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The progress report is in two parts:

A *

Part 1 contains a report of the continuation of our earlier

experiinents on motional narrowing of the linewidth of Raman scattering

in hydrogen molecules. This narrowing, which has now been obsr ‘ved

in spontaneous Raman scattering is being studied in detail, T eport

contains also details of the instrumentation of the Raman spec_rometer

which utilizes a single mode, frequency stabilized, high power Argon
laser,

Part 2 reports, for the first time, development and application

of a new spectroscopic technique to ultra-high resolution studies of

atomic line centers. It involves a line narrowing effect induced by

laser radiation and the measured quantities are precise values of isotope

shifts in levels of Ne.’
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MOTIONAL NARROWING OF RAMAN SCATTERED LINEWIDTHS IN H2

J. Murray and A, Javan

This report gives further details of our recent observations on
motional narrowing of the linewidth of Raman scattered emission of H,.
In this experiment, a single mode Argon laser is used and the line nar-
rowing of spuntaneous Raman scattering is observed using a precision
Fabry-Perot interferometer. We have improved considerably the over-
all instrumentation of our Raman spectrometer. These improvements
have included the use of feedback circuits to achieve frequency stabili-
zstion of the single mode Argon laser, and improvement of the overall
detection sensitivity, The accuracy of our measurements has improved
considerably compared to our initial observation of this effect. Our
existing instrumentation is expected to allow determination of additional
related effect~ and the exact shape of the pressure narrowed line;

The distribution in velcoity of molecules in a gas causes Doppler
broadening of an emission line, If the radiating molecule collides with
other molecules during its radiation, the Doppler width is affected: It
can be shown that if the molecule is confined by collisions to displace-
ments on the order of a wavelength or less during its radiation the Doppler

broadening is eliminated, (1) This is illustrated in Figure 1,
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Hydrogen gas is known to have small pressure broadening in both

its viorational and rotational transitions, sc it is a good candidate for

detection of collision narrowing. These lines are electric quadrupole

trans1t1ons and thus very weak in direct spectroscopy. The present

experiment detects collision narrowing in spontaneous Ramun Scattering

from the Q(1) rotation-vibration transition in hydrogen at 4155 cm':l
Apparat_v.E

Figure 2 shows the apparatus used in this experiment. A 488018
argon ion laser capable of a multimode power output of about 1w or a
single mode output of about 100 mw is used to excite the Raman spectrum
The laser beam is directed by mirrors into a high pressure scattering

Raman scattering in the backward direction!?) is collected by a lens

and passed through a spectromet :r éonsisting of a pressure-scanned

Fabry-Perot interferometer and a set of bandpass interference filters

o
to pass the Q(1) Raman scattered line at 6130A. The output of the spec-

trometer is focussed onto the very small (2, 5mm dia) photocathode of an

ITT Fw-130 photomultiplier. A lock-in detection system or a simple

pulse integrator can be used as a detector: for the conditions of this

experiment they give much the same results. The spectrum is presented

on a strip chart recorder. Integration times are typically 3 seconds, and

the signal to noise ratio at 10 atmospheres pressure and about 30mw laser
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output (multimode) is typically 10:1. The signal to noise ratio is largely
limited by laser amplitude fluctuations at this pressure. Photon statistics
become important at lower pressures. A signal to noise ratio of at least
5:1 is required for any reasonable linewidth measurements. When well
aligned, this apparatus provides about one hundred photoelectrons per
second in the Q(1) line at a laser power of 30 milliwatts and a HZ pressure
of 10 atmospheres, Alignment is rather critical.

