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ABSTRACT
. , : 2 205,,. 2
The hyperfine structure of the 6 P3/2 state of - T1 and the &4 P_3/2
69Ga is investigated in the presence of static electric and magnetic

state of
fields of arbitrary orientation. The émphésis is on low field level crossings
which occur within the F = 2 hyperfine state of thalliﬁm'and fhe F = 3 hyperfine
state of galiiﬁm. Results of computer éalculations fderifferent relative
orientations of fhé.fields are presented and the influénce of small off-axis
fields on the.levél crossiﬁgs is explored. The ﬁossibiliﬁy ofTobserving "anti-
level crossing” by the atomic beam méthbd is considéred in an attempt to explain.

[

some anomalous experimental results.
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’I. INTRODUCTIONV

Duiing nhe course of an.invesfigation efithe‘Stafk'effect inlthe reso-
nance linesvof.indium by the atemic beam nefhod,vanomaibus”signels'independent
of the light were observed. Theee signals were found te depend on both the
static magnetic and electric fields in the C—region of the atomic beam/appa-
ratus. Similar signals were later observed in galliumw° It was subsequently
learned that F. R. Petersen’ had dlso obeerfed.enoneioue.signals duiing the
course of an inVeetigaﬁion of ﬁhe tenser polarizability of‘the mefaefable
6°p 3/2 stateaof nhallium and the h2P » metastable state of gallium. The anoma-
lous signals were characterized by the fact that they were 1ndependent of the
exciting radlation (lléht in our case, radio frequency 51gnals in Petersen's
case) and depended only on the static electric and magnetic fields present in
the C—reglon. Further‘eV1dence suggested that the 51gnals origlnated in the
2P3/2 state fainer thenvthe 2Pl/é'snate. Fer example, the_anomaieus_gallium
signals were more intense than the anomalous indium eignals while.no anomalous
thallium signels were observed by us. Now, the'populations of the 2P3/2 states
of thallium, indium, and gallium are approximately 0; 15% and 45% fespectively,
for the atomie,beam source temperanure ueed. Hence one would expect greater
signals fdr gallium than for indiumband no signal for ihaliium-if indeed the

signels are.associated with the 2P state.2

3/2 R
The fact that the anomalous signals depend on'both the electric and
magnetic fields suggests that some sort of level crossing’phenomena may be

involved with transitions taking place between the crossing levels.
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Yet, the Zeeman ana Stark operators are diagonal in the‘magnetic quantum
numbers when the fields are parallel, so that no transitions can be inéuced

in the absence of further perturbations. Additional perturbatidns ma& be‘pro—
vided by accidenigl off—axis-components of the static fields. These facts
have prompted us té investigate the combined Zeeman and.Sfark effects on the

hyperfine structure of the 2P states of thallium and gallium when the

electric field is not.parallel to the magnetic field. Indium will not be

treated here sincé thé tensor polarizability of indium has not been measured. .

v
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IT. THEORY

To calculate the hyperfine structure of the‘2P3/2

diagonalize the Hamiltonian which consiété of the hyperfine, Zeeman, and Stark

it is necessary to

operatofs. Each of these operators has been amply discussed in the literature.
Thallium has & nuclear spin i = 1/2‘and hence the hyperfine structure operator

contains‘bnlj“thé magneticldipole term

o _ o F(F+1) - I(I+1) - J(J+1)
2TdTas — on

T =

= (o

2

where the hyperfine constant. a = 530.076600 MHz (_OSTl).‘ 3ot is diagonal in

the Fm representation and it is convenient for our purposes to calculate the
matrix elements‘of all operators in this representation. In moét experiments
involving both magnetic and electric fields, the fields are parallel and it is

frequently simpler to work in the m

I,mJ representation since the Stark_ahd

Zeeman operators are diagonal in ms,m Here we are interested in the cir-

T
cumsfance thétmg:is not parallel to B. Iﬁ ﬂhié éase,‘depending.oﬁ which
direction we éhooge fof.thé Z—axis‘eiﬁher the.Zeeman or the Stark operator
will contaiﬁ off;diagonal matrix elements. It is not clear that anything is
to be gained.by working in the my .My reﬁfesentation, pgrticularly since the

matrix elements will ultimately be calculated by computer.
 The Zeeman operator is given by

u I
J(Z = .. -—Q- . - —Q- °
where (205 (205T

T1) = -1.33L10L5, and & 1) = 0.0017549, and where u is

&g

the Bohr magneton. We choose for the z-axis the direction of the magnetic

field. The'required mafrix elements are then,

3
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(F'm' |3¢ |Fm) = -g; = KF'm'|7_|Fm) - g — KF'm' |1 |Fo)

