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The purpo~e : th1[; p<.1pcr i..-, tr ._., _,,, ll:e th~;.. in\ c:;tigatio~.. of 

t he feasibility of utili·.ir.J the pt Ct.·::O',lv al motion of atoms to 

measure the rota ti .... n af a 0 i·,er, rLfcr~..nu· fr'-irnl:. Durin0 this investi-

gation, experimentJ .c.LL marie \Jitic~. :. '"' t) tlte con~tructi..m of a 

sy~tem which ~ms ablr to detect r~tati by easuring sud1 a 

precession. The systl:m u:,ed rubi(:iu. s,, tilL atoms of vhich, in a 

magnetic field, precess i~ a Jircct:~,t .c~endLtt upon the ~~antum 

state of the atom. 

The theoret ical ill\'LSti~ation .J.llu j .llm dt:-Llopmc..:nt were 

performed at the: iu~;trumc.nt Ji·.-l_,i.Jn <."' \.4tiJn Associates iu 

Palo Alto, Califolnia) uucin0 the perL'a ~ut vary i:.o !-'larch, 1)60, 

currict.lum at the tL S. ~:aval l:'ost~ .. ·<lrit..:ttt.. .)Lbuol, I·h.hltercy, 

California. 

The \.Jriter \Jishe, to thank ',Jilliam. L .. ll anu Dr. Arnold L. 

Bloom of Varian Associates for t[\(:ll" c~St>l..t~":ce and SUt,c .. cstion.,. 

In conclusion, th.:mk.,; art...: LXpl"..:!J;.,LJ 1 .• :trticularl) to Professor 

Carl E. Nt.:nncken oi th ... L. S" :~avol t~)..,t;tu~uate ..Jchoul for hi_, 

encouragement and criticL:>n', in. the i-JrL 1 d.l·c.tio 1 of thi.i paper. 
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I. Introduction. 

The advent of the long r ange guide d missile and the space vehicle 

has imposed an ever increasing burden on the component s of inertial 

guidance systems. Accelerometers, free gyros copes, and rat e gyro 

scopes are subject to the very large forces o f powered fli gh t, and yet 

must perform within minute tolerances for increasingly pr otracted 

periods. The mechanical nature of these instruments aggrava t es the 

problem. In the case of the gyroscope, infinitesimal inaccu racies in 

bearing or gimbal may cause torques which produce unwanted precessions . 

The cumulative effect of such precessions is to produce unacc ep table 

errors. 

The performance of gyroscopes has been improved considerably by 

the use of advanced gimbal systems, and it is probable that much a dd i 

tional progress can yet be made. Nevertheless, all such s ystems a ~e 

inherently susceptible to the stresses imposed upon them by a ha rsh 

mechanical environment. 

A solution to the problem of the rate gyroscope is suggested by 

the precession of atomic spin systems. Such a solution would have 

the advantages of greater inherent accuracy, mechanical simplicity, 

and physical durability. 

A system capable of measuring such precessions, and employ i ng 

optical pumping in alkali vapor was suggested to the writer by 

Dr. Martin Packard and Dr. Arnold Bloom of Varian Associates i n 

Palo Alto, California. The alkali metal chos en \Jas r ubid ium 8 7 

because of its convenient hyperfine spectrum. 

This thesis describes the theory and t he experimenta l \JO rl( 
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performed at Va r i au Associates by the \Jl- iter to demonstrate the feas i

bility of such an "atomic r a te gyroscope". 
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II. Theo1etical Backgr ound 

A. Energy Levels 

The Rubidium Atom 

Rubidium~ the 37th e lement, is an alka li metal in the sarne group 

as are lithium, sodium, po t assium» cesiton, and francium. Thes e 

elements have been studied extensively because of the simpl i City 

of their optical spectra. The structure of the spectral lines of 

the alkali metals is quite s imila r, and results from t he bd.sic <H01.1ic 

characteristic of the group . Th i s character stic is that t he re is 

a single valence electron outside of the closed electron shells which .., 

contain the remaining electrons . Thi s single valence electr on 

allm·lS a quantum mechanical description t..Jhich is relatively l ess 

complicated t.han in the case of ot her atoms . 

There are tt·lo naturally occurr i ng isotopes of rubid'iun . 

Rubidium 85 has a relative abundance of 72 . 8% and rubidium 87 hds 

a relative abundance of 27. 2% . Because of a di f fe r ence in the hyper-

fine spectrum, rubidium 87 is easier to use in demonstrating t he 

effect of rotation. 

An atom with a singl e va l ence electron will be found, on the 

average, to occupy the lowe s t possible energy state with the 

valence electron in an S s t at e . In the case of rubidium» this is 

the SS state. The number 5 is the quan t um number des ignated n, and 

in the one electron atom comp l etely determines the energy. Becaus e 

of the shielding effec t of the electrons in the closed shells, 

however, other fac tor s contribute to the energy of the rubidium 

atom. 
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An atom in an S state has zero angular momentum , if the 

spins of the electron and the nucleus are neglected. Angular 

momentum is designated by the quantum number L; in this case, 

L=O. The energy of the atom is partially determined by its 

angular momentum. Thus, the L=l state designates a higher 

energy level than does L=O. The n=5,L=l state is denoted SP. 

There are many higher energy levels to \oJhich the atom can be 

excited, but these are not utilized in the optical pumping to 

be described. 

The transition from a SP state to a SS state causes the 

emission of the characteristic light of rubidium, a deep red at 

the edge of the visible spectrum. 
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The Fine Structure 

Up to this point, the spin of the ele<..tr·on has been negl~ctc.u. 

As the spin contributes to Lhe total angular ,nor.ieutuu,,. it must 

be included. The spin state of an electron 1.~ de•,igl:at~<l uy 

the quantum number s, and may be either +l/2 or -1/2... The tot-al 

angular momentum is nm..,r designated by the quantum nurilber j, ,.;hic.h 

is the absolute value of the sum of s and L. Thus in an S statL, 

where L::::O, j must equal l/2. In a .P state) ho\Jevl:r, j can be 

either I 1+1/2 I = 3/2 or I 1-1/2 I = 1/2. 1hus it 1& seen that 

the P state is split into two levels. These are denoted P112 anJ 

P312 and have slightly different energies. Trans1tious occutring 

bett-1een these P levels and the S levc 1 resu 1 t 1n t\·Jo spectra 1 l itw . ., 

close together at 7948 Rand at 7800 ft as shown in Fig. 2.1. 

These tHo lines are an example of f 1ne s tructurc, and 1,.1rm a 

spectra 1 doublet. They may be separated easily Hit h .an 0pt !.Ca 1 

interference filter. 
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The Hyperfine Structure 

As optical resolution techniques improved, it became evident 

that within the fine structure there was add itional or hyperf i ne 

structure. It was discovered that this was caused by the ef fe c t 

of the angular momentum of the nucleus itself. Nucleons, l1ke 

electrons, have a spin; and the spin of the nucleus is the resul= 

tant of the spin of its nucleons. This spin is des ignated by the 

quantum number I, and may range from zero , i n the c.ase of nuclei 

containing an even number of protons and an even number of 

neutrons, to as much as seven for lutec ium 1761 • For rubidium 

87, I is equal to 3/2. 

