES .

r'ﬁ"{-\k\l{w Made 1 -tih fe (“m{n:.%» L RExE ‘paqe:J

Assignment viem ) Intensity Assignment v(cm 1) ~ Intensity
\Y R (K) Obsexrved Arbitrary Units \' R(K} - Observed Arbitrary Units
1| R, (14) 508.91 15. 0 | R,(19) 682.04 97.
1 | R}(14) 509.70 1.4 1 | R,(20) 682.35 5.7
1 | R, (14) 510.37 16. 0 | R, (19) 682.78 55.
1 R} (14) 511.32 1.0 0 Rj (19} 683.07 28.
| 0 | R!(19) 683.99 112,
R, (15) 517.56 ; 2.0
R, (15) 518.86 | 2.1 1 | R, (21) 707.76 98.
: ; 1 | R,(21) 708.32 141.
0 | R, (14) 529,72 ; 2. |
0 | R)(14) 530.54 | 3.8 0 | R,(20) 710.20 325,
0 | R,(14) 531.12 10. 0 | R,(20) 710.88 337.
0 | R}(14) 532.26 ! 4. 0 | R!(20) 711.30 80.
i 0 | R!(20) 712.08 84.
1 | R,(15) 539.62 3. ‘
1 | Rr}(15) 540.49 .5 R, (22) 733.04 10.7
1 | R,(15) 540.77 7. R, (22) 733.55 15.4
1 | R!(15) 541.85 1.5 .
L 0. R,(21) 737.64 224,
o | R,(18) 653.04 81. 0 ¢ Ry(21)p 738.19 140.
o | ®, (18) 653. 86 g5, 0 | Rl(21) 738.68 14.0
0 | R!(18) 654.07 8.4 0 | Ry(21) 739.37 8.4
1 | R, (19) 654.69 14.1 0. | R,(22) 764.03 84.
1R (19 655,48 19.6 0 | R, (22) 764.59 84.
1 R, (20) 681.70 42. R, (22) 764.91 =
145<
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R, (23)
R, (23)

R, (24)
R, (24)

OH Rotational LInes (cont.)

789.72
790.14

814.43
814.79

14.0
22.4

8.0
14.0



Table II

PO ROTATIONAL LINES

1

Assignment vicm ) Intensity
R (K} Observed Arbitrary Units
vV =0

R, (26) 492,29 2.5

R} (26) 492.71 .5

R, (26) 492.90 3.0

R! (26) 493.32 .25
R, (27) 507.52 3.0

R} (27) 507.73 .5

R, (27) 508.10 4.5

R! (27) - 508.60 1.0

R, (28) 521.88 .5

R} (28) 522,44 3.5
Rl(zsj 522,99 2.5

R} (28) 523.50 .5

R, (29) 536.94 .75
R, (29) 537.55 4.5

R! (29) 537.92 .25
h2(30) 551,34 )

R (30) 551.84 1.0

A&7 <



Pable III. Rotational Constants for OH and OD Free Radicals

..l)

OD Constants (cm

9.870 + .005 P

B =
_4(C)
D= {4.98 + .31) x 10
¥ OH Constants (cmnl)
v=0 Values from Ref, 5 Present Work
- ‘E ~ e et -ttt =g D metoatet o i ttmsied e, Y ey e s L —~ gt .E
Beff : 18.5315 3 E
H ; (1.4074 + .070) x 10 bo(1.347 % .083) x 10 ]
P | @23 .s1) x 19”4+ (D) (1.04 + .37) x 1071 (e) .
v=1 Values from ﬁef. 5 Present Wo;k L
Beff 17.8208 5 . ;
D 1.8696 x 10 - |
eff ~7 : ) i
H 1.3883 x 10 Ty
P (1.68 + 1.28) x 10 £ (1.65 + .44) x 10~ :
i |

(a)The calculations of the constants are based on the rotational
energy expressions of Ref. 5. Note that these expressions differ
_ from those based .on less accurate perturbation theory used in
Refs. 6 - 10.
(b);

B=3B_q % 8 + 3/2D where B is extracted from A doublet separations.
See Reference 5.
(C)D = Deff + 3/4H. See Reference 5.

(d)Errors quoted are + one standard deviation for a least squares fit
to the data from Ref. 10. )

(e) . L ) _
The data from Ref. 10 were used to give the lower order para-
] g P i&lﬁ%ﬁ



meters and the data from the present experiment were used to
obtain H and P for v=0 and P for v=1l. Errors quoted are + one

standard deviation.
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FIGURE CAPTION

FPigure 1. Energy level diagram showing- rotational levels and the
fine structure due to spin splitting and Adoubling.
[The .diagram is not to scale; R{K) -~ R{K-1l) is ~50
times greater than the A-splitting.] -
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ABSTRACT

Experiments are described in which low intensity laser pulses.
of-%ero area (ffa,EKz,t)dt=01 are propagated through a degenerate
resonaﬁtly absorbing medium with gréatly reduced absorptioh. These
pulses are constructed either electro—éptically or by allowing a
nonéero~degree pulse to evolve toward zero area by means of a reso-
.nant absorption and reradiation process. We observe the transmission
of as much as 65% of the energy of such pulses through a.resonant

absorber which attenuates the same c.w. laser.by e—aL, with oL ~ 20.

+ On leave frém Universidade Federal do Rio Grande do Sul, Porto

Alegre, Brazil. Work done with partial support from Conselho
Nacional de Pesquisas, -Brazil.

T+Hertz Foundation Predoctoral Fellow.
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The transparency of a resonant absorber tc pulses of large "area"
6=2n7 (n=1,2...) has been a subject of active experimentall and theo-—
reticalzinterest. In an early publication3 discussing the inhibiting
influence of level degeneracy on the traﬂsparency of large area pul-
ses, it was noted that zero.area pulses can propagate with low loss
irrespective of the dégeneracy of the resonant transition. Such
"zero-degree" pulses result if the pulse envelope undergoes a sign

- change in such a way that the tipping angle,

U

6, (z,t) = & [T Elz,t)at

goes to zero for t + =, Here, & (z,t) is the envelope of the electric
fiela, E=c Elz,t)cos (wt-kz), and Yo is the dipole matrix eiement
for the transition involving the mth degencsrate ;ﬁhlevel. The area
em(z,M) = em(z) measures the degree of excitation of resonant mole-
cules after passage of the pulse.4 ‘Recent articles have analyzed
additional features of zero-degree pulse propagation.(5—7)
We describe here experiments in which zero-degree pulses have
been constructed and propagated through a degenerate resonant absor-
ber with dramatically reduced energy loss. We have also observed
the evolution of émall area pulses into zero-degree pulses due to a

7.8 discussed in more

resonant absorption and reradiation process,
aeéail below. The observations are made in the limit of low pulse
intensities corresponding to small tipping angles.

A major reéuirement for low loss propagation is that the pulse

be able to coherently excite and de-excite a molecule in a time

.short compared to the homogeneous transverse relaxation time, T2.

154<



For a 2nr pulse (n > 1) the pulse energy must be sufficiently
large to induce n complete transitions. Because of this, the re-

guired pulse energy (proportional to 1/« ) may be excessively

pulse

lqrge in cases where T, is very short. On the other hand, a zero-

2
degree pulse need not induce a complete transition; hence it can
propagate with low loss even with small energy.

The latter property is of particulér interest for propagation
of ultrashort pulses through a homogeneously broadened resonant
absorber (for example in the atmosphere).- 1f the absorption line
is inhomogeneously broadened, small energy zero-degree pulses will
still propagaﬁé with low loss provided the pulse envelope changes
sign before the molecules can dephase due to the spread ip their
fregquency distribution.9

The experimental arrangement is shown in Fié. l{a). A c.w.
laser with an internal mirror and diffraction grating line selector
is operated on single P or R branch transitions of CO2 or Nzo in
the 104 region. The linearly polarized output of the laser is
passed through a GaAs electro-optic modulatox crystal with its E

field oriented relative to the crystal axeslo

as shown in Fig. 1(b).
The crystal is pulsed with a 5 kV/cm square pulse derived from a
pressurized spark gap and RG8/U coaxial cable pulse-forming network.
The rise and fall time of the pulse is less than 0.3 nsec and the
duratibn can be varied by changing the length of the charging cable
[C in Fig. 1l(a)]l. In the experiments reported here, pulses of 2 or

6 nsec duration were used. The pulse is propagatad over the crystal,

which is matched to 502 by adjusting the capacitance of the crystal

‘holder. 455~



The voltage pulse car he applied to the crystal a second time
with the same or opposite polarity by allowing it to reflect from
the end of an open or shorted 508 cable [R in Fig. 1{(a)] which ter-
minates the crystal. Single pulses are obtained by terminating the
cable with a 50Q resistor. For an incident field Eosin(wtwkz) polar-
ized as shown, the output in the perpendicular polarization, which
is selected by analyzer A, is given by Eocos(wt—kz)sinf, where
P'= nng 1743_‘.752,/?\6{'z 7/8 is the phase advance or retardation (deter-
mined by the sign of the electric field sérength v/d) along axes a
or b [Fig. 1(b)].>*

The transparency effect was observed in C02, using a 1.5 m
heated gas cell, as well as in NH3. The vz[asQ(§,7)] transition of

14NH is coincident to within 10 MHz of the P(13) 10.6u N20 laser

3
12,13

line and has a Doppler half-width of 42 UHz. The NH, absorption

3
coefficient of 0.7'cm"l/t6rr is considerably larger than in 002 and
hence allowed detailed studies for many absofption lengths. Figure
2 shows a logarithmic plot of experimental data for the transmissioh
of 0.01 w/cm2 P(13) 10.6u NZO 1asér pulses £hrough a variable pfes—
sure14 40 cn NH3 absorption cell [CI in Fig. 1{(a)]. Curve A in

Fig. 2(a) shows the transmission of zero-~degree pulses with two out-
of-phase 2 nsec lobes, which are shorter than T2* = 1/27Av = 4 nsec
(where Av is the Doppler half-width of the absorbing transition).
The dashed line shows for coﬁparison the transmission of low inten-

GL, where o is the linear absorp-

sity c.w. radiation as given by e
tion coefficient and L is the length of the sample cell. At low
pressures, the number of absorption lengths, aL, is proportional to

pressure since the pressure broadening is small compared to the 156<



Doppler width.15

The effective absorption coefficient for the zero-
degree pulses may be obtained from the logarithmic slope of curve A.
By comparison with the c.w. absorption (dashed line), we note.that
at low pressures the absorption coefficient of the 2 nsec zero-degree
pulses is smaller by a factor of more than 25 than the value of 0.7
cmﬁl/torr. (At pressures above 75u, coxresponding to alL = 2, the
slope in curve A increases slightly indicating an increased absorp-
tion; this is believed to be due to a small delay between the two
pulses which can result in an interference between the second pulsé
and the molecular reradiation after the first pulse-)

For a short duration pulse of non~zero area, the absorption
coefficient is expected to be smaller than o when its duration is
less than Tz*. In this case, fhe energy absorbed becomes proportional
to the pulse duration rather than the inverse linewldth. For a
thin sample (ol < 1) this reduction is not as great as for the zero-
degree pulsé of the same duration. For olL>> 1, propagation effects
cause the pulse area to evolve toward éerd (see below). Curve B in
Fig. 2(a) shows the transmission of a pulse of non-zero area consis-
ting of two in-phase 2 nsec pulses. Tne initial absorption obtained
from the sloPé of -this curve is less than the c¢.w. absorption, but
larger by a factor of five than that of the éero—degree pulse. At
higher pressures, corresponding to several absorption lengths, this
curve begins to flatten out and its slope becomes characteristic of
that of a zero-degree pulse. -

Similar behavior is seen for 6 nsec zero-degree pulses (curve C)

and in-phase pulses (curve D), but_fhese exhibit larger absoxrption

157<
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since the pulse is now longexr than Tz*;‘

We now turn our attention. to the_evolution of a ﬂon—zero area
pulse toward zero. Saturation of the medium is negliq?ble in our
egperiments since for a pulse of duration Tp=12 nsec (corresponding
to two in-phase 6 nsec pulses), and p=0.2 Debye,l3 the maximum pulse
area is less than 2°. For théese small angles, the aboﬁé results cén

16 in terms of a linearized theory7 in

be gquantitatively understood
which the thin sample absorption is proportional to the overlap of
the Fourier spectrum of the pulse with thé resonance line., A zero-
degree pulse has a Fourier spectrum which is zero on resonance. A
similar spectrum, and -hence absorption, will also rxesult if a non-
zero area pulse whose spectral width is broader than Fhe resonance
line is allowed to propagate several absorption lengths. A consider-
ation of linear dispersicn shows that the phase éelationships of the
Fourier components are altered in such a way as to yield a zero-

17 For large tipping angles, the nonlinearity invali-

degree ‘pulse.
dates this analytic description, but we know from the area theoreml"
that the pulse area will ‘decay toward zero if it is initially less

e

than w.

Thg evolﬁtion of a small areé pulse into a low loss zero-degree
pulse can alternately be described in the time domain in the follow-
ing way:7’8 As the pulse enters the medium, it exXcites an oscilla-
ting macroscopic polarization vwhich for a resonant absorber is phased
so as to radiate a field which adds destfuctively‘to the incident
field. The polarization continues to radiate after the pulse passes
and produces a negatively phased lobe on the trailing edge of éXz,t).

For small absorption {az << 1, where z is the penetration depth into

158



the sample), and in the inhomogeneously broadened limit, the coherent
"ringing"8 of the medium lasts for a time comparable to the inverse
spectral width of excited atoms, which is given by the longer of the
pulse width TP or the inverse inhomogeneous width Tz*. For a hémo—
geneously broadened line, the coherent ringing time will be given by
the transverse relaxation time T2. Inheither case, the pclarization
decays before all of the absorbed energy is coherently reradiated.

If oz > 1, on thé other hand, a sufficiently large fraction of the -
incident pulse has been absorbed and rerédiated into the negative
lobe to enable this lobe to extract an appreciable fraction of the

. absorbed energy. This lobe is further amplified as the pulse propa-
gates so that the pulse area approaches zero with little further loss
in pulse energy. Significant pulsé reshaping, resulting in the devel-

. 18

opment of a pulse with many 1obés, is obtained fox oz >> 1.
In order to further verify this evolution of small area pulses

into zeroldegree pulses, a second 40 cm absorbtion cell (CII) was

added in front of the first. With cell CII empty, the transmission

of cell CI for 6 nsec and 2 nsec single pulses was measured as a

function of pressure and is plotted as the lower curves in Fig. 2(b,c).
Cell CII was then -filled to pressures corresponding to the absorption
marked by the arrows on these curves. The fraction of energy trans-
mitted by CI was again measured as the pressure in CI was varied;

the results are plotted on the same graphs. The curve labeled 1

in each case corresponds to an input Quise which has only partially
evolved toward a zero-degree pulse, whereas curve II results from a

pulse which has propagated a sufficient number of absorption lengths

45¢



to become a good zero-degree pulse. The 6 nsec puise evolves into
one which has an absorption coefficient of only 1/20 that of the c.w.;
the 2 nsec into one which has only 1/100. At a pressure of 1 torr,

oL with ab * 20,%° 65% of the

where the c.w. beam is attenuated by e
energy of the 2 nsec pulse which emerges from cell CII is transmitted

by cell CI.

"It should be noted that at pressures sufficiently high that
collision broadeﬁing becomes larger than the Doppler width, the
dashed curve, which repreéents the c.w. absoxption, becomes para-

llel to the abscissa. In the pressure region where T, becomes shorter

2
than the pulse duration, the absorption for all pulses asymptoti-
cally approaches the high pressure limit of the dashed curve. At

a fixed pressure, the c¢.w. absorption maintains a constant logarith-
mic slope as a function of sample length; the zero area pulse would
also exhibit a constant but greatly reduced slope.

The use of sho;f pulses from mode—locked-lasers should allow
the effects described here to be useful for long distance propaga-
tion through absorbers with considerably shorter relaxation times.
In the case of atmospheric propagation, for example, typical values
for pressure broadening range between 1 and 20 MHz/torr. Pulses 10
to 100 times shorter than those utilized here can be expected to
result in low loss propagation.

Other aspects of this work which are still the subject of
experimental investigation include the study of these effects in
the high intensity limit where the nonlinear effects become impoxrt-

ant, as well as the off-resonance case, and the observation of the

actual pulse envelope distortion.
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FLGURE CAPTIONS

Figure 1 (a) Schematic of experimental apparatus. Cell CII is
in place only as described in text. The integrated
output of the detector (D) is recorded as a function
of pressure in cell CI.

(b) Orientation of GaAs modulator.

Figure 2 Transmission of NZO laser energy through resonant NHB

absorber as function of pressure. Dashed lines give c.w.
absorption.

(a) Transmission through cell CI only for: (&) 2 nsec
zero—degree pulses, (B) 2 nsec in-phase pulses,
(C) 6 nsec zero-degree pulses, and (D) 6 nsec in-

phase pulses.

(b) Transmission of single 6 nsec pulses through cell CI
- with cell CII filled at fixed pressures to give

absorption indicated by arrows on lower curve.

{(c) Same as (b), for single 2 nsec pulses.
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.

Gain and laser oscillations are obtained on rotational
transitions of the first excited vibrational state of HF gas
at room temperature, resonantly pumped by the 2.7¢ lines of a

pulsed’H¥ laser. Pumping thé P-branch- transitions connecting .

’ L AT PP PEPT em ar
NIt

' the ground and first ekcited vibrational statées produces gain

at the coupled rotational transitions at 36, 42, 51, 84 and

fléG:u.”*fhg.ééiﬁ exninits airécﬁiénél"érOpertiéé characteristic
of a unidirectional amplifier predicted by a recent theory. The
incremental gains of these lines is very large, in excess of

1 per cm, and the lines oscillate easily without mirrors (super-

radiance').

ORIGINAL PAGE IS
OF POOR QUALITY
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This letter reports observation of gain and laser oscilla-
tions in rotatlonal transitions of the first excited vibrational
state of pure HF gas at room temperature, pumped by the 2.7y lines

of a pulsed HF lasexr. ~ The gain shows anisotropy characteristic

(1)

of a unidirectional amglifier predicted by a recent theory .
The gain in these linés is enormous and they oscillate easily with-
out mirrors f"superradiance”).

Lasex oscillations of rotational lines in excited vibrational

'molecular staues nave Deen proauced 1n otner aases oy OPLlCQl

- ..- [ e .

.‘r- -.;--
-
- P

' pumplng Lron tne grOLnd vLoratlonaT s;a+ (2}

. o
a9

The present study'

.also makes use of optical.pumoinu, but the emitted_radiation shows

”‘unldlrectlonal Fea;ure nob'ootalned oerove. These features are

caused by the traveling vave pumping of Doppler-broadened transi-

-

tions. The ultrxa-high gain of these iiﬁes n HEF facilitates the
observation of the effecés.
The HF sample cell was pumped in a single pass by one of the
2.7u Pl(J) lines of an HF laser, whgre'thé notation Pl(J) indicates
P-branch transitions connecting the ¢round and first vibrational
states of HF: (v,J) = (1, J-1) -+ (0,J). Gain was observed ;t thea
coupled rotational transition (1,J7-1) - {1,J~2) in the excited vibfé—
tional s£ate [Fig. 1{a)]. Tﬁesé transitions fa}l.in the far-infra-
red (36 - 126u).
The pump laser was ‘a helical transverse discharge HF "pin"
laser using a mixture of SF6 and H2(3'4). The laser cavity con-

sistea of a 2y diffraction grating and a gold-coated sapphire flat

Individual ?l(J) laser lines could be selected by tuaning the grating.

t.
H

Porer was counled out through a 4.5 mm diamcter hole in the gold-
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coating of the flat. The output pulses tvpically had a length of
one microsecond and a peak powar of 3-4 kW as measurcd with an
Epley thermopile.

The absorption cell and the HF gas handling system were made

of Monel metal. The cell was 12 ¢m long with an inner diameter of
12 mm, and had silicon Brewster windows. The windows were coated

with a thin layer of Halocarbon standard stopcock grease to pre-

-vent '‘degradation due to.-HF:.corrcsion, Fach.window had a “transmis: .

“sion of approxifiately §5% in the wavelergth ‘range of’interest.

The 'HF gas was purified several times by freezing it at liguid.

"nitrogen temperdturs’ dnd: tnemn-otmping on it with 2 diffusion pumy..

he HF was kept in a ilonel

rk

To eliminate water vapor contamination

cold trap maintained at -30°C to -40°C by an ethyl alcohol - water

slush. The absorption cell was filled with HF to an appropriate

pressure and then isolated £rom the rest of the system. The pressure
agcertained - . . s = y .
was/ €% from the linear attenuation of the pump beam, suitably

attenuated using filters. Pressures ranged from 50 mTorr to & Torr
depending upon the line studied.
- The far-infrared lines were detected with a nelium cooled In"Ge'
detector. The pump lines were filtered out using a thin sheet orf
black polyethyiene. A monochromator with a léSu grating was used
to.determine the wavelengths of the rotational lines.

The observed rotational lines are given in Table I.,. None oI

(5)

these lines have bean observed before . All of the lines were

strong and easily detectable except for the €3.4u line, whirh is

i

strongly absorbed Dv athosrpheric wats? wapor. The lines all oscil-
. (6 . o .
lated without external mirrors' ). This implies very high gains

470<



since the absorption cell is only 12 cm long. The output powers

were estimated frém the detector calibration to be in the my range.
The intensity of the lines depends strongly on pressure. Tnis

is due to a trade-off between the number of atoms available and

the extent of saturation. At low pressures the saturat ion is

high but the number of atoms is. low, whereas at ‘high pressures the,

reverse is true. This imolies an optimum pressure for a given

pump power.. Por all of the onserved li as tne optlmum pressure

L,

Was_found to be such that appromlmauelj 50 - 75g of ;he pump oeam’

8 2 3
was aosolb ( ) Tn;s? pressures ranged from apdr ox1m1Le1v 50 mTor:

Cee

’IJ

_jfo;ytheﬁ?ika)-ané (d) puﬂo llnes ‘to. about 6*Torr for' the P, (8) -

H B . . I . T ..
o « N : - e, ".. ._.._. PR . 5

-

line. This large variation is due to the fact that_the absorption

frte

coefficients of ‘the pump transitions change by two orders of mag-

‘nitude going Ifrom Pl(3) to Pl(S).
(1)

-

The unidirectional theory predicts larger gain in the for-
ward direction (i.e. parallel to the propagation direction of the

ield) than in the backward direction. The gain aniso-

t=h

2.7y pump
tropy was first studied by comparing the intensities of the radia-
tion emitted by the sample cell in the forward and backward direo-
tions under high-gain conditions where. regenerative feedback (mir-
rors) was unnacessary. The intensities in the forward direction
were found to be 5 to 10 times larger than those in the backward
direction(g). .

To further investigate the galn asymmatry we placed the sample

(10

cell in a ring cavity ) consisting of two gold-coated mirrors
of radii of curvature 8 m and 1.5 m, respectively, and a Ban, KBr

or NaCl flat, depending on the far-infrarcd line studied (Fig. 2).

A=
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The pump power was coupled in thfough tha flat, which is trans-
ﬁarent in the neaf-infraxed and highly reflective and also opague
(Reststrahlen bands) in the far-infrared, thus serving to decouple
the gain cell from the optics associated with the purp lasar. The
cavity was about 1 met2y long. About 1% of the far-infrared powear
was coupled out by means of a saran-wrap beam splitter. The for-
ward and backward intensities were studied separately. In each

case the cavity length was tuned to give maximum output power.

| The maxiiin sousr. hifted, in The) forvard aliection yas found o be
40 to 400 tiyes larger than the maxinum bac£ward power,. In the
. ring configurationi the- intensity was Vary:étdbie;'ﬁhéfééslin"aﬁ
R T LR N
open system the intensity {luctuated strongly from ore pulse to
the next.

In another test the pump laser intensity was attenuated by a
factor of 15 (peak'power w200 wétts) using absorbing glass plates.
Under these conditions the ring cavity oscillzated .only in a diresc-
tion parallel t©o the pump beam. Wo signal could be detects

ing in the ovvosite direction. Howevex, the forward sigral was
close to threshold and not very stable. This is consistent with
the theoretical sxpectations discussed below.
A brief -account of the unidirectional effect may be useful.

" A normally absorbing transition can be brought into the amplifying
phase by resonantly pumping a coupled absorbing tr-nsition with ana
intense monochromatic field [Fig. 1(a)]l: 1If both transitions are
Doppler-broadened the gain occurs over a narrow freguency interval
detefmined by tne homogenecusly brecadenad linewiditih (e.g. due to

collisions). It was pointed out in Ref. 1 that if the pump field

AVR=



is in tﬂe form of. a traveling wave, gain at the coupled transition
for waves traveling in the forward direction occurs at one frequency,
whereas the gain in the backwvard direction appears at a different
frequency, symma2trically located on the ovposite side of the Dovnler

profile [Fig. 1{(b)]. The frequency separation between forward and

.

backward gain regions 1s proportignal to the detuning of the pump

flela from the llne center of the pumv transition, and if the-pump

frequency-ls tuned cﬂose-to llne centar, f@rward -and bacﬂward galn..m

‘reglons over]ap ‘An’ lmooruanb feature of thls effect (lndophﬁdent

of wnetner ox not the gain reglond cverlan) is that tne gain lﬁ t?&

- T . - . . . -~

TaTe .-

thIWd;d direckidn is lavgar than that Ia the'Backwardfdiréétidﬁf'
mi, - - L4 r 1 1 L I ] b B o v, -
Tnis asymmetry arises from the well known widtitn difference between
forwvard and backward change signals observed in laser-induced line-
o i (11,12) . P : . : .
narrowing experinsnts . The cifference in gain can be veary
large. This explanation accounts .for the forward-backward intensity
asyrmetry observed in the experiments described above.
In applying these cons1da rations to HF an important fact musc

£ al(3) have found that a transversely exci<ad

be noted. Goldhar, e
HF laser always oscillates within a range of less than 70 .iiHz asouc
line center. Tt is therefore expected.that in our experiments the
forward and backward gain regions should _overlap.' To verify
this the single pass output, either forward or backward, was reflectec
back tihrough the cell by means of a BaF2

was used to prevent the pump laser beam from

flat placed normal to the

pump beam. (BaF2

being reflected back and, hence, vroducing a standing wawve, which

would oliminate unidirecitional features.) inder these condizions

the outpit intensity was considerably larger and much more stable 173

than in the single vass configuration. In fact, the double pass
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arrangement enabled the observation of signals which could not be
detected otherwise. The fact that the output intensities in the

single pass configuration fluctuated considerably from pulse to

pulse, even though the output from the pump laser was fairly stable,

(3= 4 KW) the gain”doe:z_01ens shotild be 15 to.20 fimes -larg ger,

)
-

indicates svurious feedback due, for example, to bacn sgatterin

from dust particles or windows or backward Rayleigh scattering in

tue air(6’7).