The scattering cell (Figure 3) has been described in a previous
progress report but will be mentioned briefly here, It is a conventional
high pressure cell containing a . 5mm I. D. quartz capillary 30 cm long.
The laser beam is directed through the capillary, and the Raman scattered
radiation at small angles in the forward or backward direction is reflected
at grazing incidence on the walls of the capillary to emerge at the ends.
This design allows a large scattering volume while maintaining the smali
cross-sectional area needed for imaging the light through the spectrometer

with high efficiency,

Laser Linewidth

The resolution of the apparatus is limited by the argon laser linewidth,
A four mirror Michelso: interferometer resonator allows a long resonator
to have much higher frequency selectivity than the standard Fabry-Perot
resonator(4)(Figure 4). Very briefly, the laser oscillates only when a mode
of the 80cm resonator coincides with a mode of the 8cm resonator, and

other modes of the 80cm resonator are suppressed strongly,
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The laser of this experiment is now operatiing in such a resonator.

==

A few tens of milliwatts are available on a single mode of the 80 cm res-

flid

onator, giving a linewidth £ 200 MIz (allowing for jitter due to vibrations).
At higher power outputs (up to ~120 mw) the laser operates on a group of
two or three adjacent modes of the 80 cm resonator, giving a width

< 600 MHz. Oscillation on the wings of the 48802 line at the next coin-
cidence of the two resonators can also be seen, but it is of low-power -

and not a serious problem. This resonator has been seen to operate on

il

the 5145X line of argon as well, with lower output power, but on no other =

lines. “
At the present stage of development of more sophisticated FM

laser single mode techniques, this system can compete fairly well, putting

about 10% of the 488OK output into a bandwidth on the order of 300 MHz,

as compared to about 50% of the 51458 output into 300 MHz with FM

techniques and a rather more expensive and complicated system, (4) The

FM techniqué has not been sufficiently well developed to operate on 488OX

as of the latest publications in the field. It is likely that the FM laser

system will ultimately be better.
The laboratory in which this laser is operating is rather noisy,

hence frequency jitter and drift caused by mechanical vibrations is a

serious problem, though the system can be used for many purposes with-

out stabilization. Such jitter makes the rather bad amplitude fluctuations

R

normally present in the laser worse. Stabilization will be discussed in

a later section of the report.
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Prelininary Results (5)

In Figure 5 are shown the linewidths measured in the apparatus for
three different runs under different conditions of laser power output and
differcnt Fabry-Perot resolutions in the spectrometer. Run 1 was made
with a high power laser (500 mw) giving a laser linewidth ~4.5GHz and
a Fabry-Perot interorder spacing -~ 48 GHz, ﬁx_lesse 15-20, R 2 was
made under conditions of smallest linewidth consistent with reasonable
output power (~30mw) in a multimode laser, giving a laser linewidth
of ~2,5GHz, and the same Fabry-Perot as above. Run 3 was made with
an unstabilized Michelson-type single mode laser with linewidth , 6 GHz
if low frequency jitter runs are sélected (power output =40 mw) and a
Fabry-Perot of 24 GHz, interorder spacing, finesse 15-20.

Figure 6 shows these data plotted on a log-log-scale for ease in
comparison with the results recently announced by I.allemand and others(e)
is stimulated Raman scattering from hydrogen and with a simple theoretical
mode of collision narrowing. The data are pl.tted as taken, and also with
the instrumental linewidth determined by the plot of Figure 5 subtracted,

There is fair agreement with both Lallemand data and the theo-
retical curve (parameters adjusted to fit Lallemand's pcints).

It is possible to say from these rcsults that the collision narrowing
effect does indeed exist and bears some similarity to what theoretical
treatments to date predice, bu: the results are not good enough to answer
any questions in detail. Better instrumental resolution and noise per-

formance adequate to go to somewhat lower pressures are required,




Stabilization of the Laser in Frequency and Amplitude

The problems arising from the laser power drift and frequency jitter
have been described earlier, Stabilization systems are being developed to
reduce these effects,

Frequency stabilization to the tolerances required by this experiment
(on the order of 100 MHZz) is not difficult: One must exert some damping
effect on vibrations and compensate for any therinal drifts or mechanical
creep present in the Michelson resonator. A system which serves this
function is pictured in Figure 7. It performs well within the necessary
tolerances A simple optical frequency discriminator based on a sealed
Fabry-Perot with invar Spacer provides an error sigral which controls a
piezoelectric element positioning one of the mirrors.