Using the WighereEckart theorem and the theorem for the reduced metrix element

of a tensor operator in é coupled scheme we obtainh
_ [ T T o /P 1 F
. o -m 0 m

)]1/2 ’ J'VF' 1]

x | ()F g [(2041) 3341

FJ 1

o | e
t .
v (2)F g, [(21+1) I(I+1)],l/2 [_ - ]]
S - lr 12
Substituting I = 1/2, J = 3/2, and evaluating the 3-j and 6-j symbols in
terms of their arguments we get

2 1/2

- m2] and

(F><f+é)<ﬁ+u>(2_p).]l/2 y

(F+1m[%?1Fm) = GH‘[ PN F+1)
o (F+1)°(2F+1)(2F+3)

< ' ‘v E ‘ 3!1 .-:.; ' ! y .
leﬂ?lFm)‘ GH'FTF;iT?T G'Hm ' where.

H H,
0 vy .. .0 :
[P SN T a—— +
G o ( gy + gI) ané G 2h.(gJ gI)
These matrix elements are given in Table I.
The matrix elements of'theistark dperator in'theme representation have

been given by Aﬁgel and Sanders,'5

- | ' 3 /F 2. T
(F'm' [#]Fm) = _/§:a2 3 (=) {EE}gQ (-)Fm <'-' - >>
| 1 B} ‘ Q B —m-,Q. m'

(;)I+J+F (2F+l)(2F'+l)(2J+3)(2J+2)(2J+l)]

i/je (g 7 I
2J(23-1) '

F' Jo 2

©
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where O ,is‘ﬁhe;ﬁensor polarizability

2
S (v\
- a,(TL) = -6.0% wiz/(S5) ), wnere
. .-{EE}ﬁQ‘= /5 E: (—)Q 11z EE ,  and where
: T - agq' e q¢'q/ T
. l . ° . . .
= F 5= + 3 = i i
Eyq B (EX,_ 1Ey) » By = E, . | It is of interest #o calculate

the matrix elements for the two limiting cases when E is parallel to B and
when E is perpendicular to B. An examination of these cases will tell us

which states are coupled by.the electric field.

Case I.. E_is ?§réllei to E}
In this case IEJ = Ez' and Q = 0. Hence, m=m', i.e. only diagonal

i

(in m) matrix elements exist. We have,

v{EE}giﬁ./%- Ei | and thus
<F'm'j$§|Fm> -, (_52F—m < F o2 F">' 3/2 F ;/2‘
o , 'vv -m 0 m Ff 3/2 2
[(2F+1)(2F'+1)]1/2 Ei
.These matrix giements are shown in Table II.
Case IT, Eﬂperpeﬁdicular to B.
| | In tﬁis:éase, |§J é Ex’»Eil = ¥ V%_ﬁx,A EO = 0. Hepce,
AR A
{EE}il:= 0

> 1.2
{EE}Q3;ng E_
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From this it is seen that the electric field couples states whose magnetic
quantum numbers differ by 2. The matrix elements for'this:case'are given in
Table IITI. The general case we are interested in is that in which the electric

field is in the X-Z plane. Here the couplihg between the Zeeman sublevels

&

will vary from m@iimum at 90° té zero at 0°. For angles other than 0° or 905. !

levels whose mégnétié gquantum numbers différ by %1 are éiso coupled. In Table _ é

IV matrix élemehté fof L5° aré.given. | 7 | |
vThé matrix elements for gailium méyvbe worked.ogt éimiiarly eicept that |

ﬂhf nust include fhe.electfic:éuadrﬁpoie iﬁferaction. In our calqulations ve . . ;

have'included:aisb the magnetic octu@éle iﬁfe?éction. | .. | |
We have chosen the direction of the magnetic field as the axis of

gquantization. 'We coﬁld just as well have taken the difeétion of the electric

field as the axis of quantization.  The results are the same in either case.

We can go fromvoné choicevdf axis to fhe othef by a rotétion Qf the cdofdinate
~axis and this ¢annot'effect.the physical results.

A computer program was written to calculate @he‘énergies’of the hyper-
fine sublevels as a fungfion of both the magnitude and relative orientation of
the electric.fiéla. The resuits of these éomputaﬁions are discussed in
Section IV. 'In the hext section we discuss an illuminating and relevant

example.
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III. EXAMPLE .