A rouan estlma"o of tbe gains of these lines can be mads Irom

.

the obsorvatlon tnat An- the rlng cav ty confiquratlon, where ac galn'

. Tales pihie B S T e b :

of aoout 1 ver Dass is needel to ove?coﬁa losses, the tnresno1d

power is approgimatelynzOO W._ Qhereforg{ at normgl Qgsrating powgrs

leading to an incremental gain of over 1/cm. The theoretically

.predicted values are consistent with these estimates.
. . 1,13
Only gualitative agreement bebtwsen tAeorﬁ( r13) and e¥parimsnt

can be expected at prasent since the theory -assumes a monochromatic

Frequency chirping and node j
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in part, to changes in the refractive index of the plasma during

the discharge pulse. Furthernore, the unidirectional effect is
expected to decrease for the shorter wavelength lines (36 - 50u},
which oscillate best at sample cell pressures where the collision
broadenad width is beginning to become ccmparable to the Doppler
width. However, the ionger wavelength transitions are fully Dopnler-
broadened at ovtimum pressursas.

liation on cne rotational transition can, in prinriciz,

|.ul-

Laser os


http:transt.on

produce cascade oscillations on other transitions lower down in
the rotational lad“vr, esocCLally if the laser oscillation saturatcs

the rotational transition. However, our far-infrared lines are

] 1

too weak to saturate their transitions, and cascading has not bzen
observed, :
In our studies P1(J) lines were used to pump the excited state’

rotational transitions. The R (FJ) lines near 2.4u {(v,J) = {1,J+1)

(0 J)] are alSO produc 5 ny. our'H— 1Qsef, nuL at pove 8. about i0

tlmes smaller. [IQ:Mleﬂ-OT the low tnresnolds observed, the RlGQl:,g‘

lines can probakly also be used as pum fields. Pumplng.of the
Ry (3) transitidns &lso opens the possibil¥ty of o

tional emission of P

)

wavelengths longer than 50u, kT at room temperature exceeds the

1)

rial

quantum energy hv, hence the output signals are triggered by th

radiation. 2An attempt was made to observe this effect by placing

]—l

JH]

‘-. -
QUIIOoU

a globar h=at source at the amplifier i;put. Unfortunate

bt

Y

n

.

feedback as described earlier caused.considzranhle flucituarions in

the output signal, thus masking the effect. Further studies are

y,

currently under way.

e would like to thank Professor E., V. George for giving us
the design for the helical EF pin laser, and Thdmas C. Rounds,
Richarda #Mendelsohn and Charles J. Wurrey for. measuring the far-

infrared transmission of various materials and for supplying us
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TABLE

T

Pump Wransition

]
]
1

Designation® lavelength

- b e s e e ——— e

JUpper

Coupled Transition
(v=1 emcited state

-

Lower Wavelength

Pp(3) © 2.608u

MR

-t -

P (8)

B e

U,

2 -1 126.5u
e 200, sl

.. ..-_ el L ) ‘!.:‘ -}. _.,- . . ‘_- - z
4 -3 63.4u

1

. - 50.85.
42 .4u

36.5u

*Pl(J) signifies the (v=1,J~1) - (v=0,J) transition.
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+*
OBSERVATION OF ZERO-DEGREE PULSE PROPAGATION IN A RESONANT MEDIUM

kni

H.P. Grieneisen+, J. Goldhar ', and N.A, Kurnit

Massachusetts Inmstitute of Technology, Cambridge, Mass.

Experiments have recently been described[1] in which zero-
degree optical pulses[2-5] have been generated and propagated
through a resonantly absorbing medium with reduced absorption
loss. We briefly review this experiment here and discuss the
conditions for low loss propagation. We also describe some
initial studies of the evolution of the pulse envelope and dis-
cuss the physics underlying this process.

The propagation of a coherent pulse through a resonant medium
can be conveniently described by means of the coupled Bloch and
Maxwell equations utilized for the discussion-of self-induced trans-
parency[6]. For an incident field E = & & (z,t)cos(wt-kz), where
£(z,t) is an envelope which varies slowly on a time scale.of l/w
or a spatial scale of X, the propagation of the pulse envelope is
described, in the case of an absorber which has a symmetric distri-
bution g(dw) about the laser frequency, by the reduced wave equa-
tion[6]:

+
Work supported by Air Force Cambridge Research Laboratories, Office

‘'of Naval Research-and National Aeronautics and Space Administration,

+On leave from Universidade Federal do Rio Grande do Sul, Porto
Alegre, Brazil. Work done with partial support from Conselho
Nacional de Pesquisas, Brazil..
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= - == fm g (Aw) v{z,f,Aw} d (Aw) (1)
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c ne

Here N'and n are the number of resonant atoms/unit volume and back-
ground refractive index, respectively, and v(z,t,Am) is a component
of the Bloch vector (u,v,-w)} of an atom with resonant frequency
w+Aw whose motion in a reference frame rotating about the # axis

at the laser frequency is given by:

du
dt

T
buwv -~ u/Tp {2a)

dv
It

ey - (u & /R)W - v/T, ' (2b)

dw

-
dt

(€ /Mmyv -~ (w-weq) /Ty {2¢c)

The in-phase and out-of-phase components of the polarization contri-
buted by an atom detuned by frequency dw are given by pu(dw) and
pv(Aw), where p is the component of the transition matrix element
along &; w = pzy - Ppp 1S the population difference between excited
and ground state,

] .

If the relaxation times T, T, are long compared to the pulse
duration, the excitation of resenant atoms is determined solely by
the integral of the field envelope, since (2b,c) can be integrated
to give

v(z,t,0) = sing(z,t) (32)
wtz,t,O) = -cosd(z,t) (3b)
where
#z,1) = & [T gz, 000t (4)

——

The Bloch vector for resonant atoms is turned through the angle ¢,
The pulse "area"{6]

8(z) = lim ¢(z,t) (5)

Tt

measures the degree of excitation of rescnant atoms after passage
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of the pulse., A pulse whose envelope E(z,t) has one or more sign
changes can have zero area without having zero energy. Such "zero-
degree'[2] pulses leave resonant molecules unexcited and thus can
propagate with reduced energy loss. It was pointed out in Ref. 2
that this is true even in the presence of level degeneracy, which
has an inhibiting influence on the self-induced transparency of
2nt pulses with n>1, since sublevels with different -transition
matrix elements are then left with different degrees of excitatiom,

In these experiments[1], the output of a low intensity cw COp
or N0 laser is passed through a GaAs crystal oriented for ampli-
tude modulation. A voltage pulse derived from a charged 502 cable
and triggered spark gap[7] is propagated over the crystal and pro-
duces elliptically polarized light from the linearly polarized laser
output. The perpendicular component of -this is reflected from a
germanium Brewster plate which normally transmits the laser output,
and is then passed through an absorption cell. The voltage pulse
may be applied to the crystal a second time with either the same
or opposite polarity by reflecting it from the open or shorted erd
of a 502 cable which terminates the crystal mount. . Reversing the
polarity of the pulse produces a 180° phase change in the electric
field component reflected by the Brewster plate. . This field is
proportional to sinl', where #I' (*w/8 in these experlments) is the
phase advance or retardatlon produced along the fast or slow axis of
of the modulator crystal. -

Figure 1 shows a CO, laser pulse generated with a 2 nsec vol-
tage pulse as observed with a Ge:Cu detecteor and displayed on a
Tektronix oscilloscope with a 1S1 sampling plug-in unit., For the
purpose of this figure, a quarter wave plate has been added in
front of the modulator, so that the pulses are observed superimposed
on a large cw background. In the top trace, two pulses of opposite-
polarlty are applied to the crystal, resultlng in opposite changes
in the intensity reaching the detector; in the lower trace the
second voltage pulse is applied to the crystal with the same po-
larity as the first. This method gives a reasonable representation
of the pulse envelope since the intensipy reaching the detector is
proportional to 1 + sin2F . For observation of the pulse envelope
evolution, it will be desirable to send a cw beam along a separate
path and recombine it with the pulse on the detector.

——

Measurements of the pulse energy transmitted through an
absorption cell were performed with both a CO; lasér and heated
" CO; absorber and an Np0 laser and NH3 absorber. The latter
permitted measurements over many absorption lengths, since the
NH3 vy [as Q(8,7)] transition is coincident to within 10 MHz
of the NyO P (13) tramsition, and has an absorption coefficient
of 0.7 em~! and Doppler half-width 4Av = 42 MHz[8]. The
transmission of 2 nsec and 6 nsec zero-degree and in-phase pul-
ses is shown in Fig. 2 as a function of NHj pressure in a 40 cm

184~<



8 GRIENEISEN, GOLDHAR and KURNIT

= r e . ,3
<

.-.-:-:‘

. LA\

o et R N e P > ¢ L 3

PR | - e . k

E

K,

1}

e

~ - i

e k|

k.

F 4 3

. "

Fig. 1 Pulse obsexved by Ge:Cu detector with A/4 plate in front of
modulator (see text). Top: Zero-degree pulse obtained by applying
out-of-phase pulses to modulator. Bottom: In-phase pulses applied
to modulator. Time scale is Z nsec/div,

absorption cell. The dashed line shows the cw absorption for com-
parison. Curve A shows the absorption of a zero-degree pulse formed
from two out-of-phase 2 nsec pulses, as in the top trace of Fig. 1.
At low pressures, the number of absorption lengths is proportional
to pressure, and the absorption coefficient may be obtained from
the logarithmic slope of the absorption versus pressure. The
dashed curve shows the cw absorption for comparison. Curve B shows
the absorption of two 2 nsec in-phase pulses as in the bottom trace
of Fig. 1. These pulses show an initial absorption coefficient
some five times higher than the corresponding zero-degree pulse,
but still a factor of five smaller than the cw absorption.

The latter result is of course to be expected from a considera-
tion of the overlap of the Fourier components of the pulse with the
resonance line. In the small angle regime in which.these experi-
ments have been carried out (¢<2°}, the atomic response may be

ORIGINAL PAGE IS
OF POOR QUALITY
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Fig. 2 Transmission of N,0 lzser energy through resomant NHj
absorber as function of pressure, for {A) 2 nsec zero-degree
pulses, (B) 2 nsec in-phase pulses, .(C} 6 nsec zero-degrec pulses,
and (D) 6 nsec in-phase pulses. Dashed line gives cw absorption.

approximated by a harmonic oscillator. The pulse evolution may then
be described by a lineatrized theory[5], in which the absorption and
dispersion of each Fourier component can be considered independently.
A zero-degree pulse has a Fourier spectrum which is zero on reso-
nance (i.e., resonant atoms are left in their initial state after
passage of the pulse). Hence, if the resonance line is narrower
than the inverse pulse-width, which determines the width of the hole
in the ‘Fourier spectrum, very little energy will be extracted from
the pulse.

Curves C and D of Fig. Z show the effect of lengthening the
pulse-width to 6 nsec, which is longer than the inhomogeneous re-
laxation time T, = 1/2wAvp I 4 nsec. Both zero-degree (C) and in-
phase (D) pulses show correspondingly increased absorption, with the
zero-degree pulses exhibiting about 1/2 the absorpsion coefficient
of the in-phase pulses. As the pulse lengths are made longer, the
absorption for both zero-degree and in-phase pulses.approach the cw
limit, in this small angle regime. This is not necessarily true in
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the nonlinear regime, since particular pulse shapes, related to 47
pulses, are prgdicted to give small attention even for pulses long
compared to T, [3,47.

A'few general conclusions can be reached regarding the energy
absorbed without considering the detailed pulse shape. If one
multiplies Eq. (1) on both sides by g&&z(z,t) and integrates over
time from -« to =, one obtains

ds(z)
dz

=" Ngm Im glaw)d(bw) fw £ (z,t)v(bw,z,t)dt (6)

where

o 2
sz) = 5= /7 & (z,0)dt

is the pulse energg/unlt area. xf the pulse duration

01 &(z, t]|dt) /FE 2(z,t)dt is sufficiently short that the
pulse spectrum is broad compared to the rescnance line (T<<T2,T2),
all of the atoms respond resonantly and obey Eq.(3}). From Eq.(4),
we have £ (z,t) = fH/u) 3d/3t, which, when substituted in Eq.(6)
together with (3a), yields -

3s(z) _

v - Nfiw(l-cos8{2))/2 . (73

The right-hand side is just the energy remaining in the atomic sys-
tem. The angle 6 obeys the area theorem{6]

dg (2}

1z = - %ﬁ sin6(z) . (8)

where o = 4nNp? mTzfﬁnc is the smzll signal linear absgrptlon coef-
ficient of the medium (cf. Eq. (12) below), assuming Tp << T2

This implies that 6(z) will approach some multiple n=0,1,2..,
of 2w after a number of absorption lengths o~l. Once this occurs,
no further energy will be absorbed in the narrow line limit, accord-
ing to (7). The initial absorption will itself be very small if
T<<T2.' For example, for a small area square pulse of duration t<<T,,
Eq.{7) reduces to

ds(z) _ _ Q(L*] s(z) (9)
dz 2T2
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As this pulse propagates, its area decays according to (8), pri-
marily due to the development of a negative lobe which follows the
pulse, as will be discussed in more detail below. This negative
tail, which can be termed free induction decay[10]}, superradiance[l1],
or fluorescent ringing[l12], extracts energy from the resonantly ex-
cited atoms and grows until it is able to return rescnant atoms to
the ground state. The reduction in absorption coefficient as this
pulse develops into a zero-degree pulse, is evident in curves B

and D of Fig. 2. After several absorption lengths, the absorption
coefficient begins to approach a value comparable to the initial
absorption obtained for zero-degree pulses, Experiments in which
the output of one absorption cell was used as the input to another
clearly show this behavior[1].

In the small angle regime, this reduction in the absorption :
coefficient is simply seen to result from the attenuation of
rescnant Fourier components. It has been shown by Crisp(5,13]
that a Fourier domain analysis which accounts for the dispersion
as well as absorption of each Fourier component predicts the devel-
opment of an initially negative tail which oscillates in sign after
the pulse propagates many absorption lengths, in agreement with the
conclusions of Ref. 12. This analysis also yields the small angle
form of the area theorem (Eq.(8)), valid for arbitrary ratio of T°
to T, and Tj.

If the line is mot narrow compared to the pulse spectrum, the
energy absorbed depends not only on the area, as implied by (7},
but on the pulse shape as well. In this more general case, the
solution of Eq.(2) for v can be written as integral equation[14,5]}:

v(z,t,0w) = ft exp[{—t+t")/T;] cos[Aw(t-t")]

-0

x Hfiééiﬁﬂl- w(z, thhn)dt" ' ' BT

Substituting this in (6}, and letting t' = t-t", we have

Q%%El_= - H%E-Img(ﬁm]d(Am)fu'(it S(Z,t){jdt' exp(-t’/Té) coshnt’

-0

X B__g:h_(;____z,t-:t ‘ }

w(z,t-t', w) ~ (11)

This is not particularly useful unless the solution for w is known:
however, a few general conclusions can be dgawn. If wdis not appre-
ciably altered during the pulse and T, or T; is short, the factor
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of exp(—t'/Té) or cosAwt' acts to limit the contribution of the t'
integral to small values of t'. The energy absorbed then depends
only on values of £(z,t) at closely spaced times. If €{z,t) and
£(z,t-t") are different in sign, we have emission rather than
absorption of cnergy. For long relaxation times, this averaging
is performed over the whole pulse, and can give as much emission
as absorption. For short relaxation times, there is little Memory.
in the system of PIBVIOuS values of the field. If we assume in
this limit that &(z,t-t') € £(z,t), for all t' which contribute
significantly to (11}, we have by first performing the Aw integral
and then the t' integral

d;iz) 4T2Ech s(z) = - as(z) | (12)

where, for convenience, we have taken a Lorentzian frequency
distribution,

1
7T [ (Aw)2 + 1/T52] (13)

ghw) =

and have put 1/Tp = l/Té + l/T; .

In the case of large area pulses, w can deviate significantly
from its steady state value, and even cliange sign, resulting in
emission during part of a pulse without the pulse envelope changing
sign, as, for example, for 27 pulses. Unlike the linear regime con-
sidered above, the effects of homogeneous and inhomogeneous broaden-
ing are very different. If T2<<T, the population will not be appre-
ciably alteredlexcept for very intense fields, .If, on the other
hand, T2<<T<<T2, complete. inversion of resonant atoms can still be
achieved, and frequency groups mear resonance can be left highly
excited. Figure 3 shows the population p,,(Aw) = (1+w(0,7,00))/2
excited at the input face of a sample, talculated for a square pulse
of duration T<<T£, with and without a 180° phase change in the mid-
dle, for several values of §. The energy absorbed per unit area
in a2 thin slab is obtained by multiplying this curve by NiwAzg{iw)
and integrating over frequency. Even for pulses as large as u/2
followed by fw/2, the spectrum of excited atoms strongly resembles

" the power spectrum of the pulse, which it must reduce to in the
small-angle limit. For want of a better term, we shall call this
the Bloch spectrum of the pulse. As the pulse intensity is increased
further, the nature of the Bloch spectrum changes considerably.
Lobes far from resonance -become enhanced, and those near resonance .
can be suppressed. A zero-degree pulse composed of two w pulses
can show considerably more absorption than the corresponding 2w
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Fig. 3 Excitéd state population density produced in a thin slab
. by a short square pulse of duration T, with and without a 180°

phase change at 1/2, as a function of the detuning of the atomic
frequency from the frequency of the applied field. Total popula-
tion change is obtained by multiplying by g{éw) and integrating over
frequency. Pulse areas are indicated in the figure.

pulse (for a broad line). When the area of each pulse is increased
to 3n/2, the zero-degree pulse has a Bloch spectrum which is small
over a consideratily wider range of frequehicies near resonance than
the power spectrum of the pulse. Thus, small attenuation can be ex-
pected in this case, even for the square pulses considered here, pro-
vided the resonance line is narrower than the hole in the Bloch
spectrum. More complex pulse shapes have been proposed[3,4] which
give better transmission characteristics. ’
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The energy absorbed at distances further into the sample'will
depend on the modification of the pulse shape by the intervening
sample., In general, this is a complicated problem, requiring com-
puter solution of Eqs.(1,2). Analytic solutions have been obtained
in the linear regime for a number of pulse shapes[5}. Rather than
reviewing such calculations in detail, we shall try to motivate
some of our remarks concerning the pulse evolution by considering
the effect of a thin slab of sample. The change in pulse shape is
due not only to the energy absorbed during .the input pulse, but
also to the re-radiation by the polarization left in the medium
after the pulse passes. The latter is particularly important when
1<T5, since the medium can "ring"[12] for a time Tz. In the non-
linear regime, it can be important even if T>T;, as is evidenced
by the phenomenon of edge echoes{15] in NMR. Here, contributions
from near-resonant atoms can give rise to a large polarization at
a time ~t after a pulse of duration t.

Consider a pulse incident on a slab of thickness Az. The

field at 2" = z + Az and t* = t + Q_Az is related to the field at
z,t by

&i,t)

E(z,t) + (3E§z,t) + %a&gz’t]}zﬁz

-

€ (z,t) - 2‘% bz [Tg(aw)v(z, thw)d (Aw) (14)

-0

it

according to Eq.(1). The polarization excited by a square input
pulse[16] with amplitude €, and duration t applied at t = 0 is, by
(2} with Ty = o

Qisin [ [92+ {Aw) 2] l/Z'r]
[92+(Am32)%

viz,t,dw) = cos(ﬁm(t—r)]

- 51n

2, (agy2)E
Qiﬂﬂm - . 2[[9 +§Am) ) lsinfuw(t-T) (15)
+ (Aw)

where @ = 1t &o/h. The second term is responsiblg for the edge echo
mentioned above. 1In the marrow line limit, T<<Tp, (13}, (15) yield

vz, thw)> = [° g(aw)v(z, the)d (M) = sin(@x)exp[-(t-7/2}/T3]

{16)
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to first order in T/T;. . The field is then, from (14), for t>r,

ZﬂNum

E(z',t") = - v

Az sinf(z) expﬂ?t+1/2)/T2] an

The field radiaged after the pulse thus decays exponentially with
time constant T, for a sample sufficiently thin that (14) does not
have to be iterated. Its sign is negative with respect to the inci-
dent field since the-radiated field must tend to cancel the incident
field during the pulse, for 6<m. The area of this tail is obtained
by multiplying (17) by u/h and integrating from T to =:

21N 2w

tall( 'j = - --—:ﬁ-r']-—— Az 51n6(z) (Tz-T/Z) (18)

During the input pulse, the polarization is given approximately by
*
<v(z,t)> = sin(Qt) exp(-t/2T5) (19)

(cf. Eq.(16) with 1 = t). The field during the pulse is, from (14)
and {19},

e(z',t') = € --?-:Eﬂfxz sin(t) exp(-t/2Ts) (20

The area durlng the tlme T when the incident field is present is,
for T<<T2,

- . 2aMue 1-cose(z) y
T = -
O u1se ') = 8(2) Finc Az { 5 ) _ (21)

For small 6, this reduces to

) .
(z') = 0(2) - 2igﬁcw (%) 9(z)Az ‘ (223

epulse

Adding this to the small angle form of (18) yields.

ZnNu w

6(z') = 0(z) - Ty 0(2)dz - : - (23)

)
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in dgreement with the small angle form of (8). We see that, al—
though the area theorem is generally applied in the case of T>>T2,
it is still well obeyed in the limit t<<Ts;, but the major contribu-
tion to the change in area comes from the tail of the pulse.

It might be thought that (16) should contain a term which
accounts for radiation damping[17], since, as noted previously,
the re-radiation which follows the excitation pulse can be con-
sidered to be "superradiant’'{11] emission. 1In order to examine
the connection between this pulse-propagation problem and super-
Tadiance in more detail, let us calculate the amounts of energy
absorbed and re-radiated. The energy incident din our square-input
pulse is given by

- 2 2
s(z) = g%fog (z,t)dt = -g% € T @24

while the energy reaching z' = = + Az is obtained by substituting
in (24) %T(z',t') from (20}, for t<z, and from (17) for t>t.
Dropping terms second order in T/Tz, this yields

;kz.) - s(z) & - 4Npw AZG%H Eo(l—cgsa(z))

nc

4“72]1\‘2 nZu? T*(Az)z(—g-—) sin26(z) . (25)

For small area pulses, this may be written

As(z) = -aﬂz(é% )s(z) + (apz)? ——* s{z) - (26)

The first term in (25) or (26) represents the energy absorbed from

the input pulse; the second term is the energy radiated in the tail,

Although the tail accounts for most of the change in area of the
pulse, the re-radiated- energy is a small fraction of the energy
absorbed unless cAzzl. But (25) is not valid in this limit since
the field in (17) and (20) should properly be modified to account
for the changing pulse shape and area[ls] - .

The superradiance approximation[lQ] treats all of the atoms
~in the slab of thickness Az and area A as radlatlﬁg identically,
with an initial radiation rate I = N& §24, given according to (17),
by . 8%

iﬁBc_
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22,2 2 . . )

1 =2 Fﬁljiiilﬂ— 4z2A) sinZe (27)

S7- n2C2 .

In terms of the number W = NAAz of atoms in the'slaﬁ, this may be
written

£

—
1}

— 5111 m— =

2
N . Huy 1 3 A2
4L 29 (T" [Sfm A )

1

frﬁm sinzeﬁ%ﬂ

R {28)

where 1/T; = 4np2w3/3Ke3 is the spontaneous emission rate, and
mm

1 3 22
T = T2qn2 n'ﬁ [’-f;] 29
s

is the superradiant decay rate[11,20]. Within the approximation

that atoms in the front of the sample do not appreciably alter the |

field seen by atoms at larger depths in the sample, ice., adz<<i,
we thus obtain the enhanced decay rate characteristic of super-
radiant emission. From the derivation of this result, it is evi-
dent that this is only an approximation to the differential equa-
tion (1) governing the pulse propagation. As the pulse propagates
through the sample, the field radiated by the atoms in the first
small thickness produces a negatively phased field which drives
atoms further in the sample back toward the ground state. This-

field grows with increasing z, initially according to Eq.(17), and ~

hence can more and more rapidly extract the energy from the popula-
tion excited by the first part -of the pulse. The time Tg charac-
terizes the re-radiation at a given distance in the medium. Burnham
and Chiao[12] have given an analytic expression for the-field radi-
ated after a small area §-function pulse,

0 = %— Es rG(t'—Eﬁz), 1<<Ty,Ts -

which, as modified by Crisp{13] to include relaxation, may be written

o Sila(/) : ‘
g(z,t] = - 80 'T—“ — exp(—t/Tz) A . (30)
R (t/TR,)Z .
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wvhere t = t’'- % z is the time measured from the passage of the input

pulse, J; is the first order Bessel function, and tp is given by[21]

l“_= ZnNuzm s = nZ 4

TR dinc - 2Ty T (31)

Equation{30) describes an envelope which oscillates in sign as a
function of the retarded time t, as indicated in Fig. 4, the first
zero occurring at t = 3.7tgp I Ts. Unless Tg € Ty, which according

L]

1
#

To

(a) - ()

Fig. 4 Evolution of a nearly d&-function input pulse for (a} az<<l,
(b) az>>1.

to (31) implies az 3 8[22], the factor of exp(-t/T,) in (30) will
cause the field envelope to decay to zero before it reverses sign.
For increasing z, the sign reversal, which arises from an oscilla-
tion. of the energy between the field and the atomic system, becomes-
correspondingly faster. : ’

Equation(30) may also be writtemn[13]

E.0) = - Bt (2] " 31 1262 exp(-/T2) (32)

If J; is expanded as a power series, the first two terms yield

A95<
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" T o ) ’
€z,1) = - & 7T exp(-t/To) az{1- E%ét) (33)

The first term agrees with the small angle form of (17) and predicts
a re-radiated field whose peak grows linearly with cz. The second
term governs the decrease of the field for small t. The field de-
cays with an initial slope of {1/T,) (l+wz/4) =1/T, + 2/T5. For
pulses not short compared to T, and Tg, the distortion within the
input pulse must also be considered[5].

A preliminary observation of this pulse envelope distortion
is shown in Fig. 5. Unfortunately, some ringing is present due to

I

| -V,J“»/f\\\f’\\\/rhr\ — /\j/¢\gj/Jﬁ\“ﬁ//\“ ‘

{0} {b}

Fig. 5 (a) Top: 2 nsec N,0 laser input pulse (partially obscured
by ringing in amplifier). Bottom: same pulse after traversing 15
absorption lengths of NH3. (b) Top: zero-degree input pulse formed
from two 2 nsec pulses. Bottom: same pulse after traversing 15
absorption lengths of NHy. A baseline subtraction has been made

in order to cancel rf noise from the spark gap.