Amplitude stabilization presents technical difficulties. The laser
has two general types of amplitude noise, fast (~60hz) variations due to
plasma situations, ripple on the power supply, and vibratiors; and slow
(seconds) drifts. The fast variations can be as much as 30% of the output
power. The slow drifts are typically 10-15% in minutes, with about 5%
short term (few seconds) jitter, The Michelson resonator system is
similar but somewhat worse. The fast fluctuations do not affect this ex-
periment. They do complicate any feedback regulation, however: if they
are corrected by the regulator the active range of the regulator must be
much larger, and if they are not to be corrected, problems arise in the

design of the feedback loop. These are two ways in which an amplitude
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control can be applicd to the laser, either by regulating the laser discharge
current or by controlling the output beam with a variable atteruator. Large
powers must be handled by a laser current regulator (typically ~~100V at
30A), which is a difficult technical problem, so the variable attenuator
approach has been selected, (Figure 7) using a Kerr cell as the variable
elem.ent, Unfortunafely this causes losses which reduce the useful power
output. The technical problems with this regulator have not all been

solved, but it should be operating soon,

Future Plans

The signal to roise ratio and resolution of the apparatus will he
sufficient tc get good data on the collision narrowing of the Q{1) line as
soon as the regulation systems are working well. There have been some
delays in equipment delivery and laser discharg tube failures which have
slowed the experiment. If the signal appears to be adequate, we then
plar to look at rotational lines in H‘2 and perhaps at lines in Deuterium,
The spectrum may be examined in the forward direction if the resolution
is adequate,

A detailed theoretical treatment of collision narrowing in Raman
scattering must be developed as it has not been treated 2ud is rather

more complex than the simple cases considered so far, (1)

e
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NARROWING OF THE DOPPLER LINEWIDTH INDUCED
BY LASER RADIATION: APPLICATION TO PRECISE
ISOTOPE SHIFT MEASUREMENTS

F I

R. H. Cordover, P. A, Bonczyk,and A. Javan

Let us consider the spontaneous emission from an upper or a

lower level of a Doppler-broadened gas laser transition. If such a

Syttt

spontaneous emission signal is viewed along the axis of laser propagation,
its lineshape is changed considerably when the laser is allowed to oscil-
late. This change occurs over a narrow frequency interval which may
be considerably less than the Doppler width. This report gives details
of the observation of this effect and its application for the first time to
ultra-precise measurements of isotope shifts for two optical transitions
in Neon. The splittings due to the isotope effect arc completely resolved.
The measured linewidths are also analyzed.

In this experiment, a short Brewster-angle He-Ne gas laser was
made to oscillate on a single mode of the 1.15u transition (2p4<—2s2).
The spontaneous emission at 6096X (1 S4* 2p4), which originates from
the lower laser level, was observed through an end mirror. (In the
following, we refer to the latter transition as the 0.6y transition). The
reflectance of the laser mirrors was designed to be transparcent at 0. 6.

The signals were obscerved with a high resolution, pneumatically tuned
Fabry-Perot interferometer and a photomultiplicr with a pinhole for mode

selection. The laser was switched on and off by a square-wave voltage

applied to a transducer supporting onc of the laser mirrors, Modulation
of the transducer at an audio-frequency allowed narrow-band phase- =
sensitive detection of the signal. Fig. 1 gives a block diagram of the ’;

experimental arrangement,
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Before discussing in detail the isotope shift measurements, let

us review the observations for a single isotope. Suppose the laser is

adjusted to oscillate at a frequency close to w » the frequency of the center

of the Doppler-broadened 1. 15u transition. In this case, the linewidth of

the 0.6 transition, analyzed in the forward direction, consists of a narrow,

nearly Lorentzian response superimposed on a broad, Gaussian, Doppler

profile. The center frequency of the Lorentzian response coincides with

the center frequency of the Gaussian profile. As the laser frequency is

detuned, the Lorentzian response splits symmetrically about its center

frequency (see Fig. 2a),

We now give a brief explanation of the origin of the above effect.
The nearly Lorentzian signals arise from changes in the populations of