It must be noted that the quantum number n has t he greates t 

effect on the energy, while the quantum number L is of secondary 

importance. The effect of s is relative l y minor , and the effect 

of I is so slight as to influence the energy of t he atom by an 

almost insignificant amount. The effec t of I upon the structure 

of the energy levels, however, is of great importance. 

A new quantum number, F, can now be defined. This is the 

resultant of j and I. The addition is accomplished vec t orially 

with the conditions that F be integral or half integral, and 

that possible values of F be separated by integers. Thus, fo r 

j=3/2 and I=3/2, F may b~ 3, 2, 1, and 0. This is shown graphi

cally in Fig. 2.2a. For j=l/2 and I =3/2 there are only two 

possibilities, F=2 and F=l. These are shown in Fig . 2. 2b . It 

is seen that the two P states now have six levels , four for P312 
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and t\vo for r
112

, whil e th(: .:~ st:lt(. .1S :JlJlit i11t.o t~•o lc·,(~h .• Tlte 

energy level diagram s hmm in Fii;. L.J LX...i.,.bt: • .J·_.__, t:"lL' &~...parc.~.~..o •• .:. ...;! 

the hyperfine levels in c ompe.ri':jon 1Hlh lnc fiue ~iJl ... tting, anu like

wise exaggerates the fine splitting in <.:omrar i son ~>1.th th€:! ..>L::pardtion 

between the S and the P sta t es. 

There are a number of t rausi t1ons \"hi.ci1 1:1.u.y lak~~ ~l.l<.e bct·.:t·L.n 

these energy levels sub j ec t to the selectiu.t n.l<:s of qu ... ntum n;ecnan1cs 

Hhich are, A L;·t 1, 6. j O,il . .:tuJ 6.. 1· 0, · 1. Fl.llPI tht:se 

s election rules, and from the energy level \.1-~~1·om, the .H .. t•.lull, 

observed spectrum can be prediLted. 

1. G.E. Pake NHR Solid State Physic~ Vo 1. 11 
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The Zeeman Splitting 

Additional complexi ty is introduced \·lhen the effect of a magnetic 

field is included, for the orientation of the atomic spin systems 

with reference to an external magnetic field determines additional 

energy terms to be added to the existing levels. These additional 

energy terms separate a given level into discrete sublevels according 

to the discrete orientations of the atomic spin systems. These suu -

levels are referred to as Zeeman levels. The relationship of spin 

orientation to energy exists because the spinning charges of an atom 

produce local magnetic fields which have alignment energies with the 

external field. 

The angular momentum and magnetic moment of an atom will now be 

examined in more detail. The solutions to the Schr6dinger equation 

contain the various quantum numbers, and wave mechanics determines the 

conditions under which they may appear. It has been seen thal j is a 

combination of Land s, while F is a combination of j and I. Thes~ 

numbers are representations of angular momentum. Quantum mechanics 

dictates that the actual angular momentum associated with F, for exan:->lt, 

is l/ F lF'+ 1) . _h_ 
')..1f 

This total angular momentum has no 

fixed vector direction as might be expected from classical theory . It 

does, however, possess a maximum projected component along a reference 

direction, say the 

The other possible 

magnetic field of the earth, which is f _b_. 
21i 

components are (f-1)2.h-rr ,(f-2)1-, ... (-f+l)h_ > -E_h. 
II 2. 1( 21i c)_ 1T 

These projected components are denoted by another quantum number, H, 

such that - F ~ M ~ F • 
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When it is considered that the total angular momentum of the atom, 

-v f(F'Tl) _h 
21\ 

is the vector sum of 

and that also it is apparent that there must be an angle 

between j and I . In the ground state of rubidium 87 where j= 1/2 

and I= 3/2 ~ F must equal either 1 or 2. IF I, hoHever, is 1{2 or 

n , while\TI:: -F¥3 anci \t \ = ~ ffi The vector addition 

diagrams for F = 1 and F = 2 are shown in Fig. 2.4. 

Next, the relationship of the magnetic moments to these angular 

momenta will be investigated. The magnetic moment, ?L .:_associated 

with a given value of L is gixen by wave mechanics to be /~ = ~ GL 
/- L. zmc 

where G L. is the angular momentum due to the orbital motion of the 

electron. Similarly, /As -:. - e G /"' '; ""lYle. s 
is the magnetic moment due 

to electron spin. The total electronic magnetic moment is then 

/-;, = - e (G- -t- 2 G- \ It should be noted that the magnetic 
/'-'':) 2 11'\C. L S) • 

moment vector is directed oppositely from the angular momentum vector. 

The nucleus also has a magnetic moment but it is less than one perccttt 

of the electronic magnetic moment, and, in the case of rubidium 87, 

directed along the nuclear spin vector. 

The result of this is an important qualitative difference between 

the F=l and the F=2 states. If the magnetic moment vectors are added 

to the vector diagrams used to illustrate the addition of j and I, it 

is seen in Fig. 2.5a that for the F=2 state the projection of )A f' 
on F is in the opposite direction from F. Conversely, in Fig. 2.5b 

it is shown that for the F=l state the projection of /Af is 

in the same direction as F. Also it should be noted that ?F 
is slightly greater in the F=l state. 
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When the rubidium atom is in a magne t ic field the F:l and the 

F=2 levels are split into the various Ze eman sublevels. First consider 

the F=2 level. As indicated previously, the angula r momentum vector, 

F, may have certain projections on the external fie l d vector. These 

projections, designated M, indicate the angular momentum in the 

direction of the external field. Thus the angular momentum component, 

GHo' equals _l!__h where M=2, 1, 0, -1, -2. For the F=l state H can 
2 11 

be 1, 0, -1. When an external field exists, these M levels have 

different energies. The additional energy is caused by the orienta

tion of ~F with respect to the external field H ~. This energy 

is given by W.,. = - jff' l~o It is seen that f or H=2, /A~ 

is directed mvay from Ho and WH is maximum positive. When H equa l s 

-2, /Ar is directed towards H and W is maximum negative. 
o H 

Thus, in this case, for the five Zeeman split sublevel s, the highest 

energy level is that for which M=2. 

For the F=l leve 1, hmvever, a different situation exists. 

For t-1=1, the vector is almost in line with H
0

, and the 

energy is minimum, whil e for M= -1, is almost oppos i tely 

directed from H and the energy is maximum. This is s hmvn graphi-
0 

cally in Fig. 2.6. There is now enough information ava i l able to 

construct a complete energy level diagram for the ground state of 

rubidium 87. This is shown in Fig. 2.7. 

There are several points to note in this energy level diagram. 

The distance betHeen the individual Zeeman split components is 

greatly exaggerated for a magnetic field such as tha t of the earth. 

The distance betueen t he F=l. Zeeman split components slightly 
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exceeds that of the F:::2 group because the magnetic moment, 

s lightly greater in the F=l case as described previously. Finally, 

t he inversion of the M sublevels should be noted in the F:l group. 