—ol l—2nsec

an amplifier which was needed in order to display the No0O laser

pulses of 10 mw intensity. This spurious electronic ringing attenu-

ates linearly with the signal, however, whereas it camn be clearly
seen from Fig. Sa that if a single 2 nsec pulse (top trace) is
passed through a resonant NH; absorber with ez=15, the output -of
the absorber (bottom trace) shows a second peak which has grown to
be larger thaw the (attenuated) first peak. In Fig. 5b, a zero-
degree pulse is shown. The first pulse again has a double peaked
structure after passing through the absorber. There is some evi-
dence that a secondary lobe which is forming in ‘the tail of the
first pulse partially interferes with the second input pulse, due
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to a -small delay between the two pulses. For a large number of
absorption lengths, computer calculations show that this can result
in increased absorption for such zero-degree pulses. Some indica-
.tions of this behavior have been observed[23] and will be discussed
elsewhere,

Experiments are in progress to obtain clearer observations of
the pulse evolution and to extend these observations to the non-
linear regime where analytic solutions are not available. Also
of interest is the propagation behavior in the off-resonance case,
These techniques promise to be useful for studying pulse evolution
in both absorbing and amplifying media and may find applications
in long distance pulse propagation.
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ABSTRACT

An experimental technique for measuring the vibration-vibration
decay rate of t@e v=2 state in HF gas is described; The technique
involves observation of the risé time of fhe HF v=2 vibrational
. fluorescence emanating from a gas sample puméed with an HF laser
operating on a v=1 + v=0 transition. An analytic'model which pre-—
dicfs the temporal behavior of the HF wv=1 and v=2 vibrational levels,
}s also described. This model predicts an apparent decay rate of
the w=2 flucrescence state which 1s twice that for v=1. Exberiﬁental

observation confirms this observation.
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Previous measurements of vibrational level lifetimes in

gases using the technique of laser-induced fluorescence(l) have

been mainiy limited to observation of vibration to translation

(or rotation) energy decay, or to intermolecular or inter-mode
‘vibration - Vibration transfer. In this paper, we report direct
measurement of the intra;mode vibration - vibration transfer time

in HF. The experiment consisted of pumping a sample cell containing
pure HF gas with an HF chemical laser oscillating on a single tran-
sition in the v=1 + v=0 band. Spectral resclution of the HF fluor-
escence then ﬁermitteé separate observation-of the time developmént
- for the laser-populated v=1 level and the collisionallfHPOPulated

v=2 level. The latter arises from the collision of two HF molecules
in the v=1 state leading to‘one molecule in v=1 and the other in the
v=0 state. The simplicity of the HF molecule as well as the hierarchy
of intramolegular transfer times makes it possiblie to provide an ana-
lytic model for the temporal behavior of the HF vibrational fluorescence.
This model indicates that the rise time of the observed v=2 + v=1
fluorescence gives a direct measurement of the vibration - wvibration
transfer rate, out of v=2; that is, the process HF(V=2)+HF(v=Q) +

2HF (v=1). 1In addition, it shows that the pcpulation of v=2 is pro-
portional to its rate of production and hence to the population in
.th% v=1l state squared. As a result the apparent décay rate of our
observed v=2 fluorescence'is twice that for v=1l. We find good agree-
ment between these predictions and the results of the time resolved
fluorescence exXperiments.

The experimental apparatus employed is illustrated by Fig. 1.
A helical HF "pin" laser; utilizing an inﬁracévity grating to obtain
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(2)

single line operation, was:used as the source Peak laser power
for the pump transition used in this experiment, P(4) of -the v=1 -
v=0 bhand, was several kW with.a pulse width of about 0.5 usec. The
HF sample cell was located 2 meters from ‘the laser along an optical
bath defined by two irises. This positioning allowed substantial
spatial filtering of the pump .radiation so a; to discriminate against
unﬁanted superradiant laser lines.
_ The HE handling system consisted of a Kel-F distillation cham-
ber for purification of commercial grade HF3, and an all-monel val-
ving manifold. Purification of the HF was accomplished by using the
"distillation techniques described by Airey and Fried3. Specific
conauctivity measurenments of the HF ;samples prior to usage showed

the ﬁzo content to be less tnan 50 ppm. The fluorgscence celi was of
1" diameter monel fubing with sapphire brewster windows and viewing
ports. Pressure measurements were made with an HF-resistant capaci-
tance manometer, which was clearly sensitive to‘pressﬁféé as low as

3 millitorr. Foxr pfessureé above 150 miilitorr; the uncegtainty in
pressure measurement was about.+ 10 millitorr; below 150 miliitorr,
the uncertainty was about + 3 millitorr. Frequent recalibrations of
fhe manométer against a~mércu£§ Macleod gauge were made during the
course of the experiment. All measurements were made under static
(non-flowing) conditions, and pressure readings-were taken before and
aftér each fluorescence observation. -

Fluorescent output from the cell was taken through a side ﬁindow,

and converted to an f£/6 converging beam using a BaF., lens. The

2

fluorescence signal ‘was then detected after passage through a Bausch

and Lomb 0.5 meter monochromator or through a 10 cm HF absorption celk
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(which served as a filter for the v=1 -+ v=0 fluoreécence) or a
combination of both. A liguid N2 cooled InSb detector with a FET
preamp was used to detect the fluorescence signal. The measured
response time of this system was about 0.5 useconds. Over the pres-
-sure range of interest, the signal to noise ratio was excellent
(greater than 5), thus making signal averaging unneéessary. in gen-
eral, both the monochromator and filter were used to separate the

v=2 + v=1 fluorescence from that of v=1 » v=0. Because of the dif-
ference in intensity of the two bands at low HF pressures, the mono;
chromator élone was sufficient to isclate v=1 » v=0 fluorescence in
the non-overlapping regions of the spectrum. Resolution into single
.tranéitions was possible, although with a definite sacrifice in sig-
nal to noise ratio. After the preliminary‘investigation for this
woxrk wés complete, exXperimentation with the monochromator-filter cell
combination showed that the v=2 + v=1 fluorescence could be measured
separately by using the filtex cell alone (filléd to about 30 Torr of
HF). Fluorescence decay from v=1 - v=0 was.measured by using the
unfiltered signal and observing the signal at sufficiently long times
(see below). These techniques allowed for the excellent signal to
ﬁoise ratio mentioned edrlier.

In order to understand the temporai behavior of the fluorescence,

one must consider the relevant rate equations.

dNi

I = -NlNOGV - ZNlNlZv + ZNONZEV (1)
sz

— - T 1 -— — T ™ .

S N2NOU v NONZZV Nlﬂlzv_ {2)
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where v = the molecular rms velocity

NO 1.2 = population in the ground, first, second
7 i

vibrational state

Y = cross section for vibration - vibration energy
‘transfer, corresponding to the process 2HF (v=1)
HF {v=0) + HF (v=2)

g, 0' = cross sections for vibration to translation
(or rotational) energy transfer for the first

and second vibrational levels
and with initial conditions

Nl = Nl and -

NZ = 0

Notice that we assume that £he rotational equilibration time is much
faster than any of the vibrational times used abové. The supporting
evidence for this is described below. The above. equations are a set
of coupled inhomogeneous nonlinear differential.equations %hose solu-
tion can be‘simplified by the fact that at any givenséime Nz << Nl <<
NO; an assumption valid under our experimental éonditions (see below).
This allows one to linearize the equations and obtain a useful approx-
imate result.

After linearization the solutions to the above equations are

foupd to- be

o - .
N =N, e (3)
2
0 . =2yT .
: (N,) e 7=
N, = (1-e ~LT-2YIT, ().

2 N0(1+U'/Z)

AR T



where

Y = oNgv

3
I

T
T + ot NO

-The adoption of the gamma notation at this point alloﬁs one to include
in vy any de-excitation due to diffusion of excited ﬁF to the cell
walls(4). As shown in Egs. (3) and (4), the temporal behavior con-
sists of the sum of a rising exponential, whose time constant is a

L] o * + - © 3 4 . -
function of the vibration - vibration collisicnal decay of N and

2?
a decaying exponential whose time constant is twice the vibrational
-decay of N1; An actual oscilloscope traqe of the v=2 fluorescence 1is
given in Fig. 2. Notice that T is approximately a factor of 10
greater than v . ‘

To test the above ﬁodel, measurements were made of the pressure
dependence of the fluorescent decay rates for v=1 and v=2 levels. Aé
for all measureﬁents feported in this paper, the fluo;;;Eing medius
consisted of pure HF nominally at 290°ﬁ. The results of this measure-~
ment, as displayed in Fig. 3, show that over the pressure range of
interest the decay rate of v=2 is twice that of v=l. The errors
shown in Fig. 3 reflect chiefly the difficulties in reading oscillo-
scope traces; careful measurements at several sélected pressures
using thé monochromator-£ilter combination showed that the factor was
2 to within 10%. fhat the curves in Fig. 3 do not pass through zero,
and, in fact, have a slight upward curvature at their low pressure
end, indicates the expected importaﬁcé of diffusion of vibrationally

excited HF molecules to the cell wall at low pressures. However,

for our tube diameter diffusion is not so pronounced as found in
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studies with other gases, because of the comparatively large magni-
- tude of tﬁe collisional de-excitation coefficient(4). Because of
diffusion, the best estimate of the collisional relaxation rate is
obtained from megsurements-in the high préssure region. The colli-
sional decay rate is found to be 5.2 x 10% sec™d Torr !, This value
agrees closely with that reported by Stephens and Cool(s) for HF at
350°K, indicating that the temperature- dependence of v is small(s).
In order to show that laser-~induced gas heating had no appre-
éiable effect in our measurément, an experiment was performed iden-
tical to that shown in Fig. 3, except that the sample cell always.
contained an additional 16 Torr of argon(3’?). The contribution to
Y attributable to HF-HF collisions Wwas identical' to that found in the
pure HF experiment. The effect of argon on the total decay rate was

to eliminate the diffusion contribution and to add a small decay rate

due to HF-Ar collisions.

3 ) s » * . 2 Pl

This can be derived from Eg. (4) tc be
1 2

Tm =T 1n(F~2Y) ‘

(6)

In the region of measurement where the diffusionh contribution is negligi-

ble, the expression in the logarithm is independent of pressure, and
=7

is i : i i xpression can be
hence, Tm is inversely proportional to T This exg

simplified by realizing I > 2y , and hence

!

( )
r

m r

N



Fig. 4 presents the results of the measurement of T using the measure-

~ment of the Tm and 2v, and relation 7. (There one finds I' = 6.6 x 105

sec Torr"l. It is important to recall from Egq. 2 that I' represents
the total decay out of the v=2 level. It therefore includes the com-
Bined eﬁfects of diffusion, V-T {or V-R) transfer and the vibration -
vibration (V-V) transfer represented by HF (v=2) - HF (v=0) - HF(v=l).'"‘
However, the predominant‘contribution té I' will be from V-V transfer(s)
because the V-T decay rate of v=2 wili be of the same order as that
for v=1, épd because, for pressu;es above 100 mTorr, the decay rate, -
due to diffusion, is even smaller than V—T‘relaxation. .Note, however,
that at low pressures, < 40 mTorr in a cell of the type used above,
relaxation of v=2 due to diffusion would be appreciaple, and Ehg coxr-
responding value of I is no longer a good estimate of the V-V trans-
"fer rate.

Experimental proof of the assﬁmption of rapid rotational relaxa;
tion was obtainéd by pumping the HF sample with the P(1) v=1 =+ v=0
laser transition, and observing the defay of fluorescence from the

P (6) transi?ion. Cnly at 30 u pressure could a méasurablef approxi-
‘mately 5 u sec delay, be observed. Thus,.the rotational transfer
time is approﬁimately oﬁe order of magnitude faster than I' , a value

(6)

expected from pressure broadening measurements . The proof that,

0 1 2
is wvalid, was obtained by two separate techniques. First, the fluor-

under our experimental condition, the approximation N, >> W, >> N

escent intensity for N2 and Nl was measured to be 1/15 at 50 u pres-
sure; thus implying axratio of Nz/Nl (and from Eq. (4), NlNO) of 1/30
from consideration of the ratio of radiative lifetimes for the two

states. Second, it was found that the temporal behavior of the w=2 -+
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v=1 fluorescence at a giveﬁ pressure was unchanged by a five-fold
decrease in tﬁe inciaent laser power. This observation is consis-
tent with the linearizgtion of the Egs. (2} and (3), as described
.above.

-In conclusion, the above measurements can be applied to the
other hydrogen halide gases, HBrxr, HCl,.andnHI. Bach of these mole-—
cules has been observed to lase strongly on a ground state transition,
?ggch possesses the strucfural.similarity to HF, i.e. large rotational
and vibrational spacing, which made the above experiment so uniquely
adapted to HF. Also, our results have a direct relevance to the
inversion and relaxation phenomena occurrxing in HF chemical laser

processes which at present are not completely understood.

We gratefully acknowledge the following people for their contri—‘
butions to this work: Professor Mich@e% Feld and Nikolaus Skribano-
witz for many timely discussions on HF laser éxperimentation; Pro-
fessor Victor George for kindly providing excellent design drawings
for the Faraday cage (used to shield laser discharge nOlSe) and the
‘helical pin laser tube; and Mr. Stephen Fried for a detalled discus-

sion of the HF handling techniques. We also thank Mr. L. W. Ryan, Jr.

for his valuable technical conﬁributions:
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FIGURE CAPTIONS

Fig. 1: Schematic of Apparatus. a. Helical HF laser. b. Mono-
chromator and Detector. c. Filﬁer cell., d. Folding mirror
for double pass laser pumping. e. Cell with projecting
mirror opposite fluorescent output window. £. Capacitance’
manometer. g. Cold trapped roughiﬁg pump. h., Diffusion
pump. i. HF distillation chamber. J. Monel Bellows valve.
k. Irises.

Fig. 2: Oscilloscope trace of ¥=2 fluorescence. A 10 cm filter cell
at 30 Torr was used to eliminate the signal from v=1l,.

Pressure is about millitorr and timebase is l0usec/cm.

Fig. 3: Plot of measure decay rates of v=2 and v=1 vibrational
levels in HF with HF pressure.és the inaependent variable.
See text for discussion of pressure error limits. Error
limits for time measurement varied. However, 10% is a

typical value. <Curve fitting was done visually.

Fig. 4: Plot of T versus pressure. Eqg. (7) was used to calculate

I' from the measured Tm.

=l12<



<13«



8 | i !
o DECAY RATE OF v=1 LEVEL
7~ o APPARENT DECAY RATE OF v=2 LEVEL

Y (10*sec™)

oT 100 - 200 300
PRESSURE (MICRONS)

2l 4=




T t10%sec™)

I

200

PRESSUR@&@CRONS)

300

400

500



13. " R. M. Osgood, Jr. and A. Javan

Measurement of V-V Transfer Rate

from HF v = 3 Using Simultaneous

Optical Pumping on the HF v = 2= 1

and v = 1+ 0§ bands

Published in Appl. Phys. Letters

2A6<



.!..

MEASUREMENT OF V-V TRANSFER RATE FROM HF v=3

USING SIMULTANEOUS OPTICAL PUMPING
ON THE HF v=2+1 and v=1-+0 BANDS

-i.

R.M. Osgood, Jr. "and A. Javan

Department of Physics
Massachusetts Institute of Technology
Cambridge, Mass. 02139

{Published Appl. Phys. Lett.)

DP.B. Sackett

Air Force Cambridge Research Laboratories

L.G. Hanscom Field

Bedford, Mass. 01731

Hertz Foundation predoctoral fellow

217 <



ABSTRACT

A measurement of the (predominantly) vibrational to
vibrational decay rate of the v=3 level in HF'gas yields a
value of 1.6 x lO6 sec—1 at one torr. .The technigque utilized
was to optically-pump the HF sample with the output of a
bulsed HF laser oscillating simultaneously on a line in both the
v=2+1 and v=1+0 baﬁds. An analytic description of the time

behavior of the v=1, v=2, and v=3 levels using a treatment based

on simplified rate equations described.
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In a recent pﬁblicationl we reported direct measurement of

the vibration-vibration decay rate, T out of the second vibra-

27
tional level in HF, i.e., HF (v=2)} -+ HF (v=0) £2 2HF {(v=1) . Briefly,
this was accomplished by optically pumping a room temperature
gaseous Hf sample with the output from a pulsed HF chemical laser
oscillating with a transition in the v=1+0 band. The laser pulse
directly excites the, HF v=1 state; population of the v=2 state
:then results from the collision of two laser excited molecules,

By monitoring the vibrational fluorescence from molecules in the
v=2 state, we could observe the time dependence of the v=2 popula-
tion for various gas pressures; and hence, determine the corres-
ponding rate constant, Tz/NO, where NO is the number of molecules
in the HF ground vibrational state.’ '

In this letter we report an extension of this method which
yields the vibration-vibration decay rate PB’ out of the HF third:
vibrational level. In order to provide a sensitive measurement
of this decay rate, we used the technique of directly exciting the
HF (v=2) state by optically pumping with the output of a pulsed
HF laser oscillating simultaneously on one transition-in both the.
v=1-+0 and v=é+l bands. Thus, in analogy with the v;2 state in our
previous eXperiment, the v=3 state is dominantly populated by the ’
reverse of the process, HF{(v=3) + HF (v=0) £3 HF (v=1) + HF (v=2).
Measurement of the rise time of the f£luorescence emanating from’
v=3 can then be used to determine sensitively the rate F3.

. In order to clarify our method of measurement, let us ccnsider

the rate equations for the states wv=2,3 for times after the laser

pulse o 219<
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3 _ 271
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where Ni is the population in the ith vibrational state, Ti is V-V

decay rate defined above, Yy is the decay rate of the ith

vibrational state due to the process HF (v=i} + HF (v=k} .

HF (v=i-1)
+ HF (v=k) (i.e. V-T,R tran§fer) and fi are Boltzmam factors arising
from the effect of anharmonicity in the detailed balancing of the
forward and reverse v-v transfer reactions under investigation

(f2 = 2, f3 = 5). 1In writing these equations, we have assumed thgt
the initial populations, Ng, induced by the laser satisfy the
ineguality Ng << Ng_l . Under this assumption the eguation for

Nl is decoupled from that of N, and N3 and its solution is a simple
exponentiai, as expressed in Egq. 1. Inserting Nl in Eg. 2 and

writing the initial laser-induced population of N2 as Ng, we f£ind:

2
0
IR TAPLN e (DY a=2y. ) Ty o ~{Tptyy=2y )T | =27, T
N, (1-Y27 V1) (4)

Ty

The time dependence of the v=3 level can now be obtained from (4)
after inserting the above expressions for N, and N, in that eguation.

This gives a multi~exponential expression. for Ny whose functional
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form is dependent on the magnitudes of NO and NO and hence on

2 1’
the relative-intengities of the v=2-+1 and v=1-+0 lines in the

incident laser pulse. However, considerable simplification of

the time dependence of N, and N4 will result if the relative

2

intensities of the two laser lines in the incident laser pulse

can be adjusted such that NO =~ f NO 2/N0. Under this condition,

2 271
the expression for N2,2Eq. {4), will reduce to a single exponen-
N -2Y. T
tial given by N2=f2 ﬁi e Yl . The corresponding expression for
0
N3 will then be
' (P +y,-3v,)T -3y.,T
TNy =2 (l-e 33 T e T (5)
0 3 AGE 18-
Nl 1 . ORKENEJ:P v
where A = £,£, —% { ) OF POOR QUALL
Ny, l+(Y3“3Yl)
T's

This expression has a single exponential rise time, with time
constant P3+Y3 —3Yl, as well as a decay time of 3Yl << P3. In
practice the initial Ng could be adjusted to the appropriate
value by varying the intensity of the v=2 - v=1 laser radiation
in the incident laser pulse until the fluorescence signal from
v=2 showed a single exponential decay startiné immediately aftef
the laser pulse. After such an adjustment, detailed analysis of
the fluorescence signal from v=3 showed ‘that its time dependence-
agreed well with that in expression (5).

» It may be of interest to note that for NO =0, i.e. pumping

2
with a v=1+0 line only, the rise time of N3 is given by two
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exponentials with rate constants F2 and P3. Numerica}/éolutions

of the rate equation show that for P3 on the order of 1.5 times

F2, as is the case in HF, the corresponding magnitude and the

shape of the v=3 fluorescence rise is determined primarily by P2 and not
by P3; Hence, pumping with a line in the v=1+0 band only is not

a desirable method fox accurately determining the rate.

The experimental apparatus was similar to that reported in
detail in Ref. 1. Qne essential difference was that the time
dependence of population of the v=3 state was observed by detecting
the 0.9%um overtone band v=3 =+ v=0, with an uncooled 5-1 photo-
multiplier. Care was taken to insure that the ratio of the number
of excited molecules to the number of ground state molecules was
sufficiently small so that the emission from v=4-+1 was negligible.
Verification of this fact rested upon the single exponential
appeafance of the decaying part of the 0.%um fluorescence signal.
In addition, because of the rapid rng time in the wv=3 fluorescence,
it was necessary to shorten the duration of the H2—SF6 pulsed HF
laser used in the experiment by operating at high HZ/SFG ratios.
For sample pressures above 350 mTorr, the decay of the v=3 fluor-
escence was found to be, within .experimental error, a factoxr of
three greater than the value reported for the decay of the v=l1
state in Ref. 1. This behavior is due to the establishment of
Vibrational‘equilibrium‘at a time longer than the V-V décay time.

e—wo/kT

Accordingly, for t > 1/1"i we obtain Ni/N < v where o

N i-1

is the vibrational energy and T, is a vibrational "temperature"

0

parameter which decreases in time .and approaches room temperature.
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(For simplicity, we ignore here the wvibrational anharmonicity
in the expression for energy.) From this cansideratién it follows
{as shown in Ref. 1 and above) that if Ny o= e“Ylt ; population den-
sities for N2 and N, decay at rates 2Y1 and 371, respectively.

In the pressure region below 250 mTory, the deéay rate of
the measured fluorescence from v=3 was.found to differ from three
times that of the V-T,R decay rate determined in Ref. 1, This
may be explained by noting that in this pressure region the mole-
cular diffusion rate across the 5 mm laser beam becomes comparable
to the rate of collisional decay of the various vibrational levels.
To verify that diffusion was the source of deviation, we note that
for diffusion phenomena the magnitude of the component of the
decay rate due toc diffusion is expected to be inversely proportional
to the pressure of a buffer gas such as argon, and to the sguare
of the characteristic length, the beam diameter in this case.
Both relationships were found to be valid experimentally.
The measurg@ent of the combined rates (F3+73), as a function of
pressure is displayed in Fig. 1. As mentioned earlier the data
for this graph were taken after ascertaining that the relative
intensities of the v=2+1 and v=1+0 laser components were adjusted
so as to obtain pure single exponential decay of the v=2 fluorescence
signal, The method of determining (P3+Y3) was similar to that
described in Ref. 1; namely, the time of maximum intensity, A
for‘each fluorescence trace was measured, and a formula expressing

Tm as a function of (P3+73) (derived from 5) was used to obtain

(F3+Y3) for that trace. Note that muéh of the data in the above

Y i



curve was taken in a pressure reglion where the diffusion effect
was unimportant. However, even in the regions of lowest pressure,
it was found that the time dependence of the fluorescence could
still be fitted fairly accurately with two exponentials as in

Eg. (5}, except that here the decay rate haé to be measured
empirically and could not be set equal to 3Y1- As is seen from

6 sec"ltorrj‘1

Fig. (1), the measured rate constant E;iii = 1.6 x 10
agrees excellently with the observationNgver a wide range of pressures.
This rate of transfer out of N3 is a factor of 2 greater than the

corresponding value measuredl for N2.3’4

reasonable to assume, as for the case of N

We note that it seems

that this rate is

2!
essentially the V-~V rate out of the v=3 state, i.e., F3; to attempt

to ascribe this high rate to the V=T,R rate of v=3, Yy would call
for an increase by a facﬁor of 60 over the V-T,R rate of v=l.

In addition, under such conditions the loss of quanta to the
system through Y, would heavily quench -the intensity of v=3
fluorescence.

In conclusion, we note here that experimental method and
analysis used here are applicable to laser-induced fluorescence
experiments with other gases (particularly the other hydrogen
halides), and perhaps even polyatomic moleculés. Also, a
séraightforward extension of the above work is to utilize
simultaneous pumping with one line in each of the v=3+2, v=2~+1,
and v=1+0 bands, and thus, enable measurement of the rate, F4+74.
Such an experiment is currently underway in this laboratory.

The authors are deeply grateful to Profeséqr A. Szdke for
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Smith, the agreement between the two sets of numbers

seems good.
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FIGURE CAPTION

Figure 1. Plot of T3+Y3 in sec"lversusf HF pressure in millitorrx.
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ABSTRACT

A laser technique is proposed which may be useful for the
assignment of molecular spectra in the visible and infrared regions.
The method is based on the rescnant interaction of two. monochro-
matic fields with a Doppler-broadened three-level system. Under -
the appropriate conditions the absorption lineshape of one of the
" transitions shows a complex structure over a narrow section of
the Doppier profile, and for sufficiently high laser power the line-
shape splits into a number of narrow peaks. BAnalysis of the resulting
intenéity fattern leads to unambiguous assignment of the angular
momentum guantum numbers of the three levels involved. A simple set
of rules is given to facilitate interpretation of spectra. The
lineshapes discussed are also relevant to monochromatic optical pump-~

ing of gases and unidirectional laser amplifiers.
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I. Introduction

This paper pProposes a new methéd for the determination of

J-values of molecular levels using lasers. It is épplicable

to Doppler~broadéned transitions in the infrared, visible, and
ultra-violet regions, and it can be used even where Stark and
Zeeman effects are absent or very small. 1In this method one observes
the lineshape of a molecular transition as influenced by an intense
laser field (called “"pump field" in the following) resonating with -
a -coupled transition(l’z). This lineshape can be probed conveniently
by a weak tuqable laser field colinear with. the pump field [Fig. l(a)](3).
For a sufficiently intense pump field a number of narrow peaks are
superposed on the usual Doppler background [Fig. 1(b)]. The-number
and relative intensities of these peaks‘completely specify the J-

values of the levels involved. Such liﬁeshgpes also occur in the-

monochromatic optiéél ﬁumping of gases using high intensity lasers.,

ITI. Qualitative Discussion

Consider a molecular system consisting of a pair of rotational

_levels in the ground vibrational state and a third rotational level

(4)

in an excited vibrational state These levels may be designated

by their rotational angular‘momentum’quantum numbers, Jl-and J2 for
'the two lower levels and Jo for_the upper level [Fig. }(a)]. Dﬁe

to M-degeneracy, each of the levels contains.zJi + 1 sublevels speci-
fied by their M-values. Both Jl gnd J2 are connected ?o level 50 by
optical transitions, which are Doppler broadened. The pump field of
amplitude E. at fréquency RL resonates:at some Poréion of the Doppler

profile of the J2 -+ J0 transition, centered at frequency w The

2‘
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probe field, Ep, of frequency Qp, scans the coupled transition
Jl - JOr centered at frequency'wl.

be weak and non-saturating, whereas the pump‘field must strongly

The probe field is assumed to

saturate its transition.
For the purpose of énalysis the axis of guantization of the

system is chosen to be parallel to E In this case the pump. field

L
induces only transitions having the selection rule AM = 0, so that
the system may be decomposed conveniently into a npmber of isolated
three-level subsyétems of the type (J2, Mz) > (JO, MO) > (Jl, Ml).
Here the arrows denote transitions and(Ji{ Mi) specifies a sub-
level of level Ji having an M-value equal to M. . Note 'that Mi can
take .on 2Ji+l values and that the AM=0 selection rule implies that
M2=M0 for all J2 - JO transitions. The exact details of this decom-
position into subsystems, which depends on the J~values of the
levels involved and on the relative_polarizations of pump and probe
fields, are discussed in Section IV.