The features of'the'combinedeeeman Stark effectvfof the case that E is
not parsllel ﬁo g_will be considered here,through a simple example. We consider
a state with J_= 1, I = 0 (no hyperfine sﬁructure). Thé opefators for this case
o - i : : - :

'3J§ - J(J+1)

- oy -1 _ 2
W = -8 Wy 3 J_ and e = 50, —Smrr— E
for E parallel to H. Hence,
m'\nmn -1 0 +1
-1 ‘-2e+8 0 0
(m'[¥m)= 0 { 0o ke 0 where <8 = g 1, H
41 0 0 -2e-B8

and € = 1/b aé‘Ee. Here we see that the energies are simply the sum of the
Zeeman and Sfdpk energies. J€ for the case that E is per?éndicular to H can

be obtained most easily by use of the rotation operatof

(' |5 g = (0},=(8))7F ([ A1) DI, (6)

m'" =] 0 o 1
-1 —'8(3 cos? ¢ - 1) 3/2 Evsin ¢ cés o =3¢ sin2 ¢

. =0 3/2 € sin ¢ cos ¢ 2v€(3vcosg b - 1) =3/2¢ sin ¢ cos ¢
1 -3 € sin° ¢ : —3/5 € sin ¢ cos ¢ —e (3 cos® ¢ - 1)
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For ¢ = /2 we have

0 21 .
0 -3€
(m" |H|m) = -2e . 0 *
| 0- e-8
The éiéenvalﬁe; of ﬂfﬁre'readily éhown to be A = -2¢, g t'3e (1 + 62)1/2

where & = B/3e. Here we'sée that thelfields no longef act indépendently._'

The electric field in this case tries to restore the Sta?kidegeneracy removed

by the magnetié field. The two situations described abo&e are shown in.

Figs. 1(a) and (d). We note that the créssing ﬁoint>in Fig. 1(a) has disap-
peared in Fig.bl<d) and that the shapes of the energy curves labeled m = 0, -1

in Fig. 1(a) hayevreversed in Fig. 1(d). We now examine more carefully what
"happens at thé,crossing point when & émdll pefpéndicular electrié field com-
ponent exists,.that is we considér~the case:wﬁeh ¢(réa)f<éri._ Making the approxi-

mation sin ¢ = ¢, cos ¢ ® 1 we have

(m' |3m> = (m' |3 |m) + (|36 |m)

b<<1
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where we have;used the fact that € = B/6 at the crossing point. {(m'|¥|m)

can be broken up into two parts,

0 1

0 0
+ =8 0
4

° -3

m' -1 0 1
N Ze

and <1nﬂ1€}ﬁ):= 0 | fg Bo ‘d - fg Bd
: 1 0 fgre¢ 0

Applying degenéréte perturbatibn tﬁeory to ' we get i'l//? B¢ as the correction

to the energies of the degenerate states |O) and l—l ) . Thus the degeneracy is

1ifted by an amount v2 B¢ and the result is that the crdssing becomes "anti-

crossing”. This.is shown invFig. l(b)‘and (e).  Iﬁ the example just éiven,

the degeneracy at the érossing is lifted in first order.és-the crossing levels
are directly coupled with ¢ # N/Q. More generally, the crossing lévéls_may or
may not be céupled in first order. Since the Stark operétor connécts levels
whose m values differ by one or two we can expécf ﬁhat érossihgs by'éuch
levelé wduld bevremoved‘in first order, whereas for-Amv>.2 thg levels are.
coupled in higher order. Thus ﬁe can eipect'thaﬁ directly coupled levels would
bé very sensifiyé to a misalignmenf of E while others ﬁoﬁid.be_less éensitive.‘

The above example gives us a very good idea of what.to expect. for the

F = 1 hyperfine state 6f thallium and gallium. The hyperfine structure
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splittings in both cases is very much larger than the combined Zeeman Stark

effect we wish to consider and hence to a very good épproximation we may

neglect perturbations due to the othervhyperfine states. The operators then

assume the form °

J(Z=_. ] ;
TEpHo PR | |
2 ‘ ‘ !
P N Tl Gl o f
T2 2 F(2F-1) z : - |
and this is Just the case treated abovefT -In the calculations.that follow no %
T : ’ : 1
. ' . !
approximations were made, rather the entire Hamiltonian was diagonalized. i
|
|

-

RCRS
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IV. RESULTS AND DISCUSSION

Calcuiationé for 2OsTl énd 69Ga were performed fbf a fixed magnetic

filed of O;Q—OIgausS and 0.100 gaﬁss respeéfively. Tensor polarizabilities

measured by Pétéréen were used. Ths scalar polafizability shifts all levels
by the same amount and hehcé is irrelevant. The matrix elements werevcalculated
by machlne for each value of - the electrlc fleld in 1ncrements of 0. 5 kV and the

Hamiltonian va thf4~JCs+‘Jf dlagonallzed Calculations were repeated for

different angles. The results are shown in Figs. 2-5. Of particular interest

are the Am = * 1 crossings since these levels are strongly coupled. We note

that each crossing point turns into an "anti-crossing" as the field is rotated.