15 
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The Tn:msitions 

As a conscqucncc of the above en~r<::Y levt:l d.ii1 1 , ... nms, tm:.re are 

se\.·era 1 types of transitions Hhich may occur. Ii1c fin;[, uhich has 

alreudy been discussed, is an optical transition >:itb "D 1
' lines at 

7800 lt and 7948 R. It is seen that these lines '>!dl be hyperfine 

split, but the relative energy difference is so stnal1 that the effect 

tJill be extremely difficult to ol>serve .,.,ithout the use o£ very large 

magnetic fields. 

There are also transitions between the levels in the ground 

f,tate. These are forl.Jidden in the normal sense, because 6. L= 0, 

i.Jut nJay be stimulated and have a certain probability of occurring 

spontaneously. 

Jhe transitions from the F:-2 group to the F::d group occur tJhen 

sUr.lUlated by radio frequency quanta which have the same energy as 

tilL level separation. For the H=O, F.:--2 Lo the N:::.O» F=-l transition, 

the field independent transition, this frequency is 6834 Nc. In the 

ncar vicinity of this line there \..rill be others somC>Jhat dependent 

upon the magnetic field. The transitions occurring will be those 

+ 
for uhich 6. 1'1=0 or - L 

lhere t.Till also be transitions- occurring uithin the F=2 group 

anti within the F=l group. The frequencies here vary directly \lith 

the r.1a!_;nctic field. In the field of the earth in the vicinity of 

P::tlo Alto, California, the approximate transitiou frequency is 

J50 J(c. Even t:i thin the F=2 group and the F-=1 group the levels arc 

noL pr~cisely equidistant, but the d1fference amounts to only a few 

cycles per second. The sublevels in the F=l group have slightly 

16 



·.Jider scparations than do the sublevels in the F-2 group .... .:.1 co.1-

sequence, tlH.: F::.l transitions have a frequency apprn,dtt'H'-1, lJ 

cycles per second higher than do the f::;._2 tr~.msit1ons. £·1.~- .!.H ~, .1\."' 

the approxim.J.te spectrum. It is \.Jith this spectrum ti.<.It the rcn:<l;. .. t.L.L 

of this thesis shall be most concerned. 
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B. The ¥umping Action 

~he energy difference between the various Zeeman split levels is 

slight, and is far exceeded by k T, ~-1here k is Boltzman' s constant 

and T is the temperature in degrees Kelvin. For this reason it might 

be expected that the energy levels are rather evenly populated. To 

observe transitions, there must first occur an imbalance in popula= 

tion. Then, the return to the normal population \..rill produce an 

observab le effect. There must exist some method for creating such an 

abnormal population distribution, and this process is termed "pumping". 

The optica l pumping method \·lill now be described. The sampleJ 

in this case rubidium vapor, is irradiated \..rith one of the "D" lines 

of the rubidium spectrum, usually the n1 line. Photons of this 

light excite the rubidium atoms out of the ground state into the 

P112 state. This is done in such a manner that more atoms are 

excited from the lower sublevels of the F=2 and F~l states than from 

the higher levels. The excited atoms i~~ediately return to the ground 

state by the emission of a photon, arriving randonly. In this manner, 

the lm..rer levels are depleted \..rhile the upper levels are over

populated. 

18 



Population Probabilities 

The pumping light is emitted from a ruLiuiura .:;pect~.-al lamp \Hlll 

both D lines present. An interference filter removes the D l1ne. 
2 

Next the light is passed through a circular polarizer. The result 1s 

that the photons \·lhich pass through carry v1ith them an angular momcntu ... , 

and any atom \-Jhich absorbs such a photon wust change its anbulat 

momentum such that A M= +1. 

It is easily seen that this condition cannot be met in the M= +2 

case, for the highest P112 substate is M= ~2. Thus, the proba~ility 

of an atom being excited out of the M= +2 substate is zero. The rema1n-.., 

ing relative transition probabilities can be calculated by an appl1ca-

tion of the matrix element s for electric dipole excitation ( 
1 

6,. M- t-1) • 

This calculation has been carried through for rubidium 87 by Dehmell, 

and the following probabilities obtained: 

(P_
1

: P
0

: P ):(P_2 :P 
1

:P :P :P 
2

) = 
+1 - 0 +l + 

[ ( l+SR): (2+4R): (3+3R) ] l ( 4+2R): (3+3R): (2+4R): ( l+Stt): ( oLn J 
In this formula, R is the ratio of the intensity of the n

2 
light to 

that of the n1 light. With the interference filter, R becomes zero 

and the probabilities become \1:2:3] ~ 4:3:2:1:01 

The rubidium vapor is enclosed in a pyrex container holtling an 

inert buffer gas at a pressure of 3 Cm Hg. This buffer gas has u..ro 

functions. First, it reduces collisions of rubidium atoms witlt the 

1. E. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University press, New York, NY. 1935) 
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\vall of the gas cell. Hall collisions tend to make atoms in the S 

state lose t hei r orientation, whi le collisions with atoms of the 

buffer gas have no such effect. Second, the atoms in the P state, 

because of their different \Jave f unc tion, a r e comple t ely reoriented 

by buffer gas co ll isions even though the time spent in the P state is 

very short. 

Thus the return to the S state i s random. The res ult is a popula-

tion distribution such tha t if A represents the relative saturation 
m 

t h population of t he m substate, then 

6 A A \ . (A A "' . A . 1\ \ ( \')- \ o-1: o·l) : ( p-'t-. p-\ \-?1: p:. ~1) 
\f'\.1: o: 11' ·2: -1 : r\o" l"f"'\t.} ., -1. l o \1 -L -'\ 0 '1 '2. 

It is appa r en t tha t if it were not for various relaxation ef f ec t s, 

only the F=2, M=2 sublevel would be populated . Decause o f rclaxatioii, 

residual n
2 

light , a nd imperfect polarization, the pumping is neve~ 

complete. Neve r theless, there i s a strong tendency for the uppe r 

levels of the F=2 group to be over populated and , to a lesser degre e , 

a tendency for the upper lev e l of the F=l g rou p to be over populated. 

20 



C. The Larmor Precession 

The rubidium atom has been shown to be a small magnet with angular 

momentum. It should be expected, therefore, that the atom will precess 

when pl~ced in an external magnetic field such as that of the earth. 

Such a precession is actually observed, and the rate of precession, GJ 1 

may be calculated both by classical methods and by means of quantum 

mechanics with equal success. The precession problem will here be 

examined from a classical viewpoint. 