Consider now one of these subsysteﬁs, wiose levels shall be
designated by 0,1,2 with level 0 being the level common to.the two
transitions. To be definite, aséume that both transitions are in
the absorbing phase as they ﬁoﬁld be, for example, in .thermal
equilibriumgs)lt is further assumed that the thogeneoﬁsly broadened
widths of the transitions, due e.g. to ccllisions or radiative decay,
are small compared to the Doppler widths. This implies that only
moieéules whose thermal velocities can Doppler shift the laser fre-
guency into resonance interact strongly with the pump field. wThus,

" the intense pump field, Ey which resonates with the 2 + 0 transition,’

selectively ihcreasés_the population of the upper level, 0,over a
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narrow section of the thermal velocity distribution. The absorption
at Qp is proportional to the population difference between levels
0 and 1. Therefore, as the probe field is now tuned through the
1~0 transition the increase of populatioﬁ in level 0 manifests itself
as a decrease in absorption over a narrow frequency range(G) [Fig. 1{b}].
The center fregquency of this decrease in absorption ("change signal™),
depends upon the detuning of the pump field from the 2 + 0 center
frequency, wy. It is given by:

Qg = Wy + (QL - Si (1)

2) w, '

This follows directly from the Doppler effect. The width of the
change signal is pf the order of the homogeneously broadened or
natural width of the levels involved. It can be considerably
narrower than the Doppler width at low pressures {(less than 1 Torr);
this is the region of interest (8], -

As explained in detail below, the shape of the change signal
depends on the level populations, the extent of saturation of éhe
2 = 0 transition due to the pump field, and the freguency ratio of
pump and probe transitions. The latter parameter is of particular
importance: for wl/m2 > 1 the lineshape 1s a Lorentzian which broadens
with increasing saturation.. This case is of no interest for the
present discussion. However, when wl/w2 < 1 +the lineshape can
deviate considerably from Lorentzian, and for sufficiently large
values of the pump field intensity the change signal splits symmetri-
cally into two peaks (Fig. 2). Both the magnitude of the two peaks

and their separation increase with increasing values.of the parameter,
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C HogE
s=1{§L£ (2)

where Hog is the matrix element connecting levels 2 and 0. This
dependence implies in particular, that two subsystems with dif-
ferent matrix elements will exhibit different spliﬁtings, every-
thing else‘being the same (Fig. 3).(9)

The saturation behavior of the molecular system, which is com-
posed_of a number of subsystems of the type described above, can nﬁw'
be understood. The absorption lineshape for the Jy 7 J0 transiﬁion
is obtained by superposition of the contributions from the individual.
subsystems. Each 'subsystem produces a pair of peaks located sym-

metrically around ﬂg

; their separation depending on the magnitude
of the (32, M} - (JO, M) matrix element. These matrix elements
debend on the M's and are generally different from one another.
Therefore, - the total lineshape will show an even number of peaks.

This number is completely determined by J J, and J,. The splittings

0’ "1 2

and intensities of the peaks depend on the relative orientations
of the pump and probe fields, as well as on the tfge'of transition
involved (P, O, or R-branch). By analyzing the intensity pattern
one can readily and unambiguously determine the J=values of -the

three levels involved. The matrix elements connecting levels 2 and

0 can also-be determined if the eleépric field EL is known.

III. Bxact Expression for Linéshape: Non—~-degenerate System

In the introduction the lineshape effect. was made plausible by

considering changes in level populations induced by the strong pump
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field. It must be emphasized, however, that the details of the
changes in the lineshape of transition 1 -+ 0 also depend on addi-
tional radiative processes, in particular, itwo-guantum Raman transi-
tions between levels 2 and 1 with level 0 as a resonant interme-—
diate state. It is the inclusion of these coherent effects which
produces the splitting in the lineshape, as described above, for

the case W, > Wq. This splitting is a manifestation of the high
frequency Stark effect, and is also known to occur in homogeneously-
broadened systems (i.e., in the absence of Doppler broadening)(lo).
A detailed theoretical description of this effect for non-degenerate
systems has been given recently by Feldman and Feld(z). The math-
ematical details of the analysis are of no concern here, and only
the results will be discussed in the following.

Let us first .summarize the results of Ref. (2) for a non-de-
generate three-leﬁel system in which, for simplicity, the velocity
distribufions of all three levels-are taken éo ba ﬁaxwellian at
temperature T. Let I(Rp) be the intensity of the weak probe field
Ep. The absorption coefficient a(Qp) may be defined, as usual, by

the incremental decrease of intensity, AL, in a thin sample of

thickness Ax:
AT = aIhx (3)

In the absence of a pump field (EL =0}, a(Qp) is the usual Doppler-

‘broadened absorption coefficient for a two level system:

) (Q‘p"“’l) 2
372 |Mio}2 NpNp) ki
ao(Qp) 4T e ro(4)
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Sbhe

where Hig is the matrix elemeﬁt connecting levels 1 and 0, NO and
Nl are the level population densities in the absence of applied
fields; Wy is the centexr frequency of the 1 »+ 0 transition, and kl
its wave number. Furthermore, u = (2kT/M)l/2 is the most probable
speed of a molecule, where M is its mass, k the Boltzmann constant.
and T the temperature. Note that kqu is the Doppler width of the
1-0 transition in angular frequency uni£s. Note also that for thexr-
mal equilibrium Nl is larger than NO andAao(Qp) has a négative sign,

i.e. AI is negative, as it should be.

In the presence of the intense pump field, E

L a(Qp) is ecqual
to ao(ﬂp) multiplied by an additional lineshape factor F:(ll)
a(Qp) = aO(Qp) ¥, (5)
where F 1is given by:
) N -N. k.72 2
T o 72 1 2B R
F = II[II-—-] + T ["—] P~ RE[“'] r (6a)
R4 NO Nl kz YO ? Y
=0 -0 + 3 [y 4y 5 (Y,=v4) 1] (6D)
. p P 2 1'0 k2 2 '0 !
9 9 1/2
Y = [S§°~T%] with Re(Y) > 0 , (6c)
dk. (k.-k.)
2
k2
2 -
Q2= 1 + 48~ , (6e).
Yo¥2
i ) o4 >
L feetz ¥ -0 .+ 5 2 (1+0) - <8<
R = Yo. * - r (Gf)

C+ + D, C_ + D



X
with ¢, = T + 3 —ké [vo (14Q) - v2(130)1 (69)

ko

2(k2—k

and D, =
% 1)

(T+iY). ' . (6h)

has been 2
Equation (6) /A derived under the assumptions ku>>y and B“ << vy (ku)

for all k's-and y's. Here k; is the wavenumber of{the i»0 transi-
tion, N. ié the population density of level i in the absence of
applied fields, "and Y5 is the decay rate of level i, due to, for
example, collisions_or radiative decay. Qg and B are defined in
Egs. (1) and (2), respectively. HNote that aO(Qp) aepends onky on
|u),| and F depends only on |u,,]|.

In the limit of a vanishing pump fieldy i.e.:EL

unity as it should. Further analysis shows that the behavior of F

+‘0, F approéches

is dominated by Y_l, which appears -in both terms of Eq. (6a). In

particular, for high saturation the lineshape of F is .closely approx-

imated by |Y]—2. Note that
1
¥]7% = = e
2, 2 (7)
25A {A-8) "+ (y/2) (A+S)2+(Y/2)2
where
Ao=a - Qd (8a)
and N P k
. ’ R | 3
Y =7Y1 tyYg * E_z- (YZ—YO) .. (80)‘

This function contains two Lorentzians of width Y which peak at

A = +8 and'A = =5, respectively. Since we assume high sa£uration

(i.e. S/Y > 1) the Lorentgzians are narfow compared to their sepa-

ration and, therefore, at the peak of one Lorentzian the contribu-

tion of the other one to ]Y]_2 is negligible. ‘Thus, the width (FiHM)

of the two peaks of |’3|.’|“2 is equal to 'ﬁ_y. _The width of the peaks 238""\'

of F is of the same order. Note that the two Lorentzians_mérgé
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as 8 + 0, i.e. for small pump fields, and the splitting in the line

shape disappears.
It is this behavior of |Y|_2, and consequently of F, that
explains the splitting in the lineshape [Fig. (2)]. For :sufficiently

(12)

large S the splitting between the two peaks is given to a good

approximation by:

Ay = 28, (9a)
1
where B k, (k,—k.)
s =J1120| I, 12 7L , ) (9b)
H k,

in angular frequency units. Thus, for a given pump field the
splitting is directly prop&rtional to the magnitude of the
2 » 0 matrix element.

The height of these peaks is, in general, a complicated function
-of the parameters. However, for the case of interest, § >> vy, we '

¢can estimate the peak intensities by evaluating Eq. (6) at & = S.

’S
( ) ~r ! ( )

so that the intensity maxima increase as 81/2. This fact is useful

One finds that

in interpreting the lineshapes of degenerate systems as shown below.

In summary, the complicated lineshape of Eq. (6) shows a simple
behavior for high saturation of the pump transition: The line splits
into two narrow resonances of width.mf§1Y and separation 28, symmetri-
cally located about Qg and having a height proportional to 51/2_

Therefore, with increasing pump power the splitting increases linearly
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and the height increases as the square root of § (Fig. 3). Wote
that the width of the peaks is not -a function of S and does not
Broaden. This shows that the saturation manifests itsélf in the
splitting of the lineshape and not in thé width of its features.
This is different from the usual saturation .broadening as occurs,

e.g., in the case wl/mz > 1 (l).

IV. Extension to Degenerate Systems

To obtain the lineshape a(ﬂp) for a system composed of three
levels having M-degeneracy, one has to sum over the component sub-
systems. The lineshape for such a system is different for differ-
ent polarizations of pump and probe fields, but only the relative
polarizations are important. Lelt us assume both fields to be linearly
polarized. (Extension of the results to circular polarization is
straightforward and will be omitted here.) It is convenient to

choose the axis of guantization parallel to B so that only AM=0

Lf

transitions are induced by the pump field. This greatly simplifies

the analysis. The probe field can then be either parallel to E

L
" (inducing only AM=0 transitions) or perpendicular to B (selection
rule: AM = + 1). The lineshapes for these two cases are different,

as will be shown below.

A. EL and Ep Have Parallel Polarizations

Both E. and Ep‘induce only AM=0 transitions. The (J,, J4, Jq)

three-level system can be decomposed into 2J,.+1l subsystems of the

0
type

(T30 M) > (g, W) > (3q, M)

Of
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[Fig. 4(a)]. Summation is then straightforward:

Jo

a(ﬂpl = I GO(QPIM) - F (M) (11)

M=-J

Note that aO(QP,M) (Egq. (4), contains matrix elements of the type

Mgl (Tg M) > (3,07 . (12a)
and F(M), Eg. (6}, contains matrix elements of the type

on[(Jzzm) +(JO;¥)} . ' (12b}

The M;dependence of % and F enters only through these matrix

elements. The Ni appearing in a(QP,M) and F (M) should now be inter-

preted as the population densities of single M-substates-in the

absence of applied fields.

B. EL and_ED Have Perpendicular Polarizations

By assumption, the pump field still induces transitions only

between sublevels of the same M in levels J2 and JO. The probe

field, on the other hand, couples sublevels.of Jo of a given M-

value to SUblevels of Jl having M + 1. Thus, the system.decomposes

into subsystems of the type:

(sz M) - (Jol M) > (Jl' M+1) r

and

Pl YA
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As long as the probe field is weak these systems are decoupled and
can be considered separately [Fig. 4(b})]. The total lineshape is
now given by:

_Jo ]
o () = I [ao(ﬂp,M-l-l) +ag (e M-1)f - F e (13)

M=—J0

where ao(ﬂp, M+1) contains matrix elements of the type

up ol Ty ) > (T, M) ], _ | (12¢)

Note that for a given three-level system (J2, JO’ Jl) the
separations between the peaks are determined only by the pump
transition, thus, they are identical for both polarizations. These
splittings are given by F (M) and therefo;e by ]uzo[(Jz,M) - (JO,M)]|.
Since the latter guantity depends only on the magnitude of M and not
on its sign, the lineshape factor F is the same for +M and -M. Thus,
the pair of peaks for +M coincides and instead of 2(2J0+l) peaks
there are at most 2(J0+l). The heights of the.peaks are different
for the two polarizations since the aO(Qp,M) are different, depending
on the AM selection rule for the probe transition.

The overall intensity pattern depends on the J-values of the
three levels, since the matrix elements [Eq. (12)] depend on the AJ

selection rules. 'This fact, and the difference in lineshape for the

different relative polarizations of pump and probe fields, enable
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unambiguous assignment of the types of transitions involved (P,Q, or R

branch}) and of the J~values of the three levels.

V. Application to Molecular Systems

To facilitate the interpretation of actual lineshapes it is
useful to consolidate the above results_in tabular and graphical form,.
Table I gives the number of peak pairs expected, the relative fre-
quency splitting between peaks of a given pair, and the relative
and M

intensities of the components in terms of J the guantum

0 0’
nunbers of the common level. This table has been constructed using
the simple rules summarized at the end of Section IIX and the consi-
derations of Section IV. From this table the intensity pattern for
a given three-level system can be easily constructed.

Typical intensity patterns, obtained using Table I, are given
in Fig: 5 for the case JO = 4. There are nine possible three-level
configurations, and for each one there are two different patterns,
determined by the relative polarization% of pump and probe fields(lB).
The patterns are grouped according to the type of transitions for
pump and probe fields. The notation PQ(l), for example, denoctes a
P-branch pump'transition, a Q-branch probe transition, and perpendi-
cular relative polarizations of bump and probe fields. The numbers
in parenthesis give the J-values of the three levels in the order
associated with

(Jor Jgr 9 For each pattern the value of [M

). N

each peak is also indicated.
Each peak in the lineshape is represented by a line of .the cor-

responding intensity, with the largest peak of the two polarizations
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for a given (Jz, Jgr Jl) normalized to unity. In reality the peaks.
are of width %{? v [Eg. (8b)]; Only relative sélittings are showrd; the
actual splittings are proportional to the, field strength EL of the
pump transition [Eq. (9)]. Since the widths of the peaks depend oniy.
on pressure and not on the intensity of the pump field, all of the
components may be resolved at sufficiently high values of the pump
field intensity, or at low enough pressures.

By studying Fig. 5 a numver of general coﬁclusions independent
of the value of J0 may pe obtained. First, it is evident that all of
the patterns are distinct. Secondly, as mentioned above, for a
given pump transition the splittings are the same for all types of '
probe transitions. The splittings between peaks of a given |M| are
proportional to |u20[(J2,M) - (JO,M)}]. Therefore, for a Q-branch
pump transition spacings between adjaceﬂt peaks are all equal, since
|u20| « |M|. The appearance of this characteristic feature in an
actual lineshape is the signature of a Q-branch pump transition. Note
that in this case the peaks corresponding to the highest M-value have
the greatest splitting. Furthermore, there is no contribution from
M=0, since the corresponding matrix-element is zero. For P and R-

2|l/2

branch pump transitions [uzo[ = ]J2 - M ; -ccordingly, the spa-
cings between the peaks are unequal with the low M-valﬁes clustered
at the outside of the pattern. Therefore, it may be difficult in
practice to resolve the peaks belonging to low M-values, particularly
for large J-values.

A study of the intensity patterns of Fig. 5 shows that a given

pattern is either concave or convex, i.e. the tallest peaks are on

PAUSES
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the outside or on the inside of the pattern, respectively. Further-
more,. 1f the pattern is convex for a given relative polarization of
pump and probe fields it is concave for the other relative polarization,and
vice versa. The concave pattern is always the more intense. Special-
izing to a Q-branch pump transition and parallel polarization, note
that for a Q-branch probe transition the pattern is concave; for a
P or R-branch probe transition the pattern is convex. For P and R-
branch pump tranéition the reverse is true; for example, a Q-branch
probe gives a convex pattern in this case.

Another clue may be obtained by comparing the number of peaks
for the two relative polarigzations for a given (J2, JO’ Jl). In some
cases the pattern for perpendicular relative polarization shows more
components than the pattern for parallel .relative polarization. I£,
for example, the number of peaks is different for the two relative

polarizations a P-branch probe transition is excluded. See Table IA

for details,

Illustrative Examples

To give an indication of the lineshape in an actual case we

have calculated intensity patterns for NH using a computer to

31‘
evaluate Eg. (6) in conjunction with Egs. (11) and (13). In the

three-~level system chosen the pump transition is the asQ(8,7) line

at 928 cm_l, and the probe transition is the saP(92,7) line at

1

746 cm . Both transitions are in the v. vibrational band. This

2

choice was made because the asQ(8,7) transition is known to coincide

to within 10 MHz with the P(13) line of the 10.6 p band of the N0

2
(14) . . . .- (15)
laser . The vibrational dipole moment is egqual to .238 Debye .
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A pressure broadening of 1/2 (Y/2m)= 26 MHz Torz_;';l is assumed(ls).

The intensity.of the pump laser is taken to be 100 W/cm2 and an NH3

pressure of 10 mTorr is assumed.

Graphs of absorption coefficient vs. frequency are plotted in
Fig. 6. (In these plots frequencies are given in- MHz aﬁd not in
angular frequency units.) Figure 6(a) shows the contributions of the
single M-components for perpendicular relative polarization of pump
and probe fields. Note that the curves for 4M are identical. Notice
also that there is considerable overlap between the peaks due to their
finite width. Figure 6(b) shows the total lineshape for this polari-
zation. In Fig. 6(c) the total lineshape for the parallel case is
shown. The even spacing of .the peaks.indicates a Q-branch pump tran-
sition as explained above [compare with Fig. 5(b)]: "~ The number of
pairs of peaks, eight, iﬁmediately gives the J-values of levels JO and
Jz. Since thé‘pattern for perpendicular relative polarigzation oif
pump and probe field is concave, and the number of peaks is the same
for both polarizations, the probe transition must be P~branch [compare
with Figure'S(b)]. Thus, J_l = 9,

As an example of the lineshape produced by a P-branch pump
transition, the Pl(é) transition of HF at 2.7y has been chosen(l7).
The probe transition is the J=3 -+ J=2 rotational transition ("R-branch")
in the first excited vibrational state and has a wavelength of 8§4yp.
The parameters used in the calculation are: Hoip & .105 bebye, Heop =
1.9 Debye, andIVQ(Y/Zﬂ) = 23 MHz Torrnl.

Figures 7(a) and (b) show the lineshape for a pump laser power

of SkW/cm2 agﬂgiessures of 3 and 10 mTorr. The pattern is character-

ad?<
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istic of a P-branch pump transition: The peaks have unegual spacings
and cluster towards the outside. The pattern for parallel polariza-
tion [Fig. 7(a2)] has a higher peak intensity, but is has one pair of
peaks less than the other polarization. This fact is characteristic
of an R-branch probe transition, as a comparison with Fig. 5(a) shows.
Note that even at low pressure some of the peaks are barely resolved.
It cap-be seen from Fig. 7 tﬁat in this case the laser induced
" change signals bring the system into the amplifying phase over the
entire linewidth. This is due to the high pump power and the low
absorption at 84u. Large gains and laser oscillations have, in fact,
recently been observed on HF rotational transitions in the v=1 band, -

pumped by the Pl(J) lines of an HF laser. See Ref. (18) for details.

Practical Considerations

Figure 7 points out that in practice it may often be difficult
to resolve the low M-components of a sysFem with a P or R-branch pump
transition. Nevertheless, the intensity of the overlapping peaks
may still give a clue as to the number of components. Similarly,
higher pump powers and lower pressures can significantly improve the
resolution.

In an actual experiment additional broadening of the peaks may
be introduéed due to field inhomogeneities of the pump laser output.
This comes about because the splitting depends 1inearly:on the pump
laser field strength EL [Eg. (9)] (which is assumed to be the ampli-
tude of a plane wave). Thus, any spatial or temporal variations in

E. tend to decrease the resolution of the pattern. Further broadening

L
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may be introduced by frequency drift and jitter of both the pump and
probe,lasers.. These comments point out the importance of having
stable lasers of good beam gquality.

Besides the influence of the properties of the pump laser bean
on the resolution there are other effects that can decrease the
observability of the splittings. These ‘include thermal blooming and
convective phenomena in the gas, due to large local heating by the
pump beam. éuch effects tend to decrease the resolution keacause
they produce a non~-uniform intensity profile of the pump beam across
the sample. Therefore, it is important to operate under conditions
where such effects are minimal. -

Another limitation on the applicability of the method described
is due to collisicn effects at higher pressures. The theory dis-
cussed here contains a simple relaxation model to take account of‘de—
excitiﬁg collisions which determine the homogenecus linewidths of
the transitions. In some cases,mhowevg;, the colli;ions‘can also-
induce additional broadening of the resonances by changing the velo-
cities of the molecules in the excited state (level Jo) Without
taking them out of this level. This effect tends to spread the
velocity distribution of gxcited molecules, and therefore the line-—
shapes of interest, thus decreasing resolution. This type of broad-
ening is especially important at higher pressures and should be of
little significance at the laser pressures of interest for the present

method.
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vI. Concluding Discussion

A technique has been proposed which may be useful In the assign-
ment .0of molecular spectra in the optical-infrared region. The method
is based upon the splitting of the laser-induced line-narrowing line-
shape which occurs when the appropriate conditions are met. One main
prerequisite is an intense optical field which is capable of

saturating a Doppler-broadened resonance.
The splitting discussed here is a manifestation of the high fre-

(10}

quency Stark effect which is well known in the microwave region

where Doppler-broadening is negligible. It is interesting to note
that in the pressure-broadened case (e.g. for microwave transitions)
this splitting, Am’ depends on the detuning, § , of the pump transi-

tion from its line center:

. A
_ i B\ 2 2
Ay = l_ggl_g + 6 ) (14a)
N % .

In the fully Doppler-broadened case, in contrast, the splitting is

independent of detuning and is given by

A, = 2[uyg 1By Ky (kymky) - (14b)

+ k.

Since in both cases the splitting increases. with [u20|EL, it follows

PASLES
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that in the optical region when pressure broadening becomes dominant
splitting effects due to degeneracy still occur, but the details are
somewhat different. Flynn(lg) has discussed this type of splitting
for the microwave region. To the autﬁors' knowledge such effects
have not yet been observed.(zo)
It is hoped that the above discussions find useful applications
in molecular spectroscopy. The lineshaﬁes given here are also directly
relevant to the monochromatic optical pumping of gases, and to uni-
directional laser amplifiers of the type which have recently been pre-

g (18)

dicted(7) and observe in the infrared region.
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Table I : Lineshape Patterns in Terms of J0 for

Different'Types of Transitions
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FIGURE CAPTIONS

Fig. 1 {(a) Energy level diagram and schematic of experimental arrange-—

Fig.

Fig.

Fig.4

Fig.

Fig.

Fig.

2

3

5

6

ment. (b) Dopplex profiles of the coupled transitions. The
change signal is shown centered at QO . The broken line at

7, indicates the frequency of the pump laser.

Lineshape of the change signal for a non-degenerate system

. . 0 . .
vs. A, the freguency detuning from QP . The inset shows the
change signal superimposed on the Doppler background.

Lineshape of the change signal of a non-degenerate three
level system as a function of the parameter S§ (in MHz) for
Y=.52MHz. Notice that in each case the splitting is equal to
25, and that the linewidth remains constant as S increases.

The example shown is the M_=8 component of the NH, system

0 3

described in Section V.

Decomposition of degenerate three level system into subsystems.

(a) Ep parallel to»EL; (b) Ep perpendicular to E. .

Intensity patterns for J0=4. (a) P-branch pump transitions;

(b) O~branch pump transitions; (g) R-branch pump transitions.

The notation is explained in Section V.

Intensity patterns for NH (a) Contributions from individual

3
M-components, for E_ perpendicular to B’ (b) Total lineshape

" for paft (a); (c) Total lineshape for Ep paraliel to EL' The

7

inset in (a) shows the relevant levels.

Intensity patterns for HF. The level scheme is shown in the
inset. ®Note that gain rather than absorption is plotted ir

this case.
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Optical isolation using @ Doppler-hroadened molecular absorber®

F. Keilmann', R. L. Sheffield, M. S. Feld?, and A. Javan
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachuseits 02139

(Received 27 August 1973)

A new principle for optical isolation based on the saturation of a Doppler-broadened resonance is
desenbed. It depends on an initial difference n the power levels of the incident and reflected waves.
The technique is demonstrated using an 5F; absorber to tsolate the P(18) line of the CO; transition

at 1057 pm.

N
Protection of a laser oscillator from external reflec-
tions can be of great importance where high stability is
required. This is the case, for example, in precision
measurements such as interierometry and saturation

spectroscopy, where only very small frequency fluctua- -

tions can be tolerated. We describe here a new princi-
ple for optical isolation' based on the velocity depen~
dence of the saturation occurring in a low-pressure
Doppler-broadened absorber.?

Consider a monochromatic beam of laser radiation
propagating through a resonant absorber. If the beam is
sufficiently intense, molecules will be transferred from
the absorber’s ground state to its upper state faster
than can be made up for by relaxation, thus reducing
the population difference AN between the upper and
lower states. The absorption coefficient is progortion=
al to AN, Accordingly, for anintense laser field the
medium can become essentially transparent, even
though for 2 weak field it is opaque. In the intermediate
range the over-all transmission through the medium
canbesa shg.rply changing function of the input intensity.