the laser levels induced by the laser field. For a Doppler-broadened

transition, these changes occur for atoms whose velocities v, lie within

a narrow range (where z is the direction of propagation of the laser

radiation). This leads to a departure of the distribution of atoms with

velocity component v, from the usual Maxwellian velocity disiribution

for the population of each lase1 level, If the laser oscillates close to the

peak of its Doppler response, the departure from the Maxwellian distribu-

tion occurs around v, = 0. To first order in the laser field intensity, the

functional dependence of this departure on v, is a Lorentzian with half-

width at half-maximum-intensity given by Av = ¢ ¥/ o’ where ¢ is the

speed of light and ¥ =(1/2) (l/T1 + 1/T2), with T, and T, being the radiative

lifetimes of the two laser levels. This change in the Maxwellian distribution

el
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leads to the observed behavior of the spontaneous emission signal viewed

in the z-direction. The lineshape resulting from the change in population

due to the laser field is a linear superposition of two Lorentzians both

centered at w"), the center frequency of the 0.6y transition, Their corre-

-sponding half-widths at half-maximum-intensity (in angular frequency

units) are givenby ¥ _ = ¥' + A, where v\=wo'/wo and ¢! is similar to

&, except referred to the two levels of the 0.6y transition. The intensities

of the two Lorentzians are proportional to their respective half-widths

{(at half-maximum-intensity). This result applies only when the usual

Doppler width is considerably laiger than .. The lineshape is given by:
PP + p g

¥+ -
I(w') = +
(w'-wé)2+’f (w'-w"))z-é-b'g

Suppose now the laser frequency w is detuned from w _. In this case
changes in population occur within two narrow ranges of velocity cen-
tered about vzo =+ clw -wo) /wo. The (+) and (-) signs arise from the
standing wave nature cf the laser field. This leads to the symmetrical
splitting of the signals observed for the 0.6y spontaneous emission. It
may be seen that, due to the Doppler effect, the splitting at 0.6y is given
by 2wo'| vzo l/c =2 l(w - wo)l wo'/wo’, wherew | is the center frequency of

the spontaneous emission.

Let us now consider the effect described above as applied to the

determination of isotope shifts. The measurements were done using a
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He-Ne laser tube containing a (3:2) Ne22 - Ne20 mixture. The two

]
i

T e

isotopic components overlap for the 1.15pu transition as well as for the

0.6y transition. The upper tracing of Fib. 2b shows the ueual Doppler

profile for the spontanecus emission at 0.6. Note that the isotope shift
= in this case is barely resolvable. The laser induced signals were ob-
z, served with the 1.15u oscillation set to a frequency close tc the center of

the Doppler response of the Ne20 isotope. Accordingly, the Ne20 tran-

it

sition at 0, 6 shows a single narrow response. However, because of
the isotope shift at 1,15y, the response due to Ne22 at 0.6y is split.
Furthermore, the isotope shift for the 0.6y transition results in a shift
of the center between the two peaks of the Ne22 cignal away from the
center of the signal due to Nezo. This is seen in the lower tracing of
Fig. 2b. Notice that in this case the isotopic splittings are completely
resolved. Furthermore, this tracing contains infromation on the isotope
shift for the 1.15u transition as well as for the 0,6y transition. The
measured isotope shift at 0.6 is (1706 + 30) MHz and the shift at 1. 154
is (257 + 8) MHz. Ne20 lies on the low frequency side for both transitions.
The result of the 1. 15y measurement is in complete agreement with an
earlier precise experiment done in our laboratory which involved the
heterodyning of two lasers. It should be noted, however, that since the
0.6 transition is not a laser oscillation, heterodyning techniques may not
be applicable to this transition.

We have also studied the lineshape of the observed signals as a

function of pressure. This lineshape, extrapolated to zcro pressure, has

L
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been analyzed approximately in terms of two Lorentzian responses as
discussed above. Using the 2s2 and 2p4 radiative lifetimes determined
from earlier ''Lamb dip" measureinents, we obtain a radiative lifetime
of 1,6 x 10“8 sec for decay of the 1s4 level to the ground state, In view
of cumulative errors in this measurement the value given for this life-
time is accurate to within a factor of 2.