Assume a magnetic field along the z axis, and a magnetic moment 

aligned with an angular momentum at some angle to the z axis 

(see Fig. 2.9). It follows from elementary electromagnetic field 

theory that a torque L is produced such that L = ;J.""' "~ H0 

Then, from mechanics, d M = l = p.M x )-t To shmv directly 
dt 1 

that a precession, uu 1 ensues is rather lengthy. Instead, proceed-

ing indirectly, postulate a second coordinate system which rotates 

about the z axis with a frequency 
1 

W Now the change in angular 

momentum, as viewed from the second system, due only to the rotation 

of the system 1 is -wx M, and thus the total change in angular 

momentum, as vie\ved from the second system, (dMJ* . 
rrt ) 1S 

wxM 

1. G. E. Pake 
Solid State Physics, Vol. 11, Academic Press Inc., Publishers 
New York 10, N. Y. 1956 
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Nm-1 a s the angu l ar momentum is related to the magnetic moment by 

a constant, y such that jJ = yf\ 

/'( x \-\. - W x}} 
- y 

/ U r- \-L -+ /lA -x .0 
=ftx( Hv~~) Y 

In particular, if (0 = - (' ~\. then ( ~~r = 0, and the ef fee tive 

field, He, vanishes. The magnetic moment, ~() \Jould see no torque 

in the rotating frame and wo ul d rema i n f ixed with respec t to it. 

The rotating frame is, t herefore , s imp ly riding along with the Larmur 

precession. Thus, is shown to be the Larmer 

fl;"equency. 

How is this frequ ency re l ated to the Zeeman split substates~ 

These substates a r e s epara ted by the energy of orientation of Lhe 

ft vector in the H0 f i eld. From a classical vievJpoint this 

energy can be expressed a s E = -)A· H \) but from the qua n tum view-

point only discrete levels of this energy are alloue<.l. Therefore, in 

this case, E= ~ YJ:L Ho M \vhere M= -F, -F+l , •.• F-1 , F. The e.1ergy 
'ill 

level separation is seen t o be 6. [ = Y.L .. \\ 
rL\\ 

and , converting E 

to frequency, Thus the frequency corresponding 

to the energy level separa t i on is seen to be the same as the Larmer 

frequency of precession. 
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D. Magnetic Resonance 

It has already been shovm that by postulating a coordinate system 

which rotates at the Larmer frequency about the z axis, the effective 

field, He, can be reduced to zero. Now assume a coordinate system 

which is rotating at a frequency, uu , close to , but not necessarily 

at, the Larmer frequency. Further postula~e an additional magnetic 

field, H1, which lies in the y-z plane at some angle, 8 , vlith the 

z axis such that tan e = .--!::!..L- (See Fig. 2.10). In this frame, 
Ho-W/?' 

an atomic magnetic moment will undergo a precession about He at a 

frequency, _('l_ , such that H ~ -T .:!J::.... , o 
., y 

If, for example, the 

magnetic moment is initially aligned t-lith n0 , the motion of the moment 

can be described. The effect of H1 is to reorient ~c Denoting 

the angle between /- and n0 by o<. it follm1s that 

'2 t) 2 '2. l/2.. 
Go!:>~=l-2Sifl?.0~1n (~ vlhere ...n... =-Yl(Ho-~) ·t \-\t] 

It can be seen that, as n0 - y approaches zero, appreciable 

tipping of the moment occurs. At resonance (H0 = ~ ) the moment 

oscillates from +Z to -z and back again at a rate _[)_= Y\-h as 

H1 rotates about z at the Larmer frequency. This is the phenomenon 

of magnetic resonance. 
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E. IJetec tion 

z Axis Detection 

Consider now a sample of rubidium vapor located at the center of 

coordinates. In addition to the ambient field, Ho along the z 

axis, there is an H1 field rotating in the x-y plane about the ~ axis. 

This field might be one of two components oppositely rotating in the 

x-y plane such that the total fielci could be described as 

If w 

Hx = H1 cos lllt 

Hy = H1 sinw"t 

Hz = Ho.., 

is made to approach the Larmor precession frequency, 

magnetic resonance occurs and reor ientation of the /(. ·vector tai.es 

place. The effect is to make the population distribution of the M 

substates random. Because the substates are distributed almost 

randomly to start with, there is no observable effect. 

Now, ·if circularly polarized n1 light is caused to irradiate the 

sample along the z axis, optical pumping occurs. In equilibrium, 

the substates from which pumping is most likely are depleted, while 

the substates from which pumping is least likely are overpopulated. 

Thus the probability of a photon being lost from the pumping beam is 

reduced considerably compared to the probability of loss in the case 

of an unpumped sample. 

When, however, the frequency of the oscillating H1 field, vu) 

is caused to approach the Larmor frequency the magnetic moments are 

reoriented and the population of pumped substates is redistributea 
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in a random manner. The transmitted light intensity is consequently 

reduced as more photons are lost from the beam. 

This dip in light intensity can be detected with a photocell, 

as w passes through resonance. By observing this effect on an 

oscilloscope, with the photocell output connected to the vertical 

deflection system and the frequency S\veep (of H
1

) connected to the 

horizontal deflection system, a picture of the re sonance line can 

be obtained. 
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Cross Beam Detection 

A method of detection, which for some 1urposes is more useful, 

iS the cross beam detection system. 

Consider a second beam of n1 light optically similar to the z 

beam but at right angles to it, say along the x axis. It is found that 

such a beam of light is intensity modulated at the frequency of the 

rotating H1 field when that frequency is equal to) or very close to, 

the Larmor frequency. The reasons for this light modulation will 

nmv be examined. 

In an unpumped sample the expectation of the magnetization vector, .., 

denoted \M), is zero or very close to zcro6 In a pumped sample~ 

however, assuming no H
1 

field, the most prob8hle position of the M 

vee tors is in a cone about the z axis so tha l ( ~) =Nz z. Hm..r :~ if thL 

n1 field is caused to rotate nbout the z axis~ a.t or near the Larmor 

frequency, so that magnetic resonance occurs) (M) will have a time 

varying component in the x-y plane . If this effect 1s examined from 

a coordinate system which rotates with H
1 

(let Ht lie along the new 

y axis, for example), it is seen that the H vectors precess about th~;. 

He vector, which becomes the H1 vector at resonance; and thus» there 

occurs a net alignment along the x axis. This effect is complicated 

by relaxation action, which tends to disperse the alignment. 

By use of a matrix treatment of the Bloch
1 

equations of motion~ 
2 

Jaynes obtains a solution for this alignmentv as seen from 

1. F. Bloch, Phys. Rev., 70, 460, (1946) 
2. E. T. Jaynes, Phys. Rev., 98» 1099, (1955) 
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labora t ory coordinat e system. The equation, slightly mod~fied to fit 

the optically pumped case , i s : 

My t t ) =- l'-' ~ LJ-\ T ( c.os w t - b.w1' s' n w ~) -T 1'1; ~ i' .L <i Y'i' \ AW ~, 11 ( b t- t e) s 1 )) w t - L 
l tb\'l. \:, {\-t\11'~)'). l 

-b C.6s(bt te) C.cswt 

Where M*z is the equi l i brium p umpe d magnetization, w~ .l·- y H l 
) 

C:::.W = Yi-1 .-W > t al\ El ~ bT, b = [ ( }-1-\~) 1 + ( y H
0
-wJ1-L 

and T is the relaxation period. 