For a Doppler-broadened medium, however, this
population saturation only affects a small portion of the
available molecules. Consider a monochromatic wave
of wave vector k and frequency wy, travelling through a
cell containing a Doppler-broadened absorbing gas with
center frequency w, [Fig. 1{a)]. In the laboratory iframe
the resonant freguency of a molecule moving with
velocity v is shifted due to the Doppler effect to a fre-
quency wy —~kv. Thus, all molecules having velocity
component v, along the propagation direction k experi-
ence the same frequency shift —kv,. Accordingly, for
an intense laser field offset from the molecular center
frequency.by an amount A=w, —wy, the radiation se-~
lectively saturates a narrow section of the molecular
velocity distribution centered at »,=4/k. The satura-
tion extends over a range ~y/k, where y is the homo- ’
geneous linewidth determined by collisions, radiative
decay, etc. Therefore, the reduction in the population
difference oceurs only over a narrow portion of the
velocity distribution [Fig. 1(k)]. -

Now suppose that a portion of the light transmitted
through the absorption cell is reflected back through
the cell in the opposite direction. In this case the field
will resonantly couple to molecules with velocity v,
= —A/R. Therefore, the reflected light will interact with
molecules symmetrically located on the opposite side
of the velaecity distribution. So if the laser {requency is
detuned from the center of the molecular resonance
(1Al>+), the oppositely directed waves will interact
with different groups of molecules. ? If the incident wave
iz more intense than the reflected wave it will have a

612 Appl. Phys. Lett., Vol. 23, No. 11, 1 Decembor 1373

greater over-all transmission through the cell. There-
fore, by simply placing an absorber cell between the
laser and the source of feedback it is possible to effec-
tively decouple or isolate the laser from the reflected
light [Fig. 1(c)]. By appropriate choice of the experi-
mental parameters the isclation factor can be made
very large. .

o demonstrate the principles described above, the
experimental arrangement of Fig. 2(a) is used. The
radiation of a cw single-mode CO; laser is transmitted
through a 205-cm long tube, 25 mm in diameter, filled
with SF; gas at a low pressure. SFgis known to have
many coincidences with the 10.6-Hm CO, laser lines.
We chose the P(18) line of CO;, since witiun a tuning
range of + 50 MHz there happens to be just one strong
SF, resonance, % The laser cavity consists of a grating
reflector and a piezoelectricau'j movable mirror swept
sinusoidally at 60 Hz with a peak-to-peak amplitude of
15 pm, resultingin a display of three cavity modes.
The data are taken in the linear part of the sweep. The
diameter is about 11 mm, its total power being 1.3 W
at line center. The transmitted radiation passes
through a 17-cm-long attenuation cell containing pro-
pylene at a variable pressure and is then reflected back,
thus simulating varying amounts of feedback [Fig. 2{a}].
Transmission in forward and backward directions is
simultaneously measured by means of four Ge:Au de-
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FIG. 1. (2) Doppler-broadened line shape of molecular res-
onance centered at w,; wy is the laser frequency. ®) Velocity
distribution of molecular population diiference, N, showing a
depletion at v,.=A/k caused by the strong beam. A weaker
beam of same frequency traveiling in the opposite direction
would cause smaller depletion at v,=—A/k. (c) Schematic
diagram of arrangement for isolation, The isotation cell con-
tains the saturable Doppler-broadened absorber,
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FIG. 2. {a) Experimental setup for measuring forward and
backward transmission simultaneously. The detectors are in-
dicated by D. (b) Simultaneously measured (1) forward and
(2, %) backward transmittances of isolator tube versus 8Fg
pressure. (2) and {3) rafer to doubie-pass attenuation factors

ropylene cell set to 5 and 28, respectively. The smooth

es represent the theorehcal fit. (#) Small-signal
transmittance.

tectors, using wedged BaF, beamsplitters. A slight
misalignment of 2 mrad is necessary to enable mea-
suring the isolation in the high-ieedback range. A
strong inverted Lamb dip is seen at detector D4, indi-
cating good overlap. It has a width (FWHM) of 3.5£0.5
MHz at 0.05 Torr and is located 7 MHz above the CO,
line center, 1n agreement with Goldberg and Yusek.*
The transmittances are evaluated 14.5 MHz below the
S¥, line center and plotted in Fig. 2{(b). They clearly
show the isolation effect.

The incremental intensity change of a monochromatic
- wave of intensity I(z) at posttion z traversing a section
dz of a Doppler-broadened two-level absorber is given
by5 .

-al
dI= Wdz, (1)

where-o and I, are parameters of the speciiic molecule.
&, the small-signal absorption coeificient, is linearly
proportional to the pressure. [,, the saturation inten-
sity, is proportional to y*. Therefore, when collisions
represent the dominant relaxation mechanism, I;isa
adratic function of pressure.® Henceforth we shall

onfine ourselves to this region. For particular values
of & and I,, Eq. (1} can be integrated to yield the trans-
mittance T=1I{L)/H0) for a tube of ;iven length L and
input intensity I{0).

0id

The data of Fig. 2(b) are fitted to the expression for
the transmittance obtained by integrating Eq. (1), tak-
ing I(0) to be 2 W/ em? Reasonable agreement is ob-
tained for =0.26 el and I, = 7.5 W/cm? at 1 Torr,
indicating that the two-level model of Eqg. {1) is a rea~
sonable approximation in this case. 5 The small-signal
absorption coefficient extrapolated to the CO, line
center, 0.52 cm™ at 1 Torr, is higher than that mea~
sured by Abrams and Dienes,’

Once « and I, have been determined, the calculations
can be extended to 2 wide range of pressures, lengths,
and intensities. The appropriate scaling laws follow
from the fact that the transmittance only depends on the
two parameters I,/I{0) and aL. One useful relationshmp
which follows is

Tlp,L, K0V =Tlep, L/ ¢, E1{DY], (2)

where p is the pressure. With the help of relations such
as this, extrapolation of Fig. 2(b} to other systems is
possible. In particular, long path iengths and low pres-
sures give the best isolation properties. Note that a
long path can be folded into a small space so that isola~
tion factors (i.e., ratios of the transmttance of the in-
cident beam fo that of the weak reflected beam) of many
orders of magnitude seem feasible. Also note that
power broadening can be reduced, if necessary, by ex-
panding the diameter of the laser beam.

The present approach complements the conventional
optical isolators. Most commoniy, one uses po1ariz,a-
tlon—dzscrmunatma devices and circular polarizers® or
Faraday rotators.® These give low forward losses, but
the isolation factors are limited to about three orders
of magnitude because of critical adjustment require=
ments. Another type of isolator, in which the frequency
of the feedback beam is acousto-optically'® shifted out
of the oscillator bandwidth, is promising but requres
efficient high~frequency modulaters. Efficient decoupl-
ing can also be achieved by means of unidirectional
laser amplifiers, recently proposed'* and
demonstrated. ¥

In applying the present technigue one should be aware
of the restrictions of Refs. § and 6. The various inter-
action bandwidihs also limit its applicability. At high
pressures, ¢ross relaxation® is expected to reduce the
igelation even at low intensity levels. Furthemore, if
the laser beam is not monochromatic but has a spectral
width 5 given, for example, by the length of the pulse
T=1/6, cross saturation will significantly reduce the
isolation if 6> 27 lal. For the SFy system used in our |
experiment at A=14.5 MHz, this implies 7< 1l nsec.

The principles described here alsc may be useful in
constructing high-power multistage laser ampliliers,
where isolation between stages is necessary {o avowd
self~oseillation.
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INFRARED FREQUENCY SYNTHESIS

AND PRECISION SPECTROSCOPY

ABSTRACT

The small contact ‘area metal-~dielectric-metal electron
‘tunneling junction has permitted the extension of microwave
frequency synthesis technology to infrared fregquencies. The
mechanically contacted diode has .been shown to have a usable
upper frequency limit of at least 100 THz. This thesis
reports its application to direct frequency measurements of-
far infrared lasers and to the development of a frequency
multiplying chain of lasers which is capable of synthesizing
any desired infrared frequency. The laser frequency multi-
plylng chain makes possible a direct comparison between
microwave frequency standards and 1nfrared laser frequency
sources. i

Thln film technology has made possible small contact
area printed junctions which also display hich speed non-
linearities. Though somewhat slower than the mechanically
contacted dev1ces, experimental evidence of fregquency
synthesis is here presented which demonstrates a frequency
response to 1 THz. Observations of high speed rectification
further suggest that the upper frequency limit may exceed
30 THz{10u). Thin f£ilm antennas resonant at far infrared
frequencies have been integrated with the diodes and exhibit
coherent interference in their far field radiation pattexrns.

An extensive theoretical treatment indicates that a
model of electron tunneling through a potential barrier can
explain the major features of high speed rectification in
the presence of a DC bias current. A negative rectified
signal with positive bias voltage corresponds to relatively
thick barriers, usually thicker than 10 Angstroms. A
positive rectified signal with positive bias voltage occurs

v
i)
(82}
A



for barxiers thinner than about 10 Angstroms, the critical
thickness depending upon a simple model of the buildup of
electrostatic charge within the dielectric barrier. The
explanation of strong curvature in the rectification
signals with bias voltage requires a further consideration
of current dependent saturation effects and higher order
terms in the dependence of the barrier height with bias
voltage.
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Chapter 1
Introduction

l. Review

The infrared {IR) region of the electromagnetic
spectrum has long been marginally accessible to experi-
mental study due to a paucity of sources and detectors
of IR radiation. It ig, however, an area of considerable
contemporary interest since a host of molecular bonds
have resonant frequencies lying in the decades between

1012

and lOl4Hertz. Historically, optical techniques,
usually relying on bulk effects in materials, have been
pushed toward longer wavelengths. More recently from the
other end of the §pectrum, microwave technigues employing
discrete circuit elements have been applied toward shorter
wavelengths. Currently, as reported below, the two tech-
nologies have me£ and overlapped in 'the IR region and are
no longer easily distinguishable.

The content oﬁ this thesis is: the experimental
development of the metal-dielectric-metal point contact
(MDM) diode and, particularly, itﬁ thin fi;m version;
the application of the device as a discrete circuit’
element to frequency synthesis at infrared frequencies as

14 Hertz; and a theoretical explanation-of its

high as 10
performance based on a model of quantum mechanical barrier
penetration by tunneling electrons. -

Chapter 1 defines the basic concepts used in IR

PAFEISS
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frequency synthesis. Chapter 2 reports some successful
applications of-the synthesis techniques. Any desired

frequency below 1014

Hz may now be generated or measured.
Chapter 3 details the fabrication technigues and perform-
ance characteristics of the thin film MDM diode. Chapter
4 deals with the electron tunneling theory.

For consistency, the following discussions will be
in the frequency domain with frequencies given in Hz or
even THz (1012) when appropriate. Occasionélly, the
corresponding IR wavelength will be given parenthetically

. . A
in microns. For example, 100 THz(3u) =-101‘ Hz.

2. Detectors and Mixers

Prior to considering the details of the MDM diode
and infrared frequency synthesis, a distinction must be
drawn between deteétors and mixers.’ The MDM diode is
used in both applications, and a clear distinction now
may avoid c&nfusion later.’

A detector of electromagnetic radiation may be viewed
as any device which gives an observable response to incident
radiation. At optical frequencies, an interesting variety
of bulk material effects are used. The earliest IR detector
was a thermometexr used by William Herschel (1738 - 1822f to
demonstrate the presence of radiation beyond the red end of

the visible spectrum.l Thermal detectors are currently in

very wide use; and, in the very far IR, liquid helium cooled
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bolometers are still the most sensitive power detectors
available. Other bulk mechanisms in curfent use involve
chemical reactions, color changes, resistance changes, the
photoelectric and pyroelectric effects, and stimulated ox
quenched fluorescence, to name but a few. The choice of
detector, of course, depends upon a. specific application;
and many of these detector types may be used as mixers.
The detectors lis£ed above are all power law detectors, a
distinction which is very important in some mixer applica-
tions.

A mixevr is mcét easily explained in the frequency
domain. It is a device with one output and one or more
imputs. The frequency of the output is an,algebiaic

linear combination of the frequencies of the inputs.

N

Voup = ByVy + 0oV, F .- + v, (1)
where nl,z,... = 0,x1, 22, «..
integers.

The order of mixking is here defined as the algebraic
sum of the harmonic numbers: [n,| + |n,| + ... + ]nil .

Zero frequency, v = 0, is allowed and represents a steady

out
state non-oscillating output.

At radio frequencies, the inputs and output consist
usually of oscillating electric currents or voltages. The

mixer is a discrete circuit element, usually a diode or a
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transistor. At optical freguencies, the inputs are usually
propégating electromagnetic radiation or phonons while the
output is either a propagating wave or a voltage, depending .
on_its fregquency. Optical mixers generally maké use of
bulk nonlinear effects in a solid, liguid, ‘gas, or plasma.

In general, a mixer is a device which produces-an
observable response to inputs and which'has an output freg-
uen&y as defined above. A detector is often the special
case of a mixer with Vout = 0. Many mixers can be used as

‘ detectors, but most simple detectors are not suitable for

oxrders of mixing other than 2.

3. Spead of Response

The human eye is a detector of radiation at 5 x 1014

Hz (.63%); but it is a slow detector. The response time of
the eye to variations in light intensity is about 10“l sec.
It is guite sensitive and, within -its speed limitations, <can
be used as a second order mixer. If two incident.light

. 14
sources have frequencies near 5 x 10

Hz and differ by less
than 10 Hz, the eye will mix them producing an output stimu-
lation of the optic nerve at 10 Hz. The observer will see
the combination of the two sources as a light blinking on
and offl

Similarly, a fast photodiode méy have a response. of

-9

10 sec. It could mix two light sources having a difference

frequency as high as 1 GHz. The photodiode output would ke

2P <
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a voltage or current with an oscillating component at 1 GHz.
¥or light frequencies differing by much more than 1 GHz, the
photodiode output would be simply a DC response depen@ing
in a simple way (perhaps linearlyj on the sum of the incident
light- intensities.

If we define the speed of response as the highest
possible frequency of é detector output, then the MDM diode
is by far the world's fastest detector. It responds from

14

DC to 10 Hz, as will be shown in Chapter 2.

-4. High Order Mixing
. Power law detectors are generally unsuitab;e for high
order mixing and for sum frequenc& mixing, as opposed to
the second ordexr différence frquency mixing described
previously. The reasons may be understood by appealing to
a physical description of the phenomienon of mixing.
A radio freguency mixer is a descrete element, usually
a semiconductor diode or transistor, with a nonlinear voltage-
current géverning equation. If a sinusoidal voltage is
applied to the device; a highly distorted sinusoidal current
Will be produced. In. the frequency doﬁain; the periodic
current may be Fourier analysed as a linear combination of
harmonics of the fundamental period of the driving voltage
(including,in general, the zeroth harmonic or a DC term).
Consider a simplified (and-inqorrect) power series
expansion for a device where I is the-current flowing due aTE<

to an applied voltage V:



ie

.V+aV2+...+anVn (2)

1=ay 2

The constant coefficient a; is primarily responsible for
the ith order mixing. As an example, consider the second

order mixing of the sum of two sinusoidal voltages:

= 2
aév = a2[ Acoswlt + Bcoswzt ]

_ 2 2 22
= az[ A%cos wlt 4+ Bcos mzt f

ZABcosmltcoswzt ]

t)

Ll

a,l a%/2 (1 + coszu,t) + B%/2 (1 + cos2u,
+ ABcos(ml+m2)t + ABcos(ml-wz)t ]

(3)

Figuré 1 shows a ffequency domain representation of the
Fourier components for this simple case of a strictly
square law device.

For frequencies above cutoff, the power series expan-
sion of Eg(2) is no longer valid. Clearly, -a bandwidth
limited device, as represeﬁted by £{w) in Fig. 1, ‘cannot be
used for sum frequency or harmonic generation to frequencies
higher than its cutoff.

The concept of a bandwidth is easily visualized in the
frequency domain but is rather complicated in the time domain.

A bandwidth implies that the response of a device is not

AR AS
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2 2
A%+ BY)/2
(A Y/

a%/2
A
o . A+*B
Ac’j\B y -
2
BC/2
14
| B ....\
\é(w).
; \
i \‘
0 We ~w 2w W, W 2w
ne 1 72 1 1 72 2
Figure.l.

A frequency domain represeﬁtation of the Fourier
components for second order mixing., The broken curve
shows the response of -a bandwidth limited detector
which would be unsuitable in mixer applications requiring

-

second harmonic generation or sum frequency mixing.
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an instantaneous function of its input. Rather, the time
domain reéponse depends upon the prior hist;ry of the input.
Egquation (2) must then be replaced by a differential equation,
a topic which has been treated extensively in the 1iterature.2
It will not be furthef considered here.

A mixer will be distinguished from other detectors in
that Eq(2) is assumed valid for a mixer. Of further interest
are the magnitudes of the eoefficients a; - For a strictly
square law device,.only a, # 0. A'strictly square law
device would not be suitable for any form of 3rd order mixing,
for example. -

It is important to note that the absencé of high
order terms does not imply & limit to bandwidthi: In Chapter
2, the MDM diode will be compared to a silicon point contact
diode. At microwave frequencies, the silicon diode is
superior to the MDM diode, espeéiallx at high order mixing
-above .about 10 orders. At IR.frequencieé, however, silicon

dicdes fail completely while the MDM diode still performs-

well for mixing orxrders less than about 10.

5. Discrete and Bulk Circuit Elements

Historically, there have developed two distinct
approaches to dealing with electromagnetic.radiation. One °
apéroach has traditionally been termhed "optics“_and the other
“electranics".‘_Chapter 2 describes the extension of the

electronic approach to optical frequéncies. . Before proceed-
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1s
ing, however, it may be helpful to briefly review the &if-
ferences in the two approaches and to consider their ranges
of validity.

Radio frequency circuits usually employ discrete
circuit elements and operate by manipulating electric
currents. Neither- transmitters nor receivers diregtly
interact with electromagnetic radiation. RF wavelengths,
being much longer than the typical dimensions of the circuit
components, couple only weakly to the circuits. A radio
transmitter, for example, is strictly a generator of
alternating currents. It is the function of antennas to
couple alternating electric currents to electromagnetic
radiation. A

‘ At optical frequencies, the situation has historically
beén reversed. Where optical wavelengths are shorter than
the circuit dlmenSLOns, electromagnetlc radlatlon in wave-~
‘guides or in free space, rather than electric currents in
conductors, constitutes the "working fluid". It is possible
to duplicate most of the functions of electronic circuits
with optical circuits. Since 1268, interest in integrated
6ptical circuits, which use thin film waveguides integrated
with bulk nonlinear circuit elements, has received increasing
attention.%

In the microwave region, between roughly 109 and 1012
‘Hz,.both discrete and bulk approaches may .be used and are

often combined in hybrid circuits. Forx example, a klystron

-282<
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oscillator with a coaxial output transmission line may be

followed by a waveguide optical isoclator which employs
Faraday rotation. The isolator in turn maf be followed
by a waveguide directional coupler and then by.a hot carrier
diode mixer. ‘The decision to use discrete or bulk effect
devices is usually determined by considerations such as
device efficiency .or power handling Eapability at the
frequency of interest. It is a relatively simple métter to
convert between electric currents and:elegtromagnetic'radiat—
ion with good efficiency. |
Given discrete devices of sufficiently high frequency
response, such as the MDM diode, the hybrid technology of
the microwa%e region may be directly extended to IR and
possiﬁly optical frequenc%es. The MDM diode has microscopic
_dimensions; but it comes with "wire leads" and requires an
antenna and transmission line to couple it to IR radiation.
An upper frequency limit may ultimately be. imposed by
quantum effects such.as the photoelectric effect, where
metals no longer act as good conductors. However, that

limit clearly lies at frequencies above 1074

Hz (3p) and

has not yet been reached experimentally. We may expect in

the future to see hybrid integrated optical circuits.
Perhaps the most intefesting difference between RF

and optical frequency devices is the manifestation of

optical quantum effects. Given the existence of fast mixers,

it is possible to construct optical fregquency heterodyne
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receivers; but they will never be more sensitive than exist-
ing quantum detectors such as the photomultiplier. Some
gquantum detectors can actually count individual photons
and no higher sensitivity is possible.

Whenever reference is made to the radiation pattern
of an antenna or to electric currents flowing at optical
frequencies, it is to be understooé as the limit of many
gquanta. Optical heterodyne receivers may have many advant-—
ages over wavelength selective devices. BAmong these are the
possibility of extremely narrow bandwidths, precision tuning,
or high speed response; but they will not be more senéitive

than photon detectors.
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Chaptexr 2

Infrared Freguency Synthesis

1. Precision Frequency Measurements

- The deéelopment'of the mechanically contacted MDM
di&de has made possible direct fxequency measurements
(as opposed to wavelength measurements) of laser transitions
throughout the IR region. -The development followed directly
from initial éxperiments with point contact silicon diodes
_common to microwave technology. The silicon diodes were
used as harmonic mixers to compare klystron harmonics with
far IR lasers. -

Figure 2 shows a block diagram éf the method used to
measure the frequency of the 1 THz (300y) HCN lasexr trans=
itions.4 The 12th or 13th harmonic of the V—band klystron
can be tuned to zerobeat.with the HCN 1aser or, moxre con-
veniently, can be tuned to produce a radio frequency beat
signal, which is easier to detect. The beat signal may‘

be observed directly on a radio frequency spectrum analyser.

It is important to take some care-in stabilizing the
klystrons. ﬁhen using high order harmonics, moderate short
term frequency instabilities in an oscillator will mean very
broad bandw;dth beat SLgnals. In Fig 2, the V-band klystron
is phase locked to the 8th harmonic of a double cavity
stabilized X-band klystron. In-effect, the experlment makes

use of 12 x 8 = 96 harmonics of the X-band source.

i?%éh:
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silicon
mixer 12' V=-band
e
= % i, '__.1
HCN . - klystron
RF silicon A
mixexr
o=t lock box I
< 8 stabilization
spectrum . A <-band
.analyser <G stable
T klystron
-Jfrequency
' counter .
Figure 2

fﬁe first laser'freguency was measured by comparing
the 12 éﬁ harmonic of a stabilized V-band (74 GHz)
klystroﬁ to the frequency of an HCN laser. The frequency
mixing was done in a microwave point contact silicon

nixer diocde.
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The experiment of Fig. 2 represented the first direct
frequency ﬁeasurement of a laser. It extended frequency'
measurement technology by roughly an order of magnitude. ‘In
a further extension of the technique, the 23rd harmonic of
a kly;tron was tuned to beat with the 1.5 THz {(190u) DCN
laser.5 Although the signal was observable, it was vexry
weak. Further direct ﬂarmonic mixing did not look promising.

Extension of frequency messurements to still higher
frequencies was made possible by using -harmonics of a laser
in -addition to klystron harmonics. The 1.5 THz measurement
was repeated by mixing the second harmonic of the HCN laser
with 3 harmonics of the klystron'to produce a beat with the
DCN 1aser.6 Figure 3 shows the experiment. The order of
mixing as defined in Eg(l) was reduced from 24 to 6 and the
observed beat signal was 3 orders of magnitude stronger.

Absolute freq;ency measurements using laser harmonics
and silicon diodes were extended to 3.5 THz (84u) . by this
author and others.7 All attempts at higher frequency
measurements, however, failed.

The semiconductor diode is ultimately bandwidth 1imited
by recombination rates of its charge carriers. Heavily
doped semiconductors were used in an attempt to increase
the upper frequency limit, but diminishing returns are
reached at frequencies above about 3 THz. The electron
tunneling process of the MDM diode, however, is not subject

to the same limitation. A straightforward spbstitutioﬁ of

287 <



N

25

The first laser frequency multiplying chain used the

HCN @
: silicon
mixer *
pey | <~
4
RF
spectrume
analyser
Figure 3

V-band

klystron

-

(stabilized)

second harmonic of an HCN laser to beat with the fundamental

frequency c¢f a DCN laser.
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the MDM diode for the silicon mixer of Fig.3 has permitted
IR frequency synthesis. to be pushed steadily higher to a
present limit of about 100 THz.BﬁlO -

Freguency measurements are presently the most accurate
of all physical measurements. The laser frequency measure-
ments described above readily produce 7 digit accuracy. The
principle limit to measurement accuracy lies in setting
the laser precisely to the center of its gain profile: Using
free running lasers, it is possible to make frequency meas-
urements which are an ordér of magnitude more precise than
the best corresponding wavelength measurements which have
been made for far IR lasers. Table 1 lists a number of

laser transitions which have been measured by harmonic freg-

uency mixing.

2. The Laser Frequency Multiplier Chain

Figure 4 shows two possible chains of laser harmonic
multipliers. The difference frequencies shown schematically
as mixer outputé may be calculated from the data of Table 1.
In each case, the difference frequencies have been observed
experimentally by coupling a microwave source of nearby
frequency to the mixer and searching for a radio frequency
beat. '

For IR frequency measuréments to the modest accuracy

"

of about one part in 10°, the lasers of Fig. 4 may be

operated without elaborate stabilization measures. Further-

et | B
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HCN

DCN

CoO

HeNe
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Table I

Precision Frequency Measurements

Wavelength (1)
373 .804
337 .890
335 .894
311 .564
310 967
190 1.578
118 2.527
95 3.128
84 3.557
78 3.821
28 10.718
10.6(P18) . 28.358
10.6(P20) 28.306
10.2(R30) 29.442
9.3(R12) 32.176
9.3(R10) 32.134
5.2(P13) 58.024
3.38 88.376

750 .

760
414
313
865

278

854

791

143
755

068

800
251
483
062
266

341

181

550

315

8391

627

Frequency (THz) Reference

11,4

12

13
14,11

15
15
11,15
16
11,16

17

11,18
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70 GHz Xklystron 12
HCN, 337 3 > RF
x 4
D,0, 84u N 5.9 GHz
X 3
(a)
H,0, 28u > 246.6 GHz '
X% 3
Co,, 9.3u s 21.8 GHz
x 12
70 GHz klystron |
HCN, 337y ;—“ RF
x 12 (b)
H,0, 28u ‘l.. ) > 28.9 GHz
x 3 )
CO,, 9.3u »21.8 GHz

Figure 4

Laser frequency multiplier chains which can connect

microwave measurements to the 30 THz (9.3u) CO

2 laser are

shown. Chain (a) uses one more laser than chain (b) to

keep the order of mixing low.
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more, the lasers need not all be operatiﬁg simultaneously.

If care is taken to operate the lasers always near the

center of their gain cuxves, each link in the chain need

be measured only once. The lasers can then sefve as

tfansfer standards of known frequencies throughout the IR.

. Higher accuracies , to parts in 109, may be achieved

" by operating all the lasers simultaneously and monitoring

the microwave difference frequencies with electronic counters
as the lasers drift about their nominal frequencies. Still

12, nmay be

higher accufacy ; to at least one part in 10
achieved by stabilizing the lasers.

A novel stabilization method makes use of frequency
synthesis in the MDM diode. First attempted in 1969,19
the object is to mix microwave and laser frequencies in the
MDM diode. Laser frequency instébilitiesxwhich would
normally show up in the mixer products may be compensated
by electronically tuning the microwave oscillator. The
mixer product of interest is compared to a harmonic of a
lowver frequency reference standard iﬂ order to derive a
correction signal to be applied to the microwave oscillator.
The stébilized mixer product , which exists as an oséillating
current within the MDM diode, may then be used in harmonic
mixing applications, as was demonstrated in the laser freg-
uency multipliexr cﬁain.zo

The use of harmonics of synthesized fregquencies works

quite nicely. WNotice, however, that a frequency multiplier DO
; g
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chain using this type of stabil;zation will require a higher
order of mixing at each link than is required for-direct
harmonic mixing-of lasers;

The laser chain of Fig. 4b reguires l4th order mixing
in the step between the HCN laser and the H20 laser:

12 x HCN + 1 x H,0 + 1 x microwave to give an RF beat.