69

Nine crossings occur in the F = 3 state of ~Ga for which Am =1, 2, 3, H, or

5. In the.thallium F = 2 state fOur=crossings-occur with Am =1, 2,.or‘3. Since
the Stark opeféfor couples direc£ly levels for which Am = 1 or 2 when ¢ #0

we can expect that_croSsings between levels m and m + 1 or m and m+ 2
will be removea in firéf'ofder,vas in the éx;mpié of thé;iast secfion;‘wﬁile

for‘ Am > 2 the degeneracy will be removéd in second or higher order. We can
estimate thé.sénsitivity of a érossihg to the field'alignmen£ when .Am =1 or

v ' : ' 1
2 and ¢(rad) << 1. We have in this case E,, =% =Eb, E, = E and thus,

29

(l 12
!

- P
-+
qq'+l) E q' V10 E

'»1 1‘2] . A 2 2
g:. (qq'iz BE.=35E ¢ .

q|

Substituting these results into the matrix-element of the Stérk operator we

obtain
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' 3/2 F I .. f{F 2 F

F 3/2 2 -m *1 mgl

i}

(Fu?1 |3 |Fm)

> (2F+1) o, E2 )

[t}

| T : V30 I+J+F 3/2 .F I | f—mr fr 2 F
<Fm+2|¥§lFm>’ - (=) 't F o3/ 2 S \-m *2 m¥2

x (2F+1) a, E2¢2,.

We now apply'degenerateiperturbation theory as in.the example of Section III.

The result is that‘the degeneracy is removed by

2 [(Fm+1 [ |Fn)|  |Am] =2

' =

o[ Fue2 | |Fm) | |Am| =2

Specializing‘fo the F = 2 state of thallium we get

2 =; |(l¥2m)[(3+m)(‘2—.m)']'l/ o B 0l |Am| -1

et = [-v(l:-m)(2-m‘v)(3%'m)(h.+.m.)11/2"%‘.Olz 5,2 6%, IAmI. =2,
and for the P =:3 state’of géllium. | ’

e' = |(1+2m)[(h;m}(3;m)]l/2.%g o, E02 ¢],' - |Aﬁ|.=g1

et = | [(2om) (30m) (bom) (5om) 12 Lo o : 2<¢>2|ﬁ, o) = 2

. 2072 70

where EO is the value of E at the crossing. Crossings for which Am = 2
are seen to be less sensitive by a factor ¢ to the field alignment than are
Am = 1 crossings. Of special interest are the crosSiﬁg between the m = -2 and

m = -1 levels in gallium since transitions between them result in refocusing -

of the atomic beam. :For this crossing we have,

W !
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g = J%'d E 2 ¢ Ga ¢ <<1

0

m= -1, m= -2 crossing. Thus the field orientation is critical and would have

When we substitute E. from Fig. 4 we see that €'(Ga) & 7 kHz/deg for the

a very serious effect on the results of radiofrequency experiments. TFor example,

serious errors in the determination of a, by the atomic beam magnetic reso-

2
nance method can occur if the fieids'are not parallel. We consider next how
signals might arisé at the crossing poiht in the absence.of~externally applied
oscillations. |

The perturbatioﬁ due to the off-axis field stfongly mixes le?éls mvand
mt+l in the vicinit#k of .the croésing point and consequéntly trénsitions'take
place.8 The transition probabilityvﬁeaks at the crossing point where the wave
function oscillates'with frequgnéy‘ v = (FﬁﬂJqu+l >h a2E2¢‘ between the
crossing levels. Such transitions,_induced by sfatic fields, are gnown(from

9

anti-level crossing experiments in excited statés and should‘be‘qbservable in
ground and low lying metastable staﬁes by the atomic beam method provided (1)
transitions bet&een the crossing levels lead to a refocused beam and (2) the
transit time of an atom through thé C-region T = 1/v, Theviast condition fél—
lows from the féct that the transition probability is appreciéblé only whén the

splitting between the anti-crossing levéls;is,comﬁarable to the width of the

levels which is determined by the transit (interaction) time.
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Table I. Matrix elements of the Zeeman operator for thallium. G = yg/h (—gJ + g
' G' = u,/2n (g5 + &)

F=2 F=1
-1 0 1 2 -1 0
0 0 0 0 - 0 0
(G’hlG)H 0 0 0 -2 GH 0
.2 2 .
F'=2 0 0 0 0 o GcH
0 0 (;G4+%G)H 0 0 0
o ' 0 0 0 (-2G'+G)H 0 0
(Frm' |#|Fm) = 2 . g
- -Y2¢cH 0o 0 0 (G'-2G)H 0O
2 2
F'=1 0 GH . 0 0 0 0
0 0 _‘/g CH 0 0 0

-GT-

6956 T-THON



Table II. Matrix elements of the Stark operator for thallium. The electric field
is directed along the z-axis..