This equation reduc es , in t he cas e of s teady state resonance, 

to: 

Here it is seen that t h e H
1 

f i e ld has p r oduced a net alignment 

in the x-y plane which rota tes a b o u t t he z axis . It is likewise 

observed that as H
1 

is increased from zero, "t-y max builds up to a 

saturation level and then decreases. 

Now it must be recalled that the second, or monitoring light beam, 

has its optical axis along the x axis, and t hus the net angular 

momentum vector, \vhich represent s the spin sys terns , a 1 terna te ly 

points towards, and away from, the ligh t source. 

Consequently, the spin systems appear to the monitoring beam to 

possess a time varying angular momentum. When the angular momentum 

vector points toward the sourc e , the angular momentum shall be defined 

as positive. Nmv since the ph otons in the monitoring beam can Le 

absorbed by the spin sys t ems on ly by delivering a change of angular 

momentum so that ~ M= +1, it i s s e en, from the ear li er mentioned 

pumping probabil it i e s, that little l i g ht Hill be e x tracted from the 

28 



beam 't·lhen the net momentum vector points toward the source. Conversely~ 

when ihe net momentum vector points away from the source, maximum 

energy is extracted from the beam. Thus, the light is modulated at 

the Larmor precession frequency. 

It has been assumed in the preceding discussion that the H1 

field has been rotating in the positive direction with reference 

to Ho, thus exciting the F=2 transitions. If the H1 field is caused 

to rotate in the opposite direction so as to excite the F=l transi-

tions, it must be remembered that the angular momentum vector is 

oppositely aligned 't-Jith respect to the magnetic moment. Thus, Hith 

respect to the H1 field, the net momentum vector~ and hence the 

light modulation, is 180° out of phase Vlith the modulation produced 

in the case of the F=2 transitions. Also, the Larmor frequency is 

approximately 1500 cycles per second higher for the F=l transitions. 

These differences make it possible to differentiate between the 

F=2 line and the F=l line. 
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45 Degree Single Beam Detection 

It is possible to obtain what is essentially cross beam detection 

by utilizing a single beam oriented 45° from the H0 axis. This beam 

acts both as a pumping beam and as a monitoring beam, for it may be 

resolved into two components, one parallel to the z axis and one 

parallel to the x axis. It would seem that, as each component is only 

about 70% as intense as in the cross beam case , the signal should 

suffer a considerable loss. Experiments, however, as performed by the 

writer, have not shown this to be the case. On the contrary, better 

signals seem to be obtained us!ng the 45° beam system. 
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F. The Effect of Rotation 

The effect of rotation upon the proces ses previously described 

will now b~ examined . Of chief interest is the effec t of rotation 

of the entire experimental set-up with respect to some external 

coordinate system. Let the experimental coordinate system be at 

rest with respect to the external coordinate system. The frequencies 

of the F=2 line and the F=l line are determined. Next~the experimental 

coordinate system is rotated about the H
0 

axis \vith a frequency, W 

positive with respect to Ho . The atoms in the F=2 state are precess-

ing in this same direction \·lit .. h a frequency, w'2.. referred to the 

external frame. This precessional frequency is determined only by 

the H
0 

field as determined in the external frame, and the rotation 

of the experimental frame has no effect upon the behavior of the 

precession as seen from the external frame. Therefore, as seen from 

the experimental frame, the precessional frequency is equal to 

w'l.- w , and if an observer in the experimental frame 

were to measure n0 solely by the precession of the F=2 state atoms, 

he would conclude that H
0 

had been reduced by an amount 

Now consider the effect upon the atoms in the F=l state. Because 

these atoms are precessing in the opposite direction from the rota-

tion of the experimental frame, an observer in this frame would 

determine that the frequency of precession had increased to wl-\- (A) 0 

Guided solely by this evidence, he might conclude that H0 had 

increased by an amount However, with both the F=l line 

and the F=2 line to observe, it could only be concl uded that the 

frame of reference \Jas rotat ing at an angular velocity, W 
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Now if it is supposed that H0 changes at the same time that the 

experimental frame is rotated, it is found that bo th the rotation anu 

the change in H0 can be detected unambiguously. Neglec ting se con~ 

order effects, and this may be done for rotations of less than 100 

cycles per second, we obtain the following equations: 

w ::: w1- yl yw'l.w'l 
yl. X 

where W1. Cl'Yid c...J 
2 

are the observed frequencie s of the F=l and t he 

F=2 lines, W is the positive angular velocit y of the experimenta l 

frame, and y1 a'fld y ?- are the ratios of the n0 field to the F= l 

and F=2 frequencies, when the experimental frame is at rest. 

It may be noted that the H0 field could be created artificially, 

inside the experimental frame. The spin systems need not have 

contact with the external frame through H0 . For this reason, the 

rotation effect should be observed to occur within a completely 

closed system, such as in a space ship far distant from regions of 

appreciable magnetic fields. 
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III. The Equipment and the Experiments 

The information to be obtained in the experimental ~twrk Has 

primarily on the feasibility of detecting a rotation of the experi~ 

mental frame by the method just described. The ch ief prerequisite 

was the ability to detect both the F=2 line and the F~l line~ and to 

be able to locate the line centers with reasonable a ccuracy. Because 

z axis detection cannot give information concerning t he phase of the 

spin systems with respect to the H1 field, it was decided to use a 

cross beam system. The phase information thus gained can be used 

to locate the line centers with greater precision . The disadvantage 

of such a system is that the signal to noise ratio is not as good 

as it is with z axis detection. The first exper imen t s were to 

determine whether or not the weak F=l line could be obs erved at all. 
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A. The Components 

The Lamp 

The source of the rub i dium l i ght is a spherica l pyrex ~ulu uf 

about one mi lliliter volume containing a small amoun t of hlelallic 
• 

rubidium and l . Srrnn of argon as a fil le r gas. The bulb is located 

bet-v1een the p l a te tank coils of a 100 Hcs oscillator, a nd the 

R. F. energy induces the discharge . The lamp emits t he n
1 

and o2 

lines of the r ubidium spectrum. The intensity of these line~ LS 

dependent upon the temperatu r e of the bulb whi ch is best conLt0lled 

by enclosing it in a small glass hood . The lamp a s s embly is enclose: 

in an aluminum shield, part of which i s a parabol i c r eflector for 

collimating the light beam. 

The Interference Filter 

As has been previously described, on ly the o1 l ight is de~1rcd. 

Thus the ligh t beam is passed through an i nterference f ilter. This 

is a Spec t ralab filter which passes the 7948 R o1 line, and rejects 

the 7800 ~ o2 line. 

The Circula r Polarizer 

In order to provide proper pumping action, as desc ribcu, it 

is necessary t hat the light be circularly polarized. The c1rcular 

polarizer consists of a linear polarizer follmo~ed by a quarter \Jave 

plate. 