The amplitude of the RF beat was marginal. For laser powexrs
of approximately 50 mW and microwave power sufficient to
burn out the MDM diode, the observed beat signal was seldom
larger than .2 uV. In the chain of Fig. 4a, however, the
beats between,£he HCN and D20 lasers and between the

D20 and H,0 lasers were épproximately 5 pV. The improvement
was due primarily to the lower order of mixing. With the
stronger intérmediate beat signals, harmonics of synthesized
freéuencies worked well. The electronic tunability of

£he synthesized frequencies allows Fhem to be phase locked
to a microwave standard, thereby achieving at laser freq-
uencies the sﬁapility of a standard.

The lase; frequency multiplyiﬁg chain has demon-
strated the practicability of. synthesizirg any desired fax
infrared frequency. The frequency, existing as an
osgillating current in the MPM diode mixer, may be as stabile
and accurate as the microwave {or laser) reference standard
to which it is phase locked.

Presently, several highly stable laser systems axe

being developed. The systems generally employ an atomic

2Rl
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or mclecular optical resonance to which the laser output
frequency may be stabilized; The accuracy and-stability'
of systems such as the methane stabilized helium~-necn
laser at 88 THz (3.39%9u) and the iodine stabilized helium-
neon laser at 474 THz(.633p) show promise'of eventually
rivaling the performance of existihg microwave frequency'
standards such as the hydrogen maser and the cesium atomic
. bean device. -

The great advantage of an bpticai frequency standard
is that a single device can serve both as a standaxd of
frequency and as a standard of length. To be useful as a
frequency standard, howevexr, the frequency must be "countéd
down" or referenced to microwave and radio frequencies.
The phase locked laser'frequency multiplying chain using
the MDM diode has demonstrated that the neceésary technology

can be developed.
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'Chapter 3

The Thin Film Diode

l. .Review

The frequency synthesis described in Chapter 2
was first made possible by the dévelopment.of the mechan-
ically contacted MDM diode. 'In physical appearance,
the mechanical MDM diode is identical to the microwave
point contact silicon diodes it supersedes. The fabric-
ation technigues for the mechanical MDM diode have been
described in détail by Sokoioffzl and will not be extens-
ively reviewed here.

In its initial applications, the MDM diode was used

as a direct replacement for silicon diodes in millimeter

wave crossguide mixers. Then, as the MDM. diode was applied

to problems at progressively shorter‘wavelengths, the use
of waveguides was abandoned. It is not ohly difficult to
fabricate éxtremely small waveguides, but it is also veiy
difficult to efficiently couple laser power into them.

It was empirically observed that. laser power could
be more efficiently coupled through a lens to an -open

structure diode than to a diode inside a waveguide. For

an exposed diode in an open structure, the contacting wire

serves as a long wire antenna at laser frequencies.

Matarrese. and Evenson22

has a radiation pattern identical to the case of a radio

demonstrated that the wire antenna
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frequency long wire antenna, and it is now standard practice
to choose a direction for the incident laser radiation
which corresponds to a maximum lobe of the diode. The
prefered directions are determined experimentally by rotat-
ing the diode structure relative to the direction of the
incident radiation until a strong maximum is reached.

. Figure 5 shows a schematic representation of the
microscopic features of the mechanically contacted MDM
diode. A thin tungsten wire, in this case 2.5u in
diameter, is first sharpened by électrocﬂ;mical etching and
then pressed against an oxidized nickel post to form a
junction of small area. ‘Electron microscope photographs
have éhown thét the radius of curvature of the wire tip
can be as small as 1,000 i. The frequency response of th?
device is primarily RC limited where R is an effective
series resistance and C is the junction capacitance. Fox
operation at infrared frequenties, Et is critical to
minimize both, particularly C.

If the output from an IR laser is focused:on the
diode, a voltage difference will appear between the
tungsten wire and the nickel post. The diode is belng
used as a detector and, in this sense, is by far the wérld's
faétest detector. Usually the nickel post will-have posit-
ive polarity with respect to the tungsten wire, but not
always. The sensitivity and polarity depend upon the

contact pressure and localized effects on the oxidized metal
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tungsten

2.5u

° 4
A : f‘" NiO
i

e N1

O
(b)
Figure 5
Shown in {a) is a microscopic representation of a
mechanically contacted MDM diode. The tungsten wire.acts
as an antenna for infrared radiation. .The equivalent

electric circuit is shown in (b). Zs represents a series

3
Ry,
=&
M

impedance , typically the effective antenna impedance at
infrared frequencies. C is the junction capacitance and Zy.

represents the impedance due to tunneling electrons.
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surface.

The detector sensitivity in the far infrared and
microwave regions near 1 THz may be as high as .1 V/Watt.
That sensitivity is approximately 10% of a silicon diode
at the same frequency range. For the detection of very
weak but narrow band signals, a heterodyne detector,
using the mechanical MDM diode as the first mixer, is

capable of detecting 10“13 10

W/Hz .
When a voltage is appliéd across the diode, eifher

DC or AC from a microwave of laser source, a current will

flow through the junétion due to the guantum mechanical

tunneling of electrons through the oxide layer. The tunnel-

ing impedance is represented in Fig.5b by Z.. The tunnel-

ing impedance is not a.constant. It depends in a nonlinear.

manner on the applied voltage. It is the nonlinearities

of the tunneling process which are responsible for the

diode's mixer characteristics. The sechanism of electron

tunneling is extremely fast and permits the device to be

used at IR frequencies.

2. Thin Film Axrays

A very major drawback to the use of mechanically
contacted MDM diocdes is their extreme sensitivity to
mechanical and thermal shock. If Ehé diode is mounted in
a rigid inclosed structure, such as a V-band microwave

crossguide mixer, it is possible to gently handle the
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device without destroying a good contact. It was a rare
occasion, however, when such a diode structure would
continue to operate after being -left overnight.

Mechanical stability and, perhaps, electrical
rebroducibility can be achieved if the microscopié MDM
diode is fabricated with thin metal films firmly bonded
té a rigid substrate. Figure 6 shows the first attempt to
achieve a "printed" MDM diode on a sapphire substrate.
The actual diode junctions are not visible at the scale of
Fig.6. The congtruction of the peacock array 1s shown
‘schematically in Fig.7 .

Mic;oelectronic techniques. which were developed for
the manﬁfactnre of integrated circuits have currently
achieved a resolution control finer than lu. BAll of the
thin film struc£ures described here were ﬁabricated
with ; photolithographic precess capable of achieving
.51 resolution.23 Other techniques, such as electron
beam lithography and X-ray litﬁography, are currently .
capable of one order of magnitude finer resolution but
have not yet been applied‘to MDM diodes. The thin £ilm
diode fabrication was done in collaboration with
F.J. Bachner and D.L. Smythe of thé Microelectronics

Group 87 of the M.I.T. Lincoln Laboratqriés.

3. Fabrication

The objective of the thin film structure of Fig.6
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- The Peacock Axray

The first attémpt at printing thin film diodes on a
sapphire substrate produced a working device. Shown here in
the "peacock array"” are 49 diodes. Each diode is connected
to the large common contact pad at the bottom and to one of
the smaller contact pads at the top. Extending upward from
the large contact pad are 49 2.5p wide conductors not visible
at this scale. Details of the diode junctions are shown

schematically in PFPigs. 7 and 8.
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< 250u™™ contact pad

g S I 1

contact pad

Figure 7.
The Peacock Array.

A schematic representation, not to scale, shows the
construction details of the peacock array. The large
. rectaﬁéular contact péd and 49 vertical strips of 2.5p width
are deposited on a sapphire substrate and allowed to oxidize.
The remaining 49 sqguare contact pads and 25y strips are then
overlaid to form Metal-Dielectric-Metal juhctions. Each

junction may be biased and tested separately.
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‘is to approximate the small area mechanically contacted

MDM diode. The structure is made in a ‘two step proceés{
First the large.recténgular pad and its assoéiated 2.5u -
vertical strips are fo£med on a sapphire substrate.

The desired paftern is formed by coating the
sapphire substrate with a light-sensitive resist. The
resist is exposed to blue light through a mask of the desired
pattern. Unwanted areas of the resist are remoéed by
chemical means. Then metal is vacuum evaporated onto the
etched resist. Unwanted metal-is removed by chemically
removing the rémaining underlying resist. The metal £ilms
are typically 1,000 A thick. '

After ﬁorming the large pad, the entire siructure is
cleaned by'aﬁ electric discharge in low pressure helium
and:oxygen gas, exposed to air, and allowed to naturally
oxidize. The gas discharge treatmePt is a common cleaning
techﬁique in thin film operations. .It was first done ‘in.
MDM diode fabricatioﬂ accidentally but was found to ‘
produce, on the average, more successful diodes.

The second step in diode fabrication is to';epéaﬁ'
the above process with a second mask. In that manner, a
second pattern of metal may be overlaidl Metal-Dielectric--
Metal junctions are formed at regions of overlap of the
two patterns. - ‘
e The  mask patterns are computer generated and photo-

graphically reduced. The second mask is manually registered
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with respect to the fixst pattern by a technician using a
microscopel . '

Figure 8 shows a magnified view of the overlap
regions of the array of Fig.6. The MDM diodes are’
formed where the 25y strips overlap the previously
oxidized 2.5u strips.

It can be seen that some diodes have relatively
large overlaps, some Jjust touch, and somé have no overlap
at all. Diodes which do not touch show a DC opén circuit
and are not usable. On any particular substrate, there
may be many diodes which have DC continuity but show no
observable rectification (less than 1 uV for 50 mW/mmz.
incident laser intensity at .8 THz). That failure mode
may be aue'to diodes of large overlap area where ghunt
capacitance reduces the frequency responsé. ‘Doubtless
there are other mechanisms, such as pinholes in the oxide
layers, which could alsoc produce shorted diodes.

A given substrate may have as high as 80% of its
diodes working or as low as zero. The .lack of reproduc-
ibility form one substrate to the next may-be due in part
to the manual registration of the two patterns. In an
effort to ccmpensate for manual alignment irregularities,
the peacock array employs periodically staggered lengths
in the 2.5y strips. The staggering accounts for the open
diodes of Fig. 8. The periodic structure was readily -
apparent in the success of the individual diodes on a single

substrate., Indeed, some diodes had too much overlap, some
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25U

‘\\\\\\\ /////i: 2.5

Figure 8.

A magnified view of the diode regions of the
peacock array of Fig. 6. Diodes which do not touch
exhibit DC open circuits and are not useable. If‘the
overlap area is too large, shunt capacitance reduées the
frequency response. The total view shown above is
approximately the same size as the period at the end

of this sentence.
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were open circuits, and some were just right.

4. Materials

In an attempt to duplicate as closely as possible
the mechanically contactéd diode, the first thin film
diode was made from Ni, NiO, and Ni. - Conveniently, two
of the eaéiest metals to vacuum evaporate are Ni and Cr.
By a grea£ stroke of luck, the first attempt pgoduced'a
diode capable of rectifying the .9 THz HCN laser..

Figure 9 shows a schematic representation of the
experiment. To avoid rectification where the cpntacting
wires of the micromanipuiato;s touch the tﬁin film contact
pads, it is necessary to keep the laser focal spot small
and away from the wires.

' Since that fi;st attempt, two other metals and their
oxides have been tried: Cr and Cu., The ‘only successful
oxide to date has been NiO. Cu was difficult to fapricate.
Its oxidé never produced a working diode. -However, Cu on
NiO produced 6 weakly rectifying junctions én a single
substrate. The Cu contact was always .positive. The.junctions
also showed much noise with bias.

The oxide of Cr appears to be too thick. Its diodes
show a comparétively high DC resistance }10M§9) compared
to NiO diodes (10-100 Q) AND IN NO CASE was laser rectifi-

cation observed. However, Cx on top of NiO works well.
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Figure 9.

Rectification of the .9 THz (337u) HCN laser was observed
in the first thin film diode ever fabricated. 30 mW of power
focused to a 1 mm diameter spot produceé 5 uwV of rectified DC.
Junctions have now been fabricated with 100 times higher
sensitivity. The relative size of the thin film substrate is
héfe gfeatly-exgggerated, A 50x stereoscopic microscope is

used to position the contact wires of the micromanipulators.
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In an attempt to reduce heating effects in the

substrate from a CO2 laser at 28 THz(10.6u), the peacock
array was alsc fabricated on a silicon substrate. T*o
attemnpts were made and produced no working diodes. In the
first attempt, the diodes were fabricated directly on a
bare silicon substrate. BAll of the junctions exhibited DC
short circuitg due to the finite electrical conductivity
of the silicon substrate. B2 subseguent attempt on an.
oxidized silicon substrate removed that problem but still

produced to operating Jjunctions.

5. Lifting the Symmetry

Unlike the mgchanically contacted MDM diode, the
thin film version possesses a high degree of spatial
symmetry. Instéad of a pointed wire touching a flat
surfaée,the thin film diode is much more nearly a sandwich
of an insulator between two flat and identical metal sur-
faces. If the same metal, say Ni, is used for both the
upper and lower conductors, there  is no particular reason
why the device should rec?ify. Why -should a perfectly
symmetric device have positive charges building up On
one side and negative charges on the other in response to
a symmetric sinusoidal excitation? A symmetric diode satis-

fies the currxent-voltage condition:

J(-V) = =J(V) (3) .
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It follows directly that all even order derivatives,
8nJ/BVn = 0 at V = 0 for even n.

Sanchez has‘shown10

that the symmetry can be upset
by making junctions of dissimilar metals with differing
work functions. A semiconductor P-N diode may be- thought
of as the extreme case where the dissimilar metals have
charge carriers of opposite sign. '

The.symmetry can also be upset by application of
a DC-bias current to the diodé. A DC bias may be used to
study in detail the various derivatives, anJ/BVn , of
the diode. Details of the J-V function are discussed in
Chapter 4.

Both symmetric and dissimilar metal junctions have
been fabricated in the peacock array of Fig. 6. As expected,
dioées formed of Cr-NiO~-Ni show consistently larger
rectified voltages than Ni-NiO-Ni diodes. Furthermore, the
Ni side is always positive in the dissimilar metal
configuration. With the simmilar metal junctions, the
rectified voltage polarity appears to be random even for
diodes which were formed simultaneously on the same substrate.

when used as rectifiers at .9 THz, the detectivity
of the thin f£ilm diodes varies statistically from one
junction to the next. It is possible to state, however,
that of the several hundred working diodes tested, the use

of discsimilar metal Cr-NiO-Ni diodes increases the

detectivity by 2 to 5 times over the .symmetric devices.
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The application of DC bias currents can increase the
detected signal'by over 2 orders of magmitude. Figure 10
shows the effect of reversing the DC bias currxent., As
expected, the polarity of the detected signal reverses.

‘It'ig important .to note that a larger detected
signal does not necessarily mean a more sensitive detector.
The application of a bias current always produces shot noilse.
As the bias current is turned higher, both detected
signal and noise increase. Eventually at high bias the
noise increases faster than the signal and masks it.

At zero bias, the principle noise souxrce appears to
be thermal or Johnson noise. When using amplifiers of
less than perfect noise figure, diode bias may significantly
improve the overall system signal to noise ratio. It was
found that some diode units performed much better under
bias than others. ‘As a general ru%e in diodes exhibiting
a low resistance klO-lOO @ ), the detected signal could be
increased more than two orders of magnitude before being
overtaken by noise. Relatively high impedance diodes
(1000 Q) generally exhibited- larger zero bias signals but-
did not improve with bias. In the best cases with bias,
a thin film diode could approach the volts/watt sensitivity

of .) observed with the mechanically gonﬁacted versions.
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Figure 10.

The application 6f£f a DC biaé current can increase
the detected laser signal by more than two orders of
magintude. Here a pulsed .9 THz (337n) HCN laser is’
detected with a biased thin film diode similar to
Fig. 7. The upper trace éhoﬁs the detected sigﬁal undex
positive bias of approximately 1 mA and the. lower trace
-under negative bias. The laser is pulsed by changing its

resonator cavity length to periodically tune through the

HCN molecular resonances.
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6. The Series Array

Mechanical and electrical stability was demonstrated
in the beacock'array. Physical handling of the substrate
and bias currents to several mA did not generally dahage
the thin film-devices. Furthermore, temporal stability
has been established on a time scale of at least six months. -
No special storage precautions were used. The substrates
were stored in plaétic-boxes at room temperature and
occasionally rinsed wiﬁh ethanol to remove dust.

To make use of the thin film MDM diode as a fast,
'roém temperature detector of infrared radiation, a series
array was fabricated. It is an attémpt to make a 1aﬁge
area, nonresonant and therefore béoadband array of diodes.
For -optimum sensitivity, dissimilar metal junctions were
" used, which presents an interesting problem.

If an alternating series of Ni and Cr filmsA;;;
deposited to form an array of Cr-NiOLNi'junctions, it
can be seen in Fig.lla that the diode polarities along the
string will alternate. Detected voltages will cancel
instead of add.

The junctions muét be fabricated in the two step
-process with NiO forming the dielectric in all cases. The
solution shown in Fig.1llb is to first deposit thé Ni and
then deposit the Cr making every other junction a large

area non-rectifying junction.
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Figure 11,

The series array.
An alternating series of dissimilar ﬁetal junctions (a) will
produce aiodes of alternating polarxity and detected signals
will not add. . In (b) every other junction is made a large

area non-rectifying contact. ~In (¢} are 100 diodes in series.
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. Figure llc is a photogréph of a series string of
100 rectifying Jjunctions alternating with non~rectifyipg
junctionsi DC contact pads are provided to test the
voltage contributions from individual junctiogs in the
two outer strings and from the entire length of the
inner strings. '

Note the 1.5 mm scale factor. To the unaiéed eye,
the series array is a fuzzy rectangular spot on the sapphire
substrate. The computer generated patterns may be readily
stepped and repeated across the substrate. A substrate
2 cm x 2 em typically held 9 series arrays of 100 diodes
each. |

As expected, the detectéd voltages add nicely. It
was possible to add algebraically the voltage contributions
from as many as 30 diodes in a row before encountering an
open circuit junction.

The series array responds to DC bias in a manner
similar -to the peacock array. In a statistical manner,
some junctions have more noise than others under bias.

Thé net resul£ is that the noise due to a string of diodes
is always greater than the noise due to the worst diode

in the st;ing, which is not a very promising condition for
biased detectors. Had bias noise been no major problem,
the series string could be made from similar metal

junctions. The bias polarity across each junctioﬁ will
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assure that.the detected signals add algebraically.

7. Freqgquency Mixing with Thin Film Antenna Structures

Hafmonic frequency synthesis is not possible in
either the peacock or ‘series arrays. The.restriction
follows from.the geometry of the arrays. FEach of the
above designs places many diodes into an aréa small
compared to the wavelength of microwave radiation. No
single diode element coﬁld be coupled étrongly to micro-
wave radiation. Mixing b?tween microwave and laserx
freguencies was attempted but never obse£ved..

Frequency synthesis at laser frequencies can be useé
to demonstrate the high speed properties of‘the dio&eéu
However, a number of slower mechanisms including thermal
effects could explain the relatively straigh£forward
detector experiments described above. The antenna arrays
described below were developed to demonstrate the faster
electron tunneling process.

Figure 12 shows the first thin filﬁ MDM diode to be
integrated with an anteﬂna system. As always, the struct-
ure is fabricated in a two step process. In this instance,
.thefright half of the diode and-antenna system was
deposited and allowed to oxidize. Next, the left half
was deposited with a small area overxlap at the center of

the smaller dipole to form the tunneling junction. The
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Figuxe 12

In order to more effectively -couple microwave and laser
power to the diode, thin film antennas are integrated with
the MDM diode. In this structure, laser frequency mixing

was first observed in the thin £ilm MDM diode. - 3ASs
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DC contact pads are well -removed from the diode to prevent
microwave pickup and rectifiéation.in the micromanipulator
contacting wires.

In the figure, the 2 mm cross piece approximates a
half wave dipole for 4 mm(75 GHz) klystror radiation. The
magnified view at the right shows the. half wave dipole for
the laser frequency of .9 THz(337u). The small dipole's
length is somewhat shorter than a free space half wavelength
in orxder to compensate for effects due to dielectric loading
and finite conductor widths. Alsc shown in the magnified
view is the parallel strip transmission  line which connects
_the diode, antennas, and DC contact pads.

Laser freguency mixing in this structure was success-
fully demonstrated in an experiment similar to that of Fig.S.
The laser output waé focused on the substrate as before,
Microwave power was coupled to the dgvice from the open
end .of a V~band (70 GHz} waveguiée located under the sapphire
substrate directly beneath the 2 mm dipole.

The spacing between the 2mm dipole and the 157u dipole
was choseﬂ to produce a coherent interferernte structure in
the far fiéld radiation pattern at .9 THz. -Figure 13 shows
‘the measured laser response at 337p and 31iu as a function
of the angle of the incident radiation.

‘The radiation pattern was obtained by.rotating the

antenna structure of Fig.l2 about the axis of the 2 mm
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Figure 13

The far field radiation. pattern of the antenna structure
of Fiy. 12 was des;gned to be strongly wavelength dependent
in the region of 1 TszBOOu). Here the pattern is measured
for the two étrong HCN laser lines at 311 ¥ and 337 p. 90°
corresponds to laser radiation incident"broadside to the
array while 0° and 180° are the endfire responses. With the
large dipole antenna at the origin, the trénsmission line and

DC contact pads are in the direction of §° .
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dipole. Note that the pattern is highly wavelength sensi-

tive. At 337y there axe two well defined lobes and a sharp

broadside null. At 311lp only one strong maximum was observed.

The same radiation pattern was measured in several diodes

of differing sensitivities but with similar antenna struct-

ures.

The structure of Big.l2 may be repeated periodically.

A 2 com x 2 cm substrate held typically 20 diodes and éntenna.

structures. O0f approximately 150 diodes fabricated to date,

about 10% have shown the characteristics of high speed
mixing.

The first verification of high speed-performance was
a third order mixing experiment 5etween the .890 THz(337yu)
and'.Béé THz (311lu) HCN laser transitions and a 74 GHz
microwave source. The laser frequencies are well known
from Table 1. After appropriately adjusting the micxro-
wave frequency, a relatively strong (10 uV) zero beat
signal could be detected across the DC contact pads of the
device in Fig.12.in the best case found.. See Fig.l4. - The
observed beat signal amplitude is a factor of 5 below the
performance of a mechanically contacted MDM diode under
similar circumstances.

In mechanical diode mixing, the microwave power is
always adjusted for a maximum beat signal. Usually that

D)

occurs somewhat below diode burn out. Increasing the
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‘A third orderrmixing experiment at .9 THz produced
this zexo beat signal across the DC contact pads.of the‘
device in Fig. 1ll. The vertical scale represents -

10 pwv/division . The experiment demonstrated that the
thin film diode has a frequency response at least as high
as the difference frequency between the two HCN laser
transitions at .890 THz(337u) and .964 THz(31lp) ;

i.eo 74 GHZ .’

ORIGINAL PAGR Ig -

' OF POOR QUALITY



57

power further results in less beat signal, probably because

of a rectified self biasing effect in the diode.

For the thin film structure of Fig.12, an optimum
level of microwave local oscillator could not be reached.
The beat signal was still improving when maximum 74 GHz
power was applied.

In an attempt to further improve microwave coupling,
the antéﬁna structure of Fig. 12 was modified. The 2mm
dipole is, at its narrowest point, onl& 2.5y wide. Cal-
culations of the resistivity of Ni and Cr thin films
indicate that the ohmic resistance from one end of the 2mm
dipole to the other shoﬁld fall in the range of 100 Q.

The tunneling junction appears td have a resistance of
about 10 9. Therefore, the microwave coupling could be
reduced by one order.of magnitude due to a simple ohmic
voltage devider. .

Figure 15 is an antenna design intended to reduce
the ohmic losses for microwave coupling. This newer thin
film design has-been available only recently, but prelim~
inary results indicaté improved microwave coupling
approximately as expected, one order of magnitude.

The radiation pattern for the antenna of Fig.l5 is
quite different from the pattern of Fig.l3. At 337, the

newer pattern shows 3 broad overlapping lobes. At 311y

the pattern shows two principle lobes with no sharp nulls.
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Figure 15

In long thin antennas, the ohmic resistivity of thin

metal films may be important. Here the microvave dipole was

made wider than that of Fig. 11 to reduce ohmic losses.
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In an attempt to push the demoﬂstrated frequency
response higher, a 13th order mixing experiment was attempted.
The 12th harmonic of a klystron was mixed directly with
the .890 THz laser radiation and a seaxch was made for a
zero beat.

The search was successful, demonstrating that alter-
nating currents were flowing in the diode at .890 THz.
However, the beat signal was very weak and detectable only
with a lock~in amplifier and 30 second‘in£egratiqn time.

The disappointingly weak performance of the 13th
order mixing is most 1ikei§ due to one of two possibilities.
The diode may simply have a cutoff frequency near or below
1 THz , ox the high order nonlinear texrms in the diode's
current-voltage function may not be as large for the nearly _
symmetric thin £ilm junction és fér the mechanically
contacted junction. The following investigations indicate

that the second possibility is, in fact, the case.

8. Rectification with DC Bias

The experimenial evidence of high speed mixing
indicates that the tﬁin film diode responds to frequencies
to at least the order of 1 THz. The detected DC signals
may then be reasonably expected to.arise from the pheno-
menon of high speed rectification. A detailed theoretical
treatment of high speed rectification, as discussed in

Chapter 4, substantially confirms the gross features observed
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below.

A stuéy was undertaken to determine whether the-
rectified response as a function of DC bias has a freguency
.dependence. The response versus bias was initially
-measured at 10 GHz and .9 THz. Although the magnitudes of
the responses may differ according to 'the relative microwave
.and laser powers, the shape of the two curves thus obtained
is identical. The curve was also measured at 28 THz (10.6u)
and spot checked at frequencies below 10 GHz down to 10 MHz.
Figure 16 shows the normalized cuxrves obtained at 10 GHz,

«% THz, and 28 TH=z.

In addition to the fast "rectified" response at 28 THz,
there was also a large thermal response evidént. The antenna
coupling efficiency and, perhaps, the diode rectification
efficiency at that freguency are quite low. Consequently,

a rather high laser power density was, required to measure the
curve. Approximately one watt was focused to a 100u diameter
spot and produced substantial local heating. Under similar
conditions, the tungsten wire of a mechanically contacted
diode would be heated to visible incandescence. The sapphire
substrate of the thin films, however, acts én an efficient
heat sink. No damage was noticed from the laser heating.