We would also like to point out that the above technique is appli-
cable, ir principle, to measurement of details of --te structure of any
transition which involves states populated directly or indirectly via
radiative cascade from the laser levels, Furthermore, this technique may
be used to precisely define the centers of Doppler-broadened atomic transi-

tions and thus may be applied to problems related to achieving standards

of length.
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FIGURE CAPTIONS
Figure 1. Block diacram of the experimental arrangement.

Figure 2. Spontaneous emission signals from lower laser level ob-
served along laser axis, (a) Data for pure Neon isotope. The upper
trace is the output of the photomultiplier and respresents the normal
Doppler-broadened spontaneous emission. The center trace is the
outpi.t of the phase-sensitive detector when the laser frequenc;y is set
to the center of its Doppler profile. In the lower trace the laser
frequency was set away from the center of its Doppler profile, and

the signal splits into two components corresponding to both traveling
waves. (b) Data for 3:2 mixture of Ne22 - Nezo. The laser frequency
was cet to the center of the Ne20 Doppler profile. Note the barely

resolved structure in the normal spontaneous emission signal in the

top tracing.

-~




|
it il

=_===___W_m__z_:_..f__:mm

==

::._:_::::._.:::_.

1 TU0ODIdA

JOPIODDY |OUUDYD OM]

——

<

- 23 -

|pubts

oanytady

}

R

t

101113 1NwoLou
ety +O4

i : !

2414 suan

‘40
10JDWOLDOUON

j

adooso|a]

? by

jo10g-Aigng pauuoog Ajjoorjounaug

1040949
2oUBI Y
2A1415USG BSDYJ s
A|ddng tomog
190npsuDI|
: 19507
aanpiady im.—;.woz..ox
R

T ZEXg e

3

1

| Vi \
!

-

— —— —

1e0npsunay

LR




- 24 -

2p, ¢ 3

——
—hn

500 MHz

O weeany Al :
PTY Lol e - Sabid g o, ~
PP A P At TR ~ T R LY
it AL A AL
gt v
o
1\1».
~TI N,
L3 bt
Y LT,
bt TSt § X TIPS -
e el

FREQUENCY

—~
—

22 ’ - . .
NC Ne b \/\V\“{\/‘f’ "\r\a_,wf'\lnr/k/‘f"

}.__._. i A A
1700 Miz

—— e

FREQUENCY

il




Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classilication of titie, body of abstract end indoxing annotution must be entered when the ovarall report is classitied)

t. ORIGINATIN G ACTIVITY (Corporats author) 2a. REPGRT SECURITY C LASSIFICATION

Massachusetts Institute of Technology Unclassified

Cambridge, Massachusetts 25 cRour

3. REPORT TITLE
Study of Various Aspects of Raman Scattering Using Continuous Wave Optical
Masers

4. DESCRIPTIVE NOTLS (Type of report end inclusive dates) 2 1 FPb 66

- 31 July 66
Semi-annual Technical Summary Report #3 1 Aug, 66 - 31 J‘;r%f 67

S. AUTHOR(S) (Last nams, first name, initiai)

Javan, Ali, Professor Cordover, Ronald, H.
Bonczyk, Paul, A. Dr. Murray, John, R,
6. REPORT DATE : 7a YOTAL NO. OF PAGES 75 NO. OF REFS
April, 1967 24 6
B8a. CONTRACT OR GRANT NO. 98 ORIGINATOR'S REPORT NUMBER(S)
Nonr 3963 (22) Semi-annual Technical Regorts
b PROJECT NO. : y
#2 and #3
NR 014-209/7-27-66
c. 9. gr.nre.:ol:‘fpon'r NO{S) (Any other numbers that may ba assignad
Authorization No: ARPA Order 306
d.
10. AVAILABILITY/LIMITATION NOTICES
Distribution of this document is unlimited
11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Office of Naval Research and Advanced
Research Projects Agency

13. ABSTRACT The progress report is in two parts:

Part 1 contains a report of the continuation of our earlier experi-
ments on motional narrowing of the linewidth of Raman scattering in hydrogen
molecules. This narrowing, which has now been observed in spontaneous Raman
scattering is being studied in detaii. The report contains also details of the
instrumentation of the Raman spectrometer which utilizes a single mode, fre-
quency stabilized, high power Argon laser.