The Absorpt i on Ce l l 

The a bsorption cell is a pyrex cylinder , three i nches lon 0 

and t wo i nches in diameter, containing a few milligrams of ruu1dium 

8 7 and filled with a buffer gas. This buffe r gas is a1-gm1 at Jc...n 
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press ur e , t he purpose of which is to reduce considerably the mean fre e 

path of t he rub i dium atoms. In th i s manner, t he or i en t ed r ub i dium 

atoms collide less often with t he wal ls of the gas cell. Collisions 

with buffer gas atoms ha ve a relatively small probability of causing 

loss o f orientation compa red to wall collisions. Thus, the add i tion 

o f a buffer gas inc r eases the relaxation time of the "pumped" rubid ium 

atoms. 

The Optic s 

The ligh t coming from the lamp assembly is slightly divergento 

It \vas discovered by experiment that the best pumping action was 

obtained by causing the light to converge slightly in the a bsorption 

cell. Th is was a ccomplished with a Fresnel lens of four inch diame ter 

and th ree inch fo ca l length. The lens vlas p laced 2 1/4 inches i n 

f ront of t he c e l l. Another lens with the same characteristics was 

placed 2 1/4 inches beyond the cell to focus the transmitted light 

onto the photoce ll. Fig . 3.1 shows the position of the optical 

components. 

The Photomosaic 

The phot osens i tive material used to detect the modulation o £ 

the light b~am \laS a Hoffman silicon solar batte r y. Because the 

capacitance of a s ing l e large solar cell is too high for t he fr equency 

used, nine small batteries uere connected in series t o form a pho to-

mosaic. This has an ou tput resistance of 18K and an output capaci-

tance o f .002 ~f 

The Pr eamplifier 

The transistor preamplifie r used was matched to the photomosaLc 
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and had a gain of approximately 150,000. The preamplifier \vas pro

vided with tvJO outputs. The first output \Jas a lm; poHer, controlled 

phase shift output to be used in an oscillator feedback l:HJp. The 

second output was of higher pmJer and used for monitoring the signal. 

Because of the high gain of the preamplifier any ground loop ~as quite 

likely to cause ummnted oscillation. It \Jas found that the h. F. 

shield about the photomosaic should be grounded to the input grounu 

of the preamplifier, and that all other ground points should be 

connected to the ground at the output of the preampli~ier. The circu1t 

diagram is shmm in Fig. 3.2. 

The Mechanical Structure and Coil Systems 

When the apparatus was set up for a cross beam expcri~ent, the 

lenses, lamps, and cell \.rere mounted on polyfoam blocks. The coil~ 

were mounted on the edges of a six inch cube of polyfoam that enclosed 

the absorption cell. When the 45° beam configuration Has tound to 

give a better signal to noise ratio, the mechanical arrangement was 

constructed as follows: A \·JOoden platform \.ras built \Jith 1ts t.op in

clined 28° from the horizontal. A brass bearing \.ras mountcJ on this 

top which was connected to a circular \·JOoden plat form 24 inches in 

diameter. The axis of rotation of this platform could thus be aliJn.u 

Hith the earth's magnetic field, for the field at this location is 

inclined 28° from the vertical. On the rotating platform was mounted 

a cubical aluminum frame, 16 inches on an edge, Hhic h served to 

support the optical system at 45° from the earth's field and also as 

a coil form. The optical system was mounted in a cylinurical tube 

which was supporte~ at diagonally opposite corners of the frame. 
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The coil s , wound on the aluminum frame, consisted of two pairs of 

Helmholtz coils, the axes of which were perpendicular to the axis of 

rotation and to each other. Each coil was composed of approximately 

12 turns of wire and adjusted so as to have 200 J'l... reactance at 

350Kc, as measured on a bridge. An additional smaller coil of 20 

turns was wound about the absorption cell Hith a three inch diameter, 

and coaxial with the light beam. A photograph of the mechanical 

system is shown in Fig. 3.3. 

Phase Shifter 

The two pairs of Helmholtz coils were fed 90° out of phase •~~·ith 

one another by a phase shift netHork. This netuork consisted of a 

200 ..n. resistance in series with one pair of coils and a 200...n... 

resistor plus a 400 SL capacitive reactance in series with the other 

pair of coils. The resistors and capacitors were adjustable for 

balancing. In this manner, the current through one pair of coils \Jas 

made to lead the applied voltage by 45c, and the current through the 

other pair of coils was made to lag the applied voltage by 45°. A 

toggle switch was so connected that the pairs of coils could be inter

changed. 

The effect of the phase shifter was to circularly polarize the 

R. F. field in the vicinity of the absorption cell, the sense of 

circular polarization being determined by the toggle switch. 
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B. The Preliminary Experiments 

The Detect.ion of l{esonance 

The optics \lere aligned for a cross beam experiment. .i'ht. p .1p:.. ., 

beam \vas set up along the H0 fie ld, with t he monitoring bedm ell 1 .... c,;ht 

angles to the 110 field. Hith neither light nor H1 fiel d, the noi-:>e 

output of the transitor preamplifil.!r \vas examined on the Tec.htr J!ltcs 

310 osci llosoope. It \.Jas discovered that the noise \Jas essenlia 11 

gauss ian in character. Next, an A 11 is on 2 -c tunab lc f i1 ter \/.:lS L •j<,._ r t•-l; 

in the circuit bet\·leen the pr~ampli[ier and the osci llosco e. ·1.r. 

pass band of the f i 1 ter \,•as se;: L t o:c 3 50Kc. The nois e uas reducl•· c..u.1-

siderably and \vas observed to have most of its energy conccr :.t-aU.·-. 

betv1een 300Kc and 400Kc. l.Ji th the [Jumping 1 ight and monitor inti .&.1 • l 

irradiating the absorption cell a slight increase in the •wise h:,( 

vas observed. NoH, the H field H<lS arplied Hith the phase shift l 
1 

bypassed. With the frequency o f the H
1 

field off resonance, 011l} c.1 

very slight false signal, caused by direct R. F. pickup from the phulJ-

cell resulted. If the horizontal 5\Jecp of the: oscilloscope is sync:. ·ll • 

nized to the n
1 

R. F. field, LhL'rt this pickup remains stationary u.& 

the face of the scope as the !~. F. frequency is s 1 igh t ly changec: , 

As the frequency is chan~L'U, i1o·.:eve r, another signal is sec·n 

on the scope which rapidly Lccc· 1e!; la rger as resonance is approac .~L 

Hhen the H frequency is Lrou0 •• ~ -Lo \·:ilhi n 100 cycles per seconu 01 
1 

resonance, the phase of the .;ic;t.:.l:. is oL>serv e<.l to shift across tm. 

scope. This occurs because tuv .~. asc of the atomic spin syste r.s 1L.1,1~ 

the exciting R. F. Hhen the i( • .'. i~ al a f requency lmver than 

resonance, and lags when the 1,, i is at a frequency higher tha n 
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resonance. The position of zero phase lead can be considered the 

point of resonance. 