The thermal reéponse can be separated from the fast
response in one of two ways. The laser radiation may be

pulsed or chopped periodically.- Presumably, any response
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(a} The rectified response as a function of bias current
is nearly independent of freguency as.shown by measurements at
10 GHz (x-band}, .9 THz (337u) , and 28 THz (10.6n). THe
effiqiency of coupling radiation to the MDM diode differs
greatly across the frequency range. The incident powers were
adjusted to normalize the three curves to the same maximum
response. A étraight line thermal response in the 28 THz data
has also been subtracted. (b) shows, on a reduced scale, that
the rectification is antisymmetric with bias reversal. Scatter
in the data is not apparent at this scale. Bias currents

higher than those shown here can damage the diode. Jld<
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left immediately aftexr the laser turns off is due’ to thermal
effects. Alternately, the laser .radiation may be -focused -to
a spot near the MDM diode but far enough away to simply heat
the substrate without exciﬁing alternating currents-in the
diode.

Both methods for déetermining the thermal response
agiee. The thermal response is a linear function of DC
bias. When the linear effect is subtracted from -the 28 THz
data, the agreement with lower frequency data is excellent,

as shown in Fig.lé..

9. Low PFrequency Thermal Effects

The bias curve of Fig.l6 remains unchanged fxrom 28 THz
to 1 GHz across more than 4 decades of freguency. Below 1 GHz,‘
ﬁowever,.a seconé thermal effect becomes important.

As in the case of the peacéck array at microwave freg-
uencigs¥ the antenna array -of Fig.l2 is much smaller than
‘the characteristic wavelengths of radio fregquencies. _The
devicg will not couple efficiently to long wavelength.
radiation. Instead at radio frequencies, alternating currents
must be introduced through the DC contact pads.

A strong DC current flowing through the long thin
film transmission line from the contact pads to the tunneling
juhction ﬁigﬁt.be expected tp-heaﬁrthé metgl‘film and raise

its resistance. The resistance may not be constant even at
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low frequencies due to resistance heating. If the temperature
of the thin metal film can change appreciably during the time
for one cycle of an alternating current, an additional non-
-linearity in the current-~voltage function will be introduced‘
and a modification of the rectification curve of Fig.1l6 would
be expected.

The time required for a thin metal film to thermally
-equilibrate with the sapphire substrate may be readily esti-
mated. Consider a short section of the thin film trapsmission
line as shown in Fig.l7.

The amount of heat 4Q which can flow in time dt
through the thickness d across the area A is proportional

to the temperature difference AT.

dQ/dt = -K'A+*AT/d4 (4)
where K is thé heat conductivity
of the me%alh
The change in heat content in the metal is related to
the change in temperature, the specific heat o, the

density p, and the volume A-+d .
dQ = o*p*QrA*AT (5)

Eliminating A+AT :
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Figure 17

A section of thin film transmission line is
in thermal contact with the sapphirg substrate. . If
the metal is. suddenly heated by an electric current,
a new thermal equilibrium must be established. For a
1000 ﬁ Nickel f£ilm, the time to establish eguilibrium

is of the order of 10 ° second.
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Chaptexr 4

The Theory of Electron Tunneling

1., Barrier Penetration

The process of electron tunneling through potential
barriers has been discussed since the foundation of
guantum mechanics. The theory of DC tunneling applied to
Metal—Insulafor—Metal sandwich structures comprises a very
extensive literature24 which can scarcely be touched in'the,
present discussion.

ywhe development of such a proliferating l?terature
is due to the richness of £he guantum theory in its
applicability to a host of solid state processes and also
due to extreme experimental difficulties in isolating
competing effects at a scale of atomic dimensions. Currently,
no model has been propesed which can predict both the mag-
nitude and shape of the current-voltage (I-V) tunneling
characteristics without resort to adjustable parameters
which are experimentally determined from the I-V curves,
themselves.25 The fundémental ideas of electron tunneling,
héwever, are able to qualitatively explain the gross features
of DC tunneling and, as will be shown below, of high freqg-
uency AC tunneling as well. The intent-of this chapter is
to explain, at least qualitativeiy, the data of Fig.l6 .

The problem of interest is to calculate a tunneling
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current as a function of applied voltage. Of particular
concern here are the nonlinearities of the process which
are postulated to be responsible for the high speed perform-
ance of the MDM diode. It will be seen that high speed
‘mixing and rectification are particularly sensitive probes
of the individual nonlinear coefficients as expressed by

Eg. {(2) of Chapter 1.

2. Interpretation of the Experiment

Figure 18 illustrates the experimental simplicity

of measuring bias dependent rectification. IﬁqRS‘is
chﬁsen large compared to Rd’ then even large percentage
changes in Rg will produce only slight changes in I.
R, >> Ry is the criterion for a constant current source.
Typical vaiues are Rd = 10 @, RS = 10 k@, v = 20:wolts,
and I = 2 mA.

‘ In the presence of a DC bias, some MDM diodes produce
a positive response to laser or microwave radiation while
other diodes produce a negative response. lThe response
polarity depends upon the algebraic sign of the second deri-
vative of the I-V curve. Electron tunneling-can be shown
to account for either sign by a suitable adjustment of the
physical parameters of the potential barrier. Additionally,
the detailed shape of the rectification curve with bias, Fig.

16. can yield further qualitative insights on the tunneling -
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Figure 18

Bias dependent rectification in a thin film diode
may be observed by the simple apparatus illustrated here.
R3 represents the resistance due to tunneling electrons
in the MDM diode. The adjustable series reéistance R
and the voltage soufée'vs establish a bias curxent I
which is defined éositive in the direction shown. For
positive bias current, the laser signal is positive in

some diodes and negative in others. .
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ﬁechanisms, such as avalanche and saturation effects;

Figuré 19 illustrates gualitatively the effect of a
nonlinear I~V curve on a sinuscidal modulating vdltage.
.For a pésitive second derivative, an upwara curvature,

* the current through the diode will exhibif an average
increase when a symmetric voltage modulation is applied.
.An increase of current is the condition for a positive
second derivative.

Pigure 20 illustrates, in a highly'simplified model,
that a negative second derivative I-V curve, 32%I/3Vv? <0, will
produce a positive laser signal. A gquantitative treatment
of biased rectification cén be attempted by conéidering the
more elaborate equivalent circuit of Fig.2l.

An MDM diode I-V curve may be constructed from a
piecéwise linear approximation of ideal diodes in a .xesistor
network. For simplicity, Fig.21 showsg a network of. only two
resistors and one ideal diode; but it will be assumed that
the network labeled "MDM diode" instantaneously obeys the
power series. expansion of Chapter 1: '

2

Ve 4+ ... F anvn ' (2)

I = alV + a2

The thin film lead resistance, R,y wWas found in
Chapter 3 to be a function of the temperature and, therefore,

of the average current T. The current dependence of Rl

J32<
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Figure 19

*

Rectificatidn is primarily determined by the second
derivative of I with respect to V. Here 32I/3VZ > 0
for I > 0 ; the right half of the curve has é positive
curvature upwards. For'é symmetric (sinusoidal) voltage
modulatiég about an equilibrium voltage, the average

current increases over the case of no modulation.
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Figure 20

The voltage polarity of £he experiment of Fig. 18
may be understood by replacing the MDM diode by an ideal
"diode and shunt resistor R. Alternating voltages
induced in the antenna are represented by an AC voltage
source Vantenna coupléd through a capacitor C and the
series antenna impedance Z. for half of the AC cycle
the diode is forwafd biased and shows cpmparatively li?tle
Qoltage drop. The forward bias éurrent is limited by Z.
For the other half cycle, the diode is back biased with
the voltage polarity shown. The oscilloscope measures the
average‘§oltage across the diode, in this case a pésitive
- signal.

” For ‘the diode orientation shown above, the I~V
curve measured from the oscilloscope will show a strongly
negative secqnd derivative. Thus, a negative second

derivative produces a positive laser signal and, conversely,

a positive second derivative produces a negative signal.

‘R34 <
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_ Figure 21

‘An equivalent circuit for the experiment of Fig. I8
approximates the MbM diode in a piecewise linear fashion
by a network of resistors and ideal diodss. Inductance
Ll and capacitaﬁce Cl are -due to the thin film
connecting leads which form a transmission line low pass
filter. Alternating currents in the antenna are thus
effectively decoupled from the DC gias source. Rl,.the
thin film lead resistance, depends upon the magnitude of
T. The oscilloscope measures DC voltages only and is
assumed to have negligible effect on the circuit; T , the

average current, is measured by meter M.
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prevents a direct determination of the I-V curve of the MDM
diode from a source of external DC bias. However, the antenna
currents are decoupled from Ry by the low pass f?lter Ly and
Cl'. High frequency antenna currents can serve as a direct
probe of the diode I-V curve.

The voltage measured by the oscilloscope is given

simply by:
v =v_-RT (6).

The problem of interest is to relate quantitativelj the
magnitude of the observed biased rectification signals to the
coefficients of the power series expansion, Eqg(2). Turning
on the antenna voltage must be related to a change in I. To
estimate the rectified voltage developed across the MDM
junction, consider first the case of zerc bias rectification.

Figure 22 defines the voltages and current directions.

3. Zero Bias Rectification

From Kirchhoff's voltage law,
vV + v, + V, =V cosut - (7)

V =3i%  ohm's law - (8)

3AA6<
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Figure 22

For zero bias rectification, ‘the voltages and

current direction are defined above.
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i=2cC BVC/Bt capacitor law {2)

i=a,v+ayvs+ ... diode law (10).

Solve (l0) for V ignoring terms above a5t

— 2 L 1/2
vV = al * (al + 4 azl)
2 a2
Expand the (...)1/2 for a2i < ay
IR - a a,i < " 2.2
VvV = 1 £ 71 2 (1./2) (-1/2Y16 aji
{1+ 4 + 2
2a, 24, 2 a® 2 at
1 1
+ ...]
g
- a ‘ C 2 2,2, 4
vV = al/2a2 + 1 (1 + 2 a23./al 2 azn.‘/al ) (11)
2 a,
For I = 0, V = 0. Therefore the (+) sign is correct:
. .2, 3
Vv = ;}./al - 521 /ay. . (12)
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Assuming a large capacitor C such that
7zC >> 1l/w

there will be no AC voltage drop across the capacitor.
Equation (12) may be solved approximately by using
an iteration method. Solve first for ig with the non-

linearity a, = 0.

For a, = 0 , a completely linear system, we may

write by inspection
iy= V/R

= Vécoswt / (l/a1 + Z) (13{

Equation (13) may now be substituted into Eqg(12)
to obtain the instantaneous dicde voltage to lowest order

in the nonlinearity.

3:39<
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vV = Vacoswt/(l + alz)

2 2
_ ig Vacos wt (15)
3 2
ajl (1/al + Z)
The time average diode voltage:
2
T=-123Va ©{16)
2 .3 2
. aj (l/al + Z)

which is the rectified volt&ge. Note that.for a positive
second derivative I-V curve, a2_> 0, the rectified voltage
is negative.

4. Biased Rectification

Consider now the complete eguivalent circuit of Fig. 21.

For rectification in the presence of a DC bias current, the
diode law may still be written as a function of the total
instantaneous diode voltage. I = I(V) . The antenna voltage
represents a small deviation from the bias point and the
change in T ﬁay be written as a Taylor series expansion

about Io .
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T=TW) « Jl‘(vo) (V-Vo ) + . 91 TUw) (\M&) £ (A7)
ov>

I-I‘. = JI‘LM (,V Ve ) + _L c) IU’&J (V—Vo) b
JV - JV

Define: q.lve) = oJ L ¥g)
. -:rgﬂ
2
(V. = EN TU%)
d; 03 2 ava

then, 2
IF.T, = (Vo) (V=) +@slved {V-Vo + -

Change variables -

let T = T-T
Y ORIGINAL PAGE IS
v o= : OF POOR QUALITY

then,

’ 2
A I 7 v o Galved Ve
T = ., ve) bR (19)

which is of the same form as (10).

The low pass filter L; and C, effectively isolates the
high frequency currents from the DC supply. The antenpa
coupling capacitance c, similarly isolates the DC bias‘current
from the antenna circuit. The instantaneous diode voltage

may then be written as an algebraic sum of the DC bias voltage

343 <
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and the 'voltages of the antenna circuit.

= -~ Vy ~Ve ¢ Vo topwt +Vo (20}

where Vo'is the voltage due to the bias current, I..

Rewriting (20):

V-V, = --\,‘; -,'--\/c. % \'{I- W_W't

4

A Vg Vo= Vo powt _ (21)

which is identical in form to (17).
The calculation then proceeds identically to the zero
bias case and the answer may be written directly. The

instantaneous diode voltage:

<
V‘:-'-‘ V&- mwt[._..l__.—] - Qz VQ.q J'*Lut'
’ 114, a3 (.J.. \
: q, v 7

and the time average voltage

—

I a, (Vo) \V , . ¥V -~V

Foaanyt (G rnY

(22)

where now the coefficients , an,“arg_functions of the bias
voltage and are given in terms of derivatives of the I-V
curve by‘Eqs.(lB)Q

The oscilloscope voltage, V of Fig.2l, differs from

oS
V by a factor depending on the source and lead resistances,

RS and Rl .
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— - T t
vqs = VS RsI from Qhm's law.
I = V-V
Rs+R,

Substituting V from Eq. (22),

y Vo
J- [+ t(o [
Ve =Vo & % it (48

Ll
of

Re+ R,

N "%
eV
Lo » (RgRD a?(-ﬁ-ﬁi‘:)z

T

Y

and

e, Vo
= Vi = Rs In 'tjii_ﬂ R e R A
Vo= Vim BT =B s

{23).

For a positive second derivative , a, 0, the rectified

response observed at the oscilloscope will be negative going

with incident laser power at the antenna.

Phe intent of the tunneling calculations in the follow-

ing sections is to relate the coefficients of the I-V power

series expansion, Egs. (18), to physical properties of the MDM

diode. A comparison will then be made between the oscillo-

scope voltages calculated in Eq{23) above and the voltages

measured by the data of Fig.l6é .
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5. The Rectangular Barrier of Constant Height

The simplest case of electron tumneling which exhibits
most of the large quantum effects is the case of tunneling
through a rectangular barrier. The problem is treated in
manf quantum mechanics texts,26’27 but a brief review will
illustrate some general limitations.

The calculation raises two fundamental problems:

(a) a determinétion ‘of the barrier penetration probability .
for a single electron, and (b) a model for the distribution
of electron energies. It will be seen that both problems
have a strong influence on the nature of the I~V curve and'
particularly on its second derivative.

The second derivative of the I~V curve is of particular
interest. It is the term responsible for video detection
and it is the term which was measured by the data of Fig.l6.
Higher derivatives may, of course, be measured by highex
order mixing experiments. Each higher order term becomes
more sensitive to changes in the tunneling mechanism.

To calculate the barrier penetration probability,
consider the one dimensional barrier of Fig.23. The asymmetry
of the potential step, eV, is caused by an external bias
voltage V; For the present case, the top of the barrier
is assumed to remain flat and at constant height. Thié
“assumption is clearly nonphysical, but- it will lead to an
interesting physical insight. The zerxo of energy is taken

arbitrarily at the bottom of the Fermi sea of the left metal.

J344<
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region 1 region 2 region 3

A

CERPAIS 77 7] T
I
¢ = 8 , eV bias potential
E B, = 7 eV| T
{Fermi sea)

Figure 23

The one dimensional rectangular barrier.
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The transmission coefficient, T, for an electron of
energy E incident upon the barrier is obtained from a straight-
forward calculation analagous to the treatment of Eisberg.26

From Schrbdinger‘s equation, elec£ron wave functions
may be calculated for the'three regions of Fig.23. The
transmission coefficient T is given by the square of the
ratio of the transmitted and incident wave function ampli-

tudes weighted by the transmitted and incident particle

velocities.

Al

The detailed calculations are given in Appendix I.1l and only

the results will be presented here.

4
T= 4 Y A
2+ 23 A [zf‘._: A , B R =3JM‘7~%“ (24)
=y +p’fs N R, +?;3 +£.éz; X

) "’ 7
where 4,7 (mBY? Ay = L2l f,'zs:zzw(;,m} :
R % -

Note that T is invaxiant upon interchange of kl and k3. The
transmission coefficient for an electron of total energy E

is the same when approaching from the right as from the. left.
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Considering the electrons as a degenerate Fermi gas,
their distribution in the Fermi sea as a function of incident

energy E = pi/zm is given in the left metal by:

AE-E:)/4
F(E} Lot e 4 e]

{from I.9)

and in the right metal by:

ey s [1ee E*w‘e’]

where an integration over all y and z components of momenta
has been performgd in Appendix I.2.

The total tunneling current density is given‘pyithe‘
properly normalized integral ovexr energy: °

ORIGINAL PAGE I8
OF POOR QUALITY

D‘-—Mﬁijcié T~ FT) - (25)
: (f;om I.lO)‘

j‘ Lo tE - £/ ke - (26)
4E A -(E-ml 54)/!19

The constant coefficient of Eq(26) is readily evaluated:
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For m= 9.109 x 10“28 gm

ko = 1/40 electron volt

e = 1.6023 x 10 *9

" h o= 6.626 x 1027 erg-sec

Coulomb

4ﬂmk8e/h3 = 4,047 amp/pz—ev

Let the suéply function F be defined:

" ~(E-E) ke
- =4 ._ {27
F-JLA[}{- - (E*_QU,E;)/&B‘ (27)
then
o .
T= 4047 jdE F.T (amp/n?) (28)
) )

In general, the integral of Eg(28) cannot be solved
in closed form, depending of course on the exact fbfm of T.
From_Fig.24{ graphs of the funétions P, T, and F+T are
seen to be smoothly varying:and lend themselves well to
numerical integration. Note that both F and T depend upon
the bias voltagé V. Integration is with respect to the
electroﬁ energy E.

The integrals, which are here numerically evaluated,

were computed with the use of Simpson's Rule as described
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(a) \
. 7

F(E,V)

{dimensionless units)

f
(electron

0 »
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{b) Ea?,gnw“”’f#ﬁ
E

-
-l

(c)

6 7 8 (eV)
Fermi.

Energy
Figure 24

The electron supply function, F, shown in (a) goes
rapidly to zero above the Fermi energy. The transmission
coefficient, T, drops approximately exponentially at low
energies. Their product (c) is a smoothly varying function
ﬁhich contributes significantly to the integrand of Eg(25)
over an energy range of less than 2 eV arcund the Fermi
energy for this rectanéular barrier. Here k& = 1/40 eV,

o
the bias V = .2 volt, and the barrier thickness is 15 A.
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in Appendix I.3. While computing an integral, it is con-
venient (when using a computer) to plot the integrand
values as they are evaluated in addition to plotting the
area under the integrand, which is the integral itself.

Figure 25 shows the numerical evaluation of_Eq.(ZG)
the tunneling current as a function of bias voltage. Also
shown are the integrand curves as they appear for several
values of the Eias voltage. The computer program is fognd
in Appendix I.4. The range of integration was taken from
5 to-7.4 electron volts as the integrand did not contribute
appreciably beyond those limits in this instance. Note
that the J-V curve has a downward curvature or negative
second derivative. Thé first and second derivative curves
as evaluated by numerical integration are similarly graphed
in FPig.26.

In th; present case, an increasing biés voltage
results in a less than linearly increasing current. It can
be seen from the integrand curves at the lower right of
‘ Fié.25 that the increase in current is contrxibuted predomi-
nately by electrons which lie ever deeper in the Fermi sea.
It can also be c¢learly seen-that the range of integration
was sufficient to include all appreciable‘contributions from
the integrand.

of fur£her intgrest is the relative magnitude of thée
electron current tunneling to the left “up hill" against

the bias voltage. Eguation (25) can be readily separated

359$
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Figure 25

The tunneling current versus bias voltage for the
asymmetric rectangnlar barrier of constant height, Fig:23
shows a downward curvature, a negative second derivative.
The series of curves at the lower right represents the
integrands of the current integral for different bias
voltages. The integraﬁd curves indicate that, at higher
bias voltages, the increase in éurren£ is contributed

mainly be electrons lying deeper in the Fermi sea.

[ |
.2 volts
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The first and second derivatives of J with respect

to V for the asymmetric rectangular barrier of-constant

height are alsoc evaluated numerically.

From these

curves, it is possible to read off the magnitudes of the

coefficients in the power series expansion for J{V),

Eqgs{18).
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into a term for tunneling to the right minus tunneling to
the left. "Figure 27 shows the separate integrands for right
and left tunneling compared to the total. It can be seen
that the number of electrons tunneling up hill is nearly
80% of those tunneling with the bias for a potential drop
of 50 mV. plearly a significant number of electrons tunnel
in each direction at zero bias. The program for this

calculation is in Appendix I.5.

6. Bias Dependent Potential Barriers

A more subtle attempt to calculate the tunneling
current involves choosing a more sophisticated'model for
the barrier transmission problbility than the simple
form of Eg.(23). All models involve simplifying assumptions
at some point. It is of interest to investigate the limits

of applicability of some of the more common models. The
objective will be to develope a model which can adequately
describe the high speed rectification data of Fig.l6. DNote
that the rectified signal initially increases with positive
curvature with increasing bias and then smoothly but rapidly
begins to decrease.’ It will be particularly. interesting to
calculate the detailed shape of the second derivative curves
and compare them to the strong curvatures seen in the

experimental data.

The next simplest potential barrier is the trapezoidal

An3=



Difference x 5

Fermi Energy

Bias Voltage = 50 mv
s ]
Barrier Thickness = 15 A

Work Function = 1 electron volt

Figure 27

Electrons tunnel through the potential barrier in
both directions. Shown here are the integrands of the
tunneling current integral Eg(25). The two inset curves at
the upper left indicate that electrons tunneling against
the bias voltage amount to 80% of those tunneling with the
bias. The imbalance is shown at the right where the
vertical scale has been magnified 5 times and the horizontal

scale twice,
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barrier shown in Fig.28. Here the flat top of the rectangular
barrier is pulled down by the bias voltage. The effective
barrier height is thus reduced, and the tunneling probab—
‘ility is expected to increase more strongly with bias.

The transmission coefficient may be calculated as in
the rectangular barrier case of Appendix I.1l by calculating
the electron wave functions inside and o utside the barrier
and mafching boundary conditions. Gundlach has shown28 that
the wave functions in the region between X = 0 and x = a
have the form of Airy functions of the first and second kind.
In matching boundary conditions, only the léading texms in
the assymptotic forms of the Airy functions are used. This
‘approximation is roughly eguivalent to the case of a thick
barrier where reflections of the tunneling electrons upon
exiting the barrier are neglected. The model clearly predicts
a positive second derivative with bias, but the ca;;_éor
thin barriers, which is of particula; interest to thin f£ilm
diodes, cannot be treated.

Rather than attemptiﬁg a direct calculation of the
exact wave functions for each barrier shape, the WKB method
will provide an estimate of the transmission coefficient

directly.
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The trapezoidal Barrier.
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7. The WKB Approximation

The most widely used apéroximation in tunneling
problems is the WKB method. The method is applicable to
potential barriers of arbitrary shape. Barrier penetration-
calculations using the method are described in most general
texts on guantum mechanics.29 Transmission formulas derived
by the WRB method depend solely upon an integral over the
potential function. Any details of the spatial structure in
the potential barrier are averaged out by the inﬁegral, but
the effective change in height due to bias is preserved.

Figure 29 shows a smooth, bias dependent, parabolic
shaped barrier. The calculation of the tunneliﬁg current
for this barrier according to the WKB method is given in
Appendix I. 6

2 parametric study was made of the J-V curves given
by the WKB method. Curves for both th parabolic barrier
and the trapezoidal barrier, as described in Appendix I. 7,
were computed for barrier thicknesses ranging from 20 i
down to 3 i. Over the range of bias voltages employed in
the thin film diodes, below 200 mV, all of the J-V curves
were qualitatively the same. Figures 30,31,-and 32 show a
series of curves for different barrier thicknesses. All
exhibit an upward curvature (second derivative positive)
over the range of interest.

It may be generally concluded that the WKB approximation,

when applied to potential barriexrs of simple shape, gives rise

3RT=
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Figure 29

Thé tunneling current due to a bias~dependent
parabolic barrier may be computed by means of the WKB
approximation. The transmission coefficient thﬁs
obtained depends on an'intggral over -the potential
function. Details of the shape of the potential
barrier are averaged out by the integral, but the

effective change in height due to bias is preserved.



96

2.0 X% lOnziamp/u2 1.0 kex 1071 amp/u2
Barrier ) Barrier
1.5% Thickness ‘“Thickness
. Q . [
104204 .5 L15 A J (V)
05"
ot ; J o == ?
.1 2 -1 1 2 .2 volt
6.0 px 10 amp/volt-u”
Barrier J,x’xﬁ
5-5 — =
15 A aJg/av
.9 : § 5.0 } 4
.l .2 .l .2
..B
2,0l x 10'“l am.p/voltz—u2
l.S'D
1. o4 92J/3v?
l5¢v
A §
O [
1 .2 .2 volt
Figure 30

Shown at left and right are the J-V curves and first and

[=]
second derivatives for parabolic barriers of 20 A and 15 A

=]

thicknesses computed by means of the WKB approximation. The

J-V curves appear to be linear but actually exhibit a slight

upward curvature not visible at this scale. The second deri-

vatives likewise have slight upward curvature.



97

2
2.0 amp/u2 4.0} amp/u
Barrier 5.0 Barrier
l-5= . 2 .
Thickness Thickness 3 V)
4]
1.0 7 A 2.0 5 A
.5 1.0
3 % 3
) 0!
-1 .2 .1 .2 volt
1.14y x 107 amp/V-u 5. 77k x 10t amp/V—u2 -
BJ/BV
- §
.1 .2
2.0¢ x 10° amp/vz—u 27’0
1.5& 1.5
- . 2J~ V2
1.0% 3%3/2
110 ad
5 s L.
§ ! 1 )
0 .
.1 .2 0 .1 .2 volt
Figure 31

o o
The J~V curves for parabolic barriers of 7 &4 and 5 A
thicknesses are shown. Here the second derivative curves
‘again appear linear but‘actually have slight downward

curvature not visible at this szcale,
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Q
The J-V curves for trapezoidal barriers of 20 A
-]
and 5 A thickness are shown. Note that the second
-3
derivative curve for the 20 A barrier shows a pronounced

upward curvature compared tp the broken straight line. 364
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to current-voltage curves of almost linearly increasing
positive‘seé6nd derivatives. It must be noted that the

WKB approximation applies only to relatively thick barriers.
‘Also, the range of bias voltages investigated here is assumed
tc remain substantially below the work function of the metals,
thus ruling out strongly nonlinear avqlanche effects.

It is in?eresting to observe that the WKB approximation
predicts second derivative curves which-go smoothly to zero
at zero bias voltage, as must be the case-for completel&
symmetric similar metal junctions. By contrast, the calcu-
lation for the rectangular barrier of constant height treats
the two metals in a most unsymmetric fashion with respect to
the height of the potential barrier and gives a nonzero second
derivative at zero bias. See Fig.26.

A comprehensive tunneling theory must also predict
negative second derivatives for some barrier configurations.
in order to explain diode rectificat;ons with bias of positive
sign. Since the WKB method does not apply to very thin '
barriers where such effects might be expected to arise,

alternative approaches must also be investigated.