F=2 | R - F=1

-1 0 1 2 -1 0 1
0 0 0 0 0 0 0
£
| e 0 0 0 /3 € 0 0
2€ : .
t=
F'=2 0 7 0 0 0 0 0
£ -
0 0 A ) 0 0 0 Y3e
R 0 0 o - 2t 0 0 0
(F'm' |3C|Fm) = - o - > . -
| V3 € 0 0 0 A 0 0
P'=1 0 0 .0 o 0 0 0
£
0 0 -3¢ o. 0 0 -5

9T

(- K3

)
¥

69$6T-THON
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Table ITI. Matrix elements of the Stark operator for thallium. The electric field
’ is directed along the x-axis. ‘
m‘
m \\\\; -2 -1 0 1 2 -1 .0 1
-2 e o - {g e 0 0 0 +;{g e .
1 3 3 3
-1 0 -5 € 0 -7 € O, 5 0 + S €
F'=2 0 -“gé. 0 -€ 0 -ég e 0 0 0
' 3 -~ 1 3 /3
1 0 -5¢ 0 -3 0 -5 o g
: Sy 2 | o 0 -/g £ 0 € 0 ;/g € 0
(F'mn' |3C |Fn) = \
o I i -1 0 +/§e 0 -'/—-3—5 0 z "0 3.
: : 2 : 2. _ 2 2
F's1 0 +/g 3 0 0 0 -/g e 0 - € 0
3 V3 3 ' 1
1 +35E 0 -5 € 0 -5 0 5 Ef

6956T-TH0N



Matrix elements of the Stark operator for thallium.

Table IV.

The electric field

is directed 45° to the z-axis.
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FIGURE CAPTIONS
Fig. 1. Combihed Zeenia.n-Sfark effect in a J = l's".catev for different orientations
of the electric field E. The calculations were done for a magnetic field
B L B mi114 emiad i R oKV 2 .
B = 58 milligauss with g; = -1, &, = -1 kHz/(Z) . . (a) E parallel to B.

(b) E makes a 56 angle with B. (c) E makes a 45° angle with B. (d) E is_

perpendicular. to B.

Fig. 2. Combined Zeeman-Stark effect in the F = 1 6213‘3/2 state of 205’1‘1. " The

magnetic field B = 0.200 gauss. (a) E_ is para.llél_to B. (b) E makes a 15°
angle with B. (c) E makes a 45° angle with B. (a) E makes a 90° angle

with B.
205

Fig. 3.- Combined Zeeman-—Stafk effect in the F =2 62P3/2 state of

T1. The
magnetic field in B = 0.200 gauss. (a) E is parallel to B. (b) E makes a

15° angle with B. (c) E_ makes a 45° angle with B. (d) E is perpendicular

to B.

Fig. L. Combine(i Zeema.ri—Sté,rk effect in the F = 3 thé/b étate of 69Ga. The

magnetic fi_éJ_.d B = 0.100 gauss. (a) E is para.llél to B and E makes a 5°
angle with B. (b) E makes a 10° angle with B and E makes a 15° angle with

B. (c) E is perpendicular to B.

‘Fig. 5. Combined Zeeman-Stark effect in the F. = 1 h2P3/2 state of 69Ga. The

magnetic field B = 0.100 gauss. (a) E is parallél to B and E makes a 5°
angle with B. (b) E makes a 10° angle with B and _]iizﬁakeé a 15° angle with
B. (e) _E_ls perpendicular fo B. | _ . |
Fig. »6. Combined Zeeman-Stark effect in the F = 2 and F = 0 'hZP.B/E‘ stétes of.‘.
69Ga. The magnetibc fie'ld‘ is B = 0.100 gauss. The magnétic sﬁblevels vof the

F = 2 hyperfine state have a very weak dependence on the electric field.
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This is due to the vanishing of all matrix elements ( F=2 m%IJCﬂFE

UCRL-19569

2-mF ) for the

case that I = 3/2vand J = 3/2. , The weak dependence comes from matrix elements

non-diagonal in F..
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

- fringe privately owned rights; or
- B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
: process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
. includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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