It \·laS found that \vhen the amplitude of the exciting R. F. \vas 

high enough to produce noticeable picku~ the amplitude of the actual 

signal remained fairly constant over a range of several hundred 

cycles per second. This condition is one of R. F. saturation, and 

results in excessive line broadening. Should the R. F. be increased 

still further, the amplitude of the signal will actually decrease 

at the resonant point, resulting in a characteristic double 11 line 11
• 

In order to observe a narrow line, the R. F. must be reduced .., 

considerably. Even with this precaution, the line width is about 

150 cps. Now since the amplitude changes ve~y little near the point 

of resonance where the phase changes most rapidly, it is clear that some 

method of phase detection would be more sensitive than would be a 

method employing amplitude detection. 
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Comparison of Cross Beam with 45° Beam Methods 

It Has discovered that the signal to noise ratio was a function 

of several variables. With the lens system optimized, it was found 

that the amount of current draun by the lamp oscillators \vas important 

in achieving a good signal. The best signal was obtained with the 

oscillator pm;er supplies set at 27ma. The temperature of the absorp~ 

tion cell was also very important. The signal to noise ratio obtai~eu 

with the temperature at 35° C to 40° C, the best range,\·Jas about tLn 

times the signal to noise ratio at lOu C. 

The best obtainable signal to noise ratio, uith the cross beam 

method, Has approximately six to one. The pumping beam was nm-J 

removed, and the apparatus tilted so that the axis of the monitoring 

beam \-Jas 45" from the n
0 

direction. A signal to noise ratio of 

approximately ten to one Has achieved. All components were inter

changed, where possible, to make certain that this improvement \-Jas 

not due to a faulty component in the pumping beam system. No 

significant difference was noted, and it became apparent that th~ 

45c beam technique \las superior to the cross beam method. This 

unanticipated result vas further substantiated by repetitions of tl1e 

experiment. 

At this point the mechanical system, \vhich \-Jas descriLed earl icl·, 

was constructed and all further experiments uere conduc ted uith Lhe 

45° beam technique. 

Detection of the F=l Line 

It noH oecame important to detect the F=l line. It had been 

assumed that the signal described previously \Jas the result of 

43 



i rradiating the F:2 transitions. An iltl<..:mpt \/US made to detect an 

additional effect at a frequency approximately lSOOcps above tlae fir~t 

signal. No such effect Has noted. Con..,iuerin(; L:1c population proi)a-

bilit ies, as previously outlined, it \vould be expected Lbo.t the F 1 

s igna l should be much weaker than the F=2 signal. 

The next attempt to detect the F=l signal utilized fLeld rotat1ou 

by means of the phase shifter. First, the 11
1 

field was rota teo at 

t he Larmor frequency in the positive direction to detect the F=2 li11e 

and t o obta i n a reference. Then, the direction o~ rotation was 

revers ed . It was observed that the F=2 signal disappeared. The 

frequency o f t he R. F. vms then carefully raised until another sit,.tal 

appeared. Th i s neu signa 1 \vas quite \:eak and disappeared '.Jhcn the 

direction of f i eld rotation \Jas again reversed. Next, the phase 

shifter was s lightly misaligned so that the field \JaS no longer cir-

cularly polarized, but eliptically polarized. Thus, Hhen the field 

was caused to r o t ate in the negative direction a small positive 

component was a l s o present. In this manner, both the F=2 and the 

F=l lines could be seen, as the frequency Has changed, al about equal 

strength. The frequency separation was approximately 1400 cps. 

The result s o f t h i s experiment verify the prediction of the theory. 

It now remained to s e e if the F=l and the F=2 lines could ue used in 

a rotation det~ctor . 

Sequential Met hod of Line Separation Measurement 

Nmv that bo t h lines had been identified, it Has decided to 

determi ne to what sensitivity the line centers could be located. 

It is ea sily seen that if one is to detect a rotation of one cycle 
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per second , the position (Jt Lhe i -·1 lir1e .Jitt-. L pu ... L to Lbe l· ~2 l.J..nc 

must be kn mm t o a pn:~.:i.,ion of at lL:d.;t Luo cyclc'J l'er &t..cotw. id 

orde r to invest i ga te the :H.nbitiviLy to iJl!ich the line. ccnters Lvuh, 

b e located, the signal was put th r ough an amp l if ier and then ittlu a 

d iod e detector f o llm;ed by a loH pass filter. Thus, tilL' signal .! eli

tude was c onverted i n t o a 11D.C . 11 level. t;ext , a coil \Jas set ol}' tu 

provid e a "hum" f i e l d c oaxial to Ho uith a fr eq uency of 200cps. 

With this field estab li shed, the o u tpu t of t h e d e t ec tor was compa~~L 

in phase wi th the 200 cps hum field . If, f o r example, the K. F. is 

at a f req ue n cy s 1 ight ly l m1er than the 1 i nc, the ef fe e t of L he 2 OOc!1& 

f ield will be to move the line into resonan ce \lhen t he hum fielJ is 

instan taneously in opposit iou t o H
0

• The comparison i s accomplished 

\J it h a phase comparator, t he circuit of which is shmm in fi0 " 3 . :J. 

I f t he strengt h o f the H
0 

field i s sloHly varied, the output o the 

phas e comparator is essentia lly t h e derivativ e of the am~lituuL of 

the 1 i n c . As the deri va ti v e changes most rapidly as i L pass e s Lln·ou.~, 

z e ro at t he cente r o[ t he l ine, t he me t hod is rathe t· sensiti\.e. 

The II 1 f i el d \JaS rotated in t he negat ive direc t ion \Jitlt a ~.tt.Jll 

posi tive c omponent so t hat t he F::: l line a nd the F=2 l i ne \.Jould .1avc· 

r ough ly eq ual amplitudes. A he l i pot , dr i v e n by a t imin<~ motur, .. ~L" 

set up t o va ry the Ho field s o tha t with the proper H1 frequt..nc:,. 

both F=2 and F.=l lines could be s uept through in a single "run•: 

Th i rty runs uere ma Je , f i fteen of which produced useful data. Tl i~ 

da t a was reduced t o shou tltc apparent variation i n the frequency 

separat i on of the t\:o 1 ines. llhen t he r e su 1 ts \Jere plot ted, Ltl' 

va r iations i n freq ucncic~, occur red in a roug hl y gauss ian dis t1. i:Ju t io:: 
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with a standard deviation of about 20cps. It is evident that it would 

be difficult to detect a one cycle per secon~ rotation. 

There are severa 1 possible causes of such v.:1ria t ions be t\;ec.n .runs . 

It takes severa l minutes t o sweep from the center of the F=2 li1te to 

the center of the F=l l ine , a nd in this time the oscillator may ch-ift. 

Also, the earth's field may cha nge. If, due to lamp instability, tlw 

intensity of the light shou l d cha nge just as the center of the line 

is reached, this also may al te r t he apparent line center. 