8. Electron Tunneling in Thin Barriers

For barriers which have a thickness of the oxder. of
the electron wavelength,.the tunneling current would not be

expected to depend on the exact shape of the barrier. Whether

162=
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trapezoidal, parabolic, or a more complicated shape incorp-
orating image force effects, all shculd reduce to the same
J-V curve in the thin limit. In that limit, multiple reflect-

ions of the wave function within the barrier will be important.

fhe Delta Function Barrier
The deita function barrier satisfies the thin barrier
criteria and is easily calculated without resort to additional
mathematical approximations. Consider the potential diagram
of Fig.33. Note that the zero of energy has been chosen to
symmetrize the electron supply functions.
. The transmission coefficients for electrons tunneling

to the right and left, Tr and T are derived in Appendix I.9.

Ll

‘ 7 74
4(E+evn) S (E-eV)®

" (29)
|42 tE‘f&.\//&)’f: . g_g-;-wx:.) : AR
DR (EB-evin) (E-evia)
!/.‘,_ y )'/2.
4(F-ava) o/ (E4eV/2 | o

T= \
2 (Emey)® L (E-e) g A

[ +
(Egawd™  (Erevrz) (G etlys)
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Figure 33

The delta function barrier is the limiting case of
a thin barrier of any sﬁape. Here the zero of enexrgy

has been chosen to symmetrize the electron supply function.

A64<
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As usual it may be verified by direct -algebraic manipulation

that Tr = TL . The constant Az is related to the barrier

strength:

A% = 2ma2/ﬁ2

The range of integration is taken for E > &V/2 .

The tunnéling currxent density is given by:

._(Eo-& ey .. Ef)/ffl J

oo
L o2V —Eg ) /et
Te ATmbbe | 4FE RM{H‘ (E "9-/1. &/&‘}]T | - .Qﬂ[l-i-e.
| o P ETSTEAIN

rr U‘!a_

- (E- eV,C%W%BJ
o e Eg) - W
jdE T A Beke ]

L 4Tran 20 ¢

3 ) Ll t+e
1

B34
2
(31)
Note that the lower limit of all integrations is +eV/2.- In
the lift metal there exist no electrons below that level.
Electrons in the right metal tunneling to the left have no
place to go if thei: energiles are lesgAthat the bottom of the
Fermi sea in the left metal.
Each integrand consists of a product of three terms:
the electron supply function, the transmission coefficient,
and a term reflecting the density of final stateé that a tun-

neling electron may occupy. This last term may be quite

important in thin barriers but may be heglected for thick ARS<
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barrier problems. Note that Eg(3l) satisfies the symmetry

condition of Chapter 3:
J(-V}) = ~J(V) (3) .

The density of final states term is peculiar to the
thin barrier case. For wvery high thin barriers, the trans-
mission coefficients, Eq(29) and Eg({30), depend only weakly
on electron energies E. An electron at the bottom of the
‘Fermi sea is only slightly less likely to tunnel than an
electron near the top since both are almost equally farx
below the actual barrier height. At zerxo temperature,

electrons can tunnel only to the right because both Fexmi

seas are packed full. Electrons traveling to the left could

never find a hole. At elevated temperatures, there are
vacancies throughout the Fermi sea but mostly near the top,
as expressed by the density of final states texm.

1f Tr = T7_ and if the metals are identical (have the

L

same Fermi enérgy), the.density of states term may be elim~

inated. Let fL(E,V) be the electron supply function for the

left metal ant £, for the right metal. Let fL(O) be the

density at the bottom of the Fermi sea in the left metal and

fr(D) stand for the right metal. Then,

Ttv) =Idg [ﬂ'T("%) ._,_-FP.T.(i- ;&E;) ]

GG~
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which reduces to the
thick barrier case of the previous section. The density
of final states term must be included for dissimilar metal
junctions, or for calculating the relative forward and
reverse contributions to the total tunneling current.
Figure 34 shows the J-V curve ane its derivatives as
computed.from Egq(31). The detailed calculations are given
in Appendix I.8. Unlike the previous WKB tregtments, it is
clear from Fig.34 that the second derivative is negative
and a nearly linearly decreasing function of bias voltage.
Changing the strength of the delta function changes the
magnitude of the tunneling current but not the shape of the
curve or its derivatiﬁes. The shape of the curves in this
1imit is primarily determined by the details of the electroﬁ

supply function.-

ORIGINAL PAGE 15
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Figure 34

Unlike the WKB approximation gaiculations, the delta

function barrier produces a J-V curve with a nearly linearly

AR8<

decreasing negative second derivative.
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The Adjustable Heicht Rectangular Barrier

Flat topped barriers are particularly easy to calculate
because the electron wave functions are simple exponential
.forms. Duke has sﬁggested25 using an "“effective height"
rectangular barrier of bias dependent height to calculate
tunneling currents.

The calculations foxr the rectanéular barrier of Fig.

' 23 may be readily modified. The expression foxr tﬁe trans-
mission coefficient, Eg(24}, already includes the effects of
meltiple reflections of the electron wave functions and will,
therefore, be accurate for thin ba?riers.

As can be seen in the trapezoidal barrier of Fig. 28, -the
effect of a bias voltage is to lower and modify the barxrier
shape . Equation (24) need be modified only by substituting
a voltage dependent barrier height, ¢ (V). The exact functional
form of ¢ (V) will depend in general on the details of the
barrier shape which is to be approxiﬁated. A reasonable

first approximation is to take
$V) = ¢ — ev/2 (32) .

The current density-voltage curves for this case are
shown in Fig .35 for 15 R and 7 R barriers. The cuzxves
are gualitatively similar to the WKB curves in that they
demonstrate positive and nearly linearly inéreasing second
derivatives. Note that the second derivative curves now to

to zero for zero bias unlike the curve for the constant height

3R9<
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Figure 35

The current density - voltage curves for the adjustable
height rectangular barrier are quélitatively similar to the

WKB curves. . -

370<
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barrier in Fig. 26.
A higher order modification to Eg(32) which can yield’
negative second derivatives is suggested by the work of

Lewicki and Mead.BO

In their experiments, the peak of the
potential barrier in an MDM tunneling junction was measured
directly as a function of bias wvoltage. They observed the
photoelectric effect while illuminating ithe tunneling barrierx
with.a beam of light from a monochromator. One of the junction
electrodes was made sufficiently thin to be transparent to
the light.

The data of Lewicki and Mead is not explainable by a
simple model of image forces which modify the .shape of the-
potential barrier foxr tunneling electrons. Simmons31 has
proposed a simplified model of electron trapping within the
dielectric barrier to f£it the data. The resulting charge
buildup modifies the-potential barrier height in a bias

dependent manner.

2V V)" eeede ap/ -
éz(b‘ohh +(Q) Sl SR (33)

Bt (k- £)

where a is the barrier thickness

32

eth/Keo is a constant of the dielectric.

12 tarad/meter = 1.4 X 10" *?coulomb? fev-cm

a7i<
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e is the eiectronic charge
K the dielectric constant
Nt the number of electron traps per unit volume per unit
energy within the insulator
E; the electrode Fermi energy
E, is an adjustable parameter related to the lowest
energ§ at which electrons can be trapped within
the insulator.
Simmons estimates:
Nt = 1020 cm—3@v_l
K =10
thEt = 3 electron volts.

Equation (33) , due to Simmons, fits the data of Lewicki and

]
Mead fairly well for barrier thicknesses of 50 and 90 A but

shows significant discrepancies at 67 A. Undoubtedly, the
addition of still higher order terms by a more complicated
model would produce a better fit.

The work of Simmons suggests that the functional form
of Eq{32) for the bias dependent barr}er height be modified

as follows:

~—
o
<
e
1

¢= ¢, -V B

A a.

) d

(34)

Figure 36 shows the results of tunneling calculations for

a7R<

=] [+3
15 and ‘7 A barriers with the coefficient B = lO(A)z/EV

- [ o]
For barrier thicknesses below about 10 A , the second
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Figure 36

The adjustable height rectangular barrier can produce
positive or negative second derivative curves when the
barrier heicht includes an effect due to the buildup of

electric charge .in the tunneling bharrier.

373<
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éerivative curve’ can finally be made negative.

To estimate whether B = 10 is a reasonable number,
the coefficient of (ev)z/a2 from Eg(33) may be evaluated
using the constants determined by Simmons from the tunneling
' dGata at 50 and 90 i,

[+]
For a = 15 A,

B = Sosh aB/2 12.06
[+
and for a = 7 A, B = 2.1 . The previous choice for B = 10

was of the proper order of magnitude.

8. Second Derivative Curvature

A Highexr  Order Shape- Factor
The WKB method, the delta function barrier, and the‘
adjustagle height rectangular barrier have been shown to
predict either positive or negative second derivative curves.
In all cases, however, the second derivatives aré very nearly
linear with bias voltage and simply do not show the strong
curvatures of the eierimental biased ‘rectification curves.
Strong curvatures in.the second derxivative curves may
be obtained by adding higher order terms to the bias dependence
of the barrier height. The next higher order term in bias

dependence of the barrier height may be written in the form

J74<

o= b, - &Y +B‘$%.\L32 A (tvf’ (35)
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Figure 37 shows the result of computer calculations for the

15 ; and 7 A barrier cases. For C = +.4 (ev) 2, the positive
second derivative curve of the 15 K barrier can be made to
.turn smoothly downward. For C = -.2, the negative second
derivative curve of the 7 £ barrier can be made to turn smeothly
upward. The .computer program for this case is found in
. Appendix I.10.

As yet, the choice of a magnitude for the coefficient
C has not been given physical significanée. C is simply a
pa£ameter which has been adjusted to produce second dexivative
curves whi¢h have sufficient departure from linearity to
gualitatively fit the expérimen£al observations. It is apparent
that such a parameter is necessary, and it may indicate

1

that additional physical processes influence the tunneling
currént. The ébove straightforwaxd treatments by the WKB
method, the delta fﬁnction method, apd the adjustable héight
barrier do not, in themselves, contain sufficient degreeé of
freedom. to describe stiong'curvatures in the second derivatives.
Perhaps a treatment to higher order of the electron trapping
theory of Simmons will account for such a term. Perhaps

an additional physical mechanism must be introduced to the -

model of electron tunneling. Such further treatment must

remain beyond the scope of this present work.

J7S5<
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The addition of a higher ordex effect in the dependence

of barrier height with bias is'required to produce strong

curvature in the'second derivatives. Here a term in the .
' : a76<

third power of the bias voltage has been included.
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A Current Dependent Saturation

A physical mechanism which tends to limit high currents
will contribute to a negative term in the second derivative.
The first example of the rectangular barrier of constant
height produced such a curve. See Fig. 26; A weak saturating
mechanism will ténd to round off and curve positive second
derivatives downward. A stronger saturation can change the
positive derivgtives to negative second derivatives. For a

second derivative which is already negative before including

a saturation effect, the curvature of the dErivativé is affected

in a more complicated manner. It may then curve either way
deﬁending upon the strength of the saturating effect. Any .
number of saturation mechanisms at high btas currents might
be postulated.

The junction area for the device of Fig.-ls can be
roughly estimated. It is surely no more than one sguare
micron and, perhaps, an order of magnitude less. At a bias
current of 4 mA, the current density is, therefore, greater
than 4 x 105 amperes/cmz. Assume it is 106 amp/cmz.

Substantial local heating can be expected at such high
current densities, and a rise in temperaturé'will modify -
both fhe electron distribution functions and the barrierx
height and thickness. WNotice, however, that in Chapter 3
"low frequency (below 1 GHz) heatihg nonlinearities were
observed to be qﬁite distinct from the fast tunneling curve.

Current in a conductor is carried by the average drift

velocity of the electron gas. Normally the drift velocity

»

-
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is guite low. The current density J is given by:

J = ne v
where n is the nuﬁbe? of charge carriers per unit voiume
e is the charge per carrier
v is the drift velocity.
‘The number .of charge carriers per atom may be estimated from
the Hall coefficient for the metal in gquestion. The Hall
coefficients for a number of common metals are given below32

in normalized units.

If the charge carriers are negative, the coefficient

is negative. The magnitude indicates the number of atoms/.
charge carrier. Thus -4 indicates negative charge carxiers

(electrons) with an average of one electron for every 4 atoms

-

in the metal.

Na = ~.9 Au.= ~.7

K =-.9 : Ni = -4

Cu ;u—. Bi = -5000
Ag = .8

The atomic weight of Ni = 58.71.. The specific gravity

is B.902 gm/cm3. The number of atoms/cm3 = ,913 x 1023.

At one ampere/cmz, the drift velocity for Ni is:

3v = 3/n = 2.74 x 10~ cm/sec.

378<
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At 106 am.pe_:res/cm2 the electron drift velocity 1is up
to 2.7 meters per second. The unusually high drift velocities
at high currents might contribute to a departure from the
thermodynamic egquilibrium and thus change the functional
form of the electron distribution functions. It should bhe
' noted, however, that even these high drift velocities are
still small compared to the electron microscopic velocities
which are typically of the order of 105 meters per second .

A topic suitable for a further investigation might be
to measure the nonlinearities in an MDM junction made from Bi,
which has a drift velocity three oxders of magnitude higher
than Ni.

To estimate the effect of a current dependent saturation
effect, consider a current dependent modification to the

tunneling current expression in Eg(26):

-(Eﬁ&)/‘ae

ATk +e )
;rwﬁr aeﬁ{; — S T (36)

s{J) must reduce to unity foxr J + 0. The above equation is
an integral equation in the current density J. It can be
solved by numerical iteration. If S(J) is not a function

of B, it can be factored out of the integral and, in principle,

373<
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J (V) could be solved directly.

The simplest form for S(J) is linear in J

S(J) =1 ~-BJ
where B is the saturation

strength. This form was found to be too weak to give qualita-
tive agreement with the experimental data. The sign of the
second derivative could be changed bf adjusting B, but no
strong curvature was obtained. A somewhat stronger form
produced the desired results: ‘

S(7) =1 - B J°
Figure 38 shows the results of the computer analysis.

The program is given in Appendix I.9 . A saturation para-

meter of B = 2 u4/amp2 produces an effect similax to the
higher order effect in the adjustable height barrier calculation
of Fig.37 . The integral equation Eq(36) was iterated three

times. As above, stronger saturation parameters , on the

order of 3.5 u4/amp2 , can also produce a change in algebraic

sign as well as introduce curvature.

2

The J° saturation dependence is a very reasonable form

to expect. 1In conductors, heating effects are proportional

to J2 .
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‘A current dependent saturation mechanism can.-contribute
to downward curvature in positive going second derivatives,
Here a weak saturation has beecn applied to the WKB calculations

for the bias dependent parabolic barrier.
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*10. An Estimate of the Rectified Voltage Magnitude

From Eg(23) the rectified signal with bias is expected
to be of the ordex of

ey a V2
Avos = - <2 a (37)
3

2
Zal (l/al + 7)

A positive signal corresponding to the data of Fig. 16 must
have a negative second derivative. The adjustable height
rectangular barrier calculations predicted such an effect
for a barrier thickness of 7 i. From.Fig. 36 the magnitudes
~of the ag and a, coefficients may be read directly from the

graphs of the computer calculations.

For V = .2 volt,

a; = .8 X 107t amp/v—u2
a, = -2 x lOm2 amp/vz—p2
assume: 2 = 100 Q@ , and,Rs >> R
1
_ -3,,2
then Avos =5 x 10 Va volts ) (38)

Vi may be estimated by estimating the energy captured
from the inﬁident laser radiation. The incident power density
at .9 THz is approximately 30 mW/mmz. Assume that the capture
area or antenna cross section is proportional to the square of
the waveléngth. Por an efficient antenna system, the pro-
porﬁionality constant is near unity. Here assume 10—1. Then

the power captured is gifen by:

aABR<
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P=.1x (30 mw/mmz) x .1 mm2 = 3 x'10—4watt.

1f this power is dissipated in the diode resistance and antenna
ohmic losses, then
-
P = V_/R
2 _
Va," PR
Resistivity calculations for the thin £ilm antenna indicates
that the small laser freguency dipole has a resistance of

approximately 20 ohms from tip to tip. Similarly, the diode

resistance = l/al = 10 chme . For an order of magnitude
estimate, choose R = 30 ohms.
Then Vi =3 X 10~4 x 3 X lO1 = 9 X 10H3volts2 .
2 2

For V_ = 10° voltsz, Eg(38) gives an estimate of the magnitude

of the rectified signal:

AV 5 x 10?5 volt

oS5

I

= .05 mV.
. Thus, the theory predicts nonlinearities which should produce
a rectified voltage two orders of magnitude less than is

. 2
actually observed in Fig. 16 under the assumption of a 1y

junction area. Note, however, that a, anrd a, are proporticnal

is proportional to (l/areaz) if one
2

to area. From Eg{37), AVOS

can neglect l/al compared to Z. Then an area of .1 p~ will give
av which is of the same order as the experimentally observed

voltages.

a83<
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11l. Theoretical Conclusions

The experimental evidence shows both negative and
positive rectification with bias; 1.e. both positive and
negative second derivati&es. Simple WKB-electroﬂ tunneling
models predict only positive second derivatives.

| Negative second derivative curves are predicted in the
limit of very thin barriers b& the delta function model of
electrca tunneling. The effect\of charge buildup within the
dielectric barrier can contribute to negétive second deri-
Yatives for thin barriers but not for thick barriers. Also,.
strong current dependent saturation effects can changé positive
second derivative curves to negative curves.,

The experimental data shows strong curvature in the
rectified responses. A curvature in the second derivative
curve reflects the algebraic sign. of the 4th derivative.

The simple electron tunneling modelé'predict only weak
curvatures in the second derivétive curves, and higher order
effects must be included to qualitatively fit the experimental
evidence. . In the WKB models, a current dependent saturation
effect can produce sufficiently stroné curvatures,. but cannot
alone explain the detailed form of the rectified signal with
its inflection points between regions of positive -and negative
curvature. In the adjustable height rectangular barrier model,
a higher order dependence than that inéicated by a simple
electron trapéing mechanism is needed to introduce curvature.

a84<

A possible higher order mechanism beyond current dependent
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saturation has not yet been identified.

Future inveétigations into possible saturation mechanisms
might iﬂg lude ﬁiodes fabricated from Bismuth or éther semi-
metals which have anomalously high electron drift velocities.
An-invgstigation of other types of dielectric barriers is
also reguired.

The higher order mechanisms stron&ly effect the 4 th
derivative curves. Therefore, 4th order mixing e£periments
might prove useful as direct experimental probes of the
higher order tunneling mechanisms.

This report is the sgbstance of the work berformed by
Jéﬁes G. Small undef NASA-sponsorship in partial fulfillment
of the requirements for the degree of Doctor of Philosophy ét

the Maséaéhusetts Institute of Technology.

385<



123
APPENDIX I
Electron Tunneling Calculations and Sample

Computer Programs

1. 'The Asymmetric Rectangular Barrier

Refering to the three regions of the rectangular barrier
diagram of Fig. 23, Schr8dinger's equation may be written:

SEXY L b Y EY

————

2w ¥

P

The wave functions for the three regions which satisfy the

wave egquation may be written:

\'Al ‘-'L +
Y= A= x+-3-e frx

TN
Lnbz. = F-&hétx'&' (7 -=€.+

C AR (

- . f/z
43 = Ce . where: 4&:5 )

2 £

K

| “
= Lo O2)
' K

'/‘!.
4y = Lamm(Beeidd
Tk

The transmission coefficient for tunneling to the right is

given by:

=

N
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From the continuity of ¢ at the barrier boundaries:

at -0 Aq»B::‘ Fa (1.1)

»
It

kot A n8 Chy b
a Fe e =Ce > (I.2)

n

at x

From the continuity of the derivatives of U:

at x = 0 ChA -C/Z.B 2 = R F b, b (I.3)
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. Chig O
(I.4) 3 k2 —Fe-hq'e'a-G-e,é"Q - Lgf ce 3.
; . <Al Ay
- f2a

Lt (I.5)

and subtract {I.2)

ST LU LYy '
Y

aR7<



URIGINAL PAGE IS
OF- POOR QUALITY

(r.3) =1 Ky A-8B = ¢ A —‘.'_."fi_" G-

.adding {I.1) gives: QA = (i-l-‘.";’;“".:)}«_ + (;_i_;:,'\-) (_';_

Now sﬁbstj,tute {1.5) and (I.6) and solve for A/C
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For electrons tunneling to the left, the transmission

coefficient is of the same form with kl and k3 interchanged.
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It can be seen that T =T _ by 2 straightforward algebraic

manipulation. Multiply (I.7) numerator and deonminator by

kl/k3

T = 4 hs/ %,

* > iy A 2
I+ 2%@-&%& A—(’*Zﬁ +i_}_§8 % %-%-&-%LBJ,‘M A
¢ ' <y 2

\ .

4 U
B -ﬁ’!z 24—‘&3 (‘é' + é_‘,?_-\. 'éﬂ-t 4{,'&’>.¢)«J’\_x/zaa
AT \ERTE T AA

T, can be reduced to a form that is invariant upon interchange
of k; and k; and, therefore, equals identically T_. This,
invariance of the transmission coefficient for tunneling in

either direction is true of most barrier penetration calculations.
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2. The Electron Supply Function for a Degenerate Fermi Gas

The momentum dis'tribution for electrons in a slightly

warm metal (lim T -+ 0) may be approximated hy:

N := Caset) - | CdRdA dP s
. e(.?"-/w 8 VT ol e ,

Evaluating E_: . ’
9 Fg (+V2mm —B/AT  Lob

atT:O’Ef'>p2/2m ==_;> e Ne o o
IN = (2) - | AR dPe v
.o A’a

. Fe s
. s T prdp = STV Pe
N g [ffure g JTET
v .

Ab’

3 2 - z W 'y

pie ank o, B E(EY)
. v
e\
2 >3
[, = b (—3—- LAT : . 27
¥ G 7 N which agrees with Eisberyg

A typical value for .i.;f is 7 .electron volts:-
The distribution of electrons with momentum p_ independent

of p

y and p, is given by :

_ ay _iéPy dPz — L ar
dNx = € H (E- BT
e -1
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N 128
Y
E= ?{:t&imiféuz Py v In - ‘ :
| ;:: gt integratc by changing

variables.
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3. Simpson's Rule Applied to Numerical Integration

Consider a function, f(x) , which is smoothly varying:

_F
£. .. S
2 ]
£ a’ﬂﬂaq Q\\
£
X X.

The samples fo(xo) to fn(xn) represent discrete samples of
the function f£{x) at egually spaced intervals, h. Simpson's

Rule connects the discrete samples with a parabola and computes

the area under each parabolic section. The result:33
Yo
--; 2 +‘4‘f" & 'lth>
L0 dx o~ L A[ foudf v 2h- Fogs gt ook F AL,
‘ 8
Ao
- -
h= BaZZf | e step size

7A
n is even. For n steps there are n + 1 samples taken.
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4. Program for Rectangular Barrier Tunneling Currents

For constant height barriers, modify statement 04.04 to

read: S EW = EPF, This program calculates the curves for

Figw2%h and Fig 26.
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5, Program to Display Tunneling Current Integrands

This program calculates the curves of Iig. 27
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6. Program for Parabolic Barrier WXB Approxinmation

This program calculates the curves for Figs. 30 and 3l.
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7. Program for Trapezoidal Barrier WKB Approximation

This program calculates’ the curves of Fig.32 .
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Program ‘for Delta Function Barxrier

ThlS program calculates the curves of Fig.34.
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Program for Current Dependent

Saturation

This

program iterates three times
C-64 FOCAL 21969

and calculates Fig.38.
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APPENDIX II1

ELECTROMECHANICAL MIRROR TRANSDUCER FOR INFRARED LASERS

A practical laser mirror transducer must be capable
of changing the length of a laser oscillator cavity by
at least half a wavelength and preferably by several- wave-
lengths. For 6ptical and infrared lasers with wavelengths
shorter than about 20 microns, plezoelectric transducers
are quite satisfactory for frequency tuning and cdmpensating
thermal drifts. However, for a large class of lasers with
wa%elengths between about 20 and 400 microns, the piezoelec-
tric effect does not provide adeqguate motion.

Far infrared gas lasers, such as He, HZO' HCN, and
CHSF have relatively narrow Doppler and collision broadened
bandwidths (typically 5 to 30 MHz). The frequency sgacing
betwgen laser cavity modes, Av = ¢/2L, is greater than those
bandwidths for all but the longest cavities. For these lasers,
the cavity length must be adjustea to resonate with the laser
transition before any oscillation is possible. Mechanical ad-
justing screws and translating tables have been employed.34

A further consideration with far iﬁfrared gas lasers
is high voltage insulation of the mirror mounts. Since low loss
windows are not available, ghe mirrors must be mounted inter-
nally and allowed to float at the potential of the heighboring _
plasma; which m;y be aé high as tené of kilovolts. .

The design of Figure 39 provides amplé length of travel,

electronic tuning, and adequate high voltage insulation. It is

299
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an outgrowth of the idea of mounting a mirror on
a loudspeaker cone.

The transducer consists of an electromagnet with
one moving and one fixed pole piece. The moving pole is
spring loaded at each end. and rides on 5.52 mm {3/8 inch)
linear ball bushings.35 It is allowed to pass inside the
fixed pole thereby producing a stable mechanical equili-
brium. The moving pole is well polished. Its ride on the
lineaxr ball bushings is surprisingly.smooth and completely
adequate for laser wavelengths as short as 10 microns.

All moving parts are under vacuum and float at the
potential of the attached mirror. The transducer is boléed
to-an existing mirror mount for angular adiustment. The
various parts are threaded into each other and the vacuum
is sealed by O~rings at the joints. .

The magnet coil is wound on a lucite form for high
voltage insulation and slipped over the outside of the
vacuum enclosure. It is operated at aﬁmospheric pregsure
and ground potential. In an earlier design, the magnet coil
was placed inside the vacuum enclosure. The driving power
supply must then float at the mirror potential, 10 kilovolts
in our case, and was rather difficult to construct. With the
coil outside the vacuum, a simple tran;istor circuit or low
voltage power supply is adequate to drive the coil. A mild

steel jacket (not shown) over the coil serves to confine. the

‘a{N}<
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magnetic field. When wound with approximately 250 meters
of 0.5 mm diameter enameled wire, the coil resistance
is about 20 ohms and one ampere will produce 1 mm of
motion.

When driven by the circuit of Figuré 40, this
.transducer is capable of moving a 10 cm diamter by 1 cm
thick glass mirror a distance of 1.5 mm at a repetition
rate of 60 Hz. The far infrared lasers mentioned above
may now be tuned as easily as a klystron. Features such
ag Q-switching, saturation dips, and competition and cas-
cade effects between coupled atomic-transitiohs are reéeadily
seen. Also, swept operation of the mirror in an otherwise
CW laser has eliminated most of the needs for a mechanical

chopﬁer on the experiment table.
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