Part 2 reports, for the first time, development and application
of a new spectroscopic technique to ultra-high resolution studies of atomic line
centers. It involves a line narrowing effect induced by laser radiation and the
measured quantitiés are precise values of isotope shifts in levels of Ne,

DD .fo’, 1473 Unclassified

Sccurity Classification



Unclassified .

Security Classification

14
KEY WORDS

LINK A
ROLE

LINK B
ROLE

LINK C
ROLE

wY wT

Raman Scattering
Continuous Wave Optical Masers

Ultra-high Resolution Spectrcscopy

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issaing
the teport,

2a. REPORT SECURITY CLASSIFICATION: Enter ihe over
all security classification of the report. lndicate whether
‘“Restricted Data" i+ included. Marking is to be in accord-
ance with appropria  .ecuwrity regulatlons.

2b. GPOUP: Automatic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrinl Manual. Enter
the group number. Also, when applic able, show that optional
markings have been used for Group 3 and Group 4 as authot-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediarely following the title.

4, DESCRIPTIVE NOTES: If appropriate, enter the type of
repor!, e, g, interins, progress, summary, annual, or final.
Give the irclusive dates when a specific reporting period is
covered.

5., AUTIIOR(S). Enter the name(s) of author(s) as shown ¢n
or in the report. Enter last name, first name, middle initial.
If militury, show rank #nd branch of service. The name of

the principal arthor is an absolule minirium requirement.

6. REPORT DATZ: Enter the date cf the report as day,
month, year;, or month, year. If more than one date appears
on the report, use dale of publication,

7a. TOTAL NUMBER OF PAGES: The total page count

should follow normal pagination procedures, i.e., enter the
number of ; ages containing information.

7b. NUMBER OF REFERENCES:
references cited in the report.

8a. CONTLAZT OR GRANT NUMBEP: If appropriate, enter
the applicable number of the contract or grant under whick
the report was written

8b, &, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject nunber, system numbers, task number, etc,

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by whick the document will be identified
and controlled by the originating activity, This number must
be un.que to this rep-rt.

9b. OTHLER REPORT NUMBLIIR(S): If the report has been
assipned any other repert numbers (either hy the orifinator
or by the spon=or), alsd> enter this numbei(s)

10. AVAILABILITY/LIMITATION NOTICES: Eater any lim-
itations on further dissemination of the repart, other than those

Enter the total number of

imposed by security classification, usin, standard statements
such as:

(I) ‘*Qualified requesters may obtain copies of this
report from DDC."’

(2) *Foreign announcement and dissemination of this
report by DDC is not authorlzed.”’

(3) “u. s Govemment'agcncies may obtain copies of
this report directly from DDC. Other qualified DDC
users shal! request through

"

(4) **U. S. military agencies muy obtain copies of this
report directly from DDC. Other qualified users
shall request threugh

.ll

(S) ‘**All distritution of this report is controlled Qual-

ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and ente- the price, if known.

11, SUPPLEMENTARY NOTES* Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or Iaboratory sponsoring {pay-
ing for) the research and development. Include address.

13. AHBSTRACT: Enter an abstract giving a brief and factual
suramary of the document indicative of the report, even though

it may also appea- elsewhere in the bedy of the technical re-
port. If additional space is requircd, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassificd. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS}, ¢S). (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases thaut charactitize a report and may be used ac
index entries for cataloging the report. Key weards must be
selected r o that no security classification is required. ldenti-
fiets, such as equipment model designation, trade name, military
project code name, gecgraphic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weigh!s 1s optional.

Unclassified
Secutity Classification