For these reasons it was seen to Le desirable to somehow detLcl 

both 1 ines simultaneous ly. A sys tern us i110 the F=2 1 inc as a l L' fe.cence, 

and simultaneously comparing it to the F=l line ~:as thou5hl to ue a 

logical solution. 
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C. The Experimental System 

It was decided from the results of the previous experiment that 

the two greatest sources of error were the changing ma&net ic field and 

the drifting of the oscillator. A method of overcoming both of these 

difficulties was devised by causing the system to oscillate on the F=2 

line, and by using this oscillation as a referenc e frequenc y. Then~ 

by mixing this frequency with 1420cps from a stable audio oscillator, 

a sideband at the F=l frequency could be produced. Thus, a small 

additional modulation of the monitoring light beam would result which 

would have the effect of amplitude modulating the R. F. signal from 

the photomosaic. If this signal is detected,the 1420cps audio fre

quency can be recovered. If the F=l line is precisely at the position 

of the upper side band, then the recovered audio will have the same 

phase as the audio from the oscillator. If, however, the F=l line has 

been displaced upwards, due to a positive rotation rate about n0 , 

the phase of the spin systems \vill lead the applied R. F. This phase 

lead will be preserved in the detection process and the recovered 

1420cps will lead the applied 1420cps. Shou ld the direction of thL 

platform rotation be reversed it is seen that the recovered 1420cps 

will lag the applied audio. These phase changes can be observed 

with the phase comparator described previously. 

The Additional Components 

In order to complete the system as described, several additional 

components were needed. The first was a balanced modulat or, to 

mix the F=2 signal with the reference 1420cps audio, Lo produce a 

sideband at the F=l frequency. It was felt to be desirable to 
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to lH~ amplifiul considerdbly. This \vas accorn1~lisbed with a stdt•~ ~ 

~acuum tube amplifier a~justcu to pruviJe an output of about )V ~ 

To produce a clean F=2 freq~ency, the Allison filter was 

replnccd Ly a narro\J band tuned amplifier, the circuit of \·lhich i:3 

shown in Fig. 3.7. 

In order to produce the F=L oscillation, the oscillator output 

of the transistur prear11plifier "-'as connecte...t to the small 20 turn 

coil previously mentioneuo Jheil this coil was connected with the 

proper polarity, the syst~1:1 \hmlu ~elf oscillate at the F-2 frcquenc:, 

h standaru aircraft radiu rLcei~er \ffiS ~seu Lo uetect the 

modulstLm in the signal aL the output u£ the transistur preampli11Ll. 

The antenna was loosely cuu1Jlea Lo the input of the narrO\.J band tuned 

ampliiier, and the receiver tuned tu the F=2 frequency. 

Because of the large amuunt of extraneous noise in the output, 

an audio f i 1 ter Hi th relatively hi6h Q \tlas built and tuned to 

1420cps. The circuit diagra.a uf tlais filter is shm·m in Fig. 3.t>. 

The source of the 1420c}Js L·cfercnce sf3nal \.Jas a He\vlet Packar-... 

200CIJ uidc ranJe asci lla tor \J i tb a balanced out put. The output of 

the phase comparator was rcco1ued on a Sanbortt strip recorder. 

The block diaJram of tne ea1 t i .ce sys tcm is shoun in Fig. 3 o 9 o 
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D. The Rotation Experiment 

The system was activated with the output of the audio filter 

being examined on the oscilloscope. It Has found that the noise 

impulses from the output of the radio receiver caused a considerable 

ringing in the audio filter at 1420cps. It was apparent that the 

amplitude of the F=2 oscillation was such that any amplitude modula

tion present was eliminated by saturation of the amplifier. As the 

absorption cell was allmved to cool belmv optimum temperature, and 

the amplitude of the oscillation decreased, the character of the 

signal from the audio filte~ changed. The variable amplitude ringing 

signal was replaced by a stronger steady 1420cps signal. 

The sense of the polarization of the H1 field was then reversed 

so that the F=l transitions would not be excited. The signal from 

the audio filter again became the same ringing type observed pre

viously. 

This experiment \vas performed repeatedly with the same results. 

It appears that the only possible explanation for such behavior is 

that the F=l line is being irradiated, and that the F=l transitions 

are modulating the light beam as described by the theory. No other 

explanation can account for the loss of audio signal when the sense 

of the circular polarization of the H1 field is reversed. 

The output of the audio filter was then compared with the 

original 1420cps from the audio oscillator in the phase comparator. 

The frequency of the oscillator was adjusted until the phase 

comparator indicated zero phase difference. At this point, it would 

have been convenient to have had a filter of lower Q, for the 
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phase shift caused by de t uning in the f i 1 te r is easily confused \vi th 

the phase shi f t caused by passing through the F=l line. The latter 

effect, hm.;rever, is some\vhat sharper, and with a little care, pay be 

distinguished from the phase shift due to the filter. 

Once the line center was located, the output of the phase compara-

tor \vas recorded on the Sanborn strip recorder. The output signa 1 

was observed with the platform at rest until its characteristics 

could be noted. The platform was then rotated. Because the platform 

could not be turned for more than one revolution in the same di r ection, 

and because (to obtain a reasonable signal to noise ratio) the inLe-
... 

gration, or smoothing time, on the phase comparator was set at .3 

seconds, the maximum frequency of rotation that could be attempted 

was approximately one cycle per second. The platform was rotated and 

the resulting phase shift recorded on the Sanborn recorder. Fig. 3.10 

shows some of the experiments made at different angular velocities. 

Although the effect of rotation is slight, it is plainly obs"ervable" 

Numerous attempts were made to produce similar effects uy means 

other than rotation, such as lateral accelerations and tipping of the 

axis of rotation, but no such false rotation effects were noted. 
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IV. Evaluation and Conclusions 

Summary of Results 

By the method of circularly polarizing the H
1 

field, it ha3 ~ee11 

demonstrated that the F=l line and the F=2 line actually do represent 

the precessing rubidium a toms in their res pee t i ve subs ta tcs, awi l.iP t 

the directions of precession are as predicted by theory. 

It has also been demonstrated that the F=l transitions can ne 

induced simultaneously with the much stronger F=2 transitions. tve11 

when the system is self oscillating on the F=2 line, it has been 

shown that the F=l transiti~ns, when indue eJ, also modulatP tn(:' 
4 ·~-

monitoring beam, and that the two signals appear simultaneously al 

the output of the photomosaic. A system has been assLmbl~d whtch 

de teet a very sma 11 movement of tl1 ese relatively uroad 1 in.::~. 

Finally, it has been demonstrated that a rotation of the experi-

mental frame can be detected by the shift of the F=l and the F-2 

1 ines as described by theory, and that a sys tern can be asst>rob 1 i.:d 

with the present state of the art which can measure this rotation. 

Integration Time 

Due to the relatively small angle through Hhich the plntf0rm 

could be rotated, the length of time over 1:1hich a measun:meut ,,[ 

rotation could be made vias quite limited. For many applications, 

a much greater measurement time could be utilized. In th1.s manner, 

the effects of the noise could be reduced ~reatly Ly intc~ration 

methods, and a correspondingly smaller angular velocity measl,rt d. 

The Need to Enhance the F=l Transition 

As has been emphasized earlier, the entire proceJure ii 
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made much more difficJlt because of the small F=l signal. It is of 

prime importance in the further development of the system that some 

method be found to enhance the F=l transition. The most logical 

approach is to attempt to redistribute the population probabilities 

by altering the method of optical pumping. This might be accom

plished by changing the pumping light in some manner or by affecting 

the relaxation mechanism in the absorption cell. 
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