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SlvMARY

Anticrossing signals between magnetic sublevels from S and D and from £ 

and ¥ have been investigated in the n=4 state of Ke+. The anti crossing- 

positions in the magnetic field are shifted by the electric field 

necessary to induce the signals. Extr ] ition to zero < Lectric 

been carried out, and the following fine structure separations have been 

derived from the crossing positions so obtained:

present experiment theory (Erickson)

42si/2-42V (20 145.3± 7.3) MHz (20 142.35 ± 1 .36)

42s i/ 2 " 4 2V (27 455-4+ 7-4) MHz (27 458.60* 1 .36) MHz

4 % / 2 ~ 4 % / 2 (27 435-7 ± 15-3) ;r.z (27 446.99* 1-36) MHz

42Si/2- 4 ?F7/2 (31 098.21 10.5) KHz (31 104.7C1 I.36) KHz

From these measurements values of the Lamb shift separations for j>l/2 

can be derived for the first time in this state:

(19.7+ 20.0) MHz (11.61 ± 1.92) MHz

(34-4+ 9-0) MHz (37-19± 1-36) MHz

4 D5/2“ 4 *5/2

4 P3/2~4 D3/2

For the latter the present result for is combined with the 

separation S. - P- /„ of (20179-7± 1.2) MHz, measured by Jacobs et al. 

Experimental errors represent about 90# confidence limits, theory 66̂ .

The shift of the anticrossing positions with the electric field allows 

investigation of the "Stark effect of the fine structure" at fields of 

fifty to a few hundred V/cm, a region inaccessible to spectroscopic 

investigations. Within the present accuracy of approximately 15 — 2C<i the 

quadratic Stark constants agree with calculations based on diagonalisation 

of the energy matrix in crossed magnetic and electric fields.

In addition anticrossing signals have been observed in n=5, and "cascading 

anticrossings" 53 — 5G could be detected by their effect on the population 

of sublevels of n=4-

4 * A £
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1 INTRODUCTION

1 • 1 Fii e s t ructure

tical investigations of the fine structure of hydrogenic systems« Interest

in turn is used as expansion parameter in the qed calculations. The most 

accurate measurements have been done on the n=2 state of H, but in recent 

years there was considerable interest to extend investigations to higher 

Z- and to higher n-values to provide information about uncalculated Z- 

and n-dependent terms.

Most investigations of the n=4 state of He+ (including the present one)

made use of the line Hell-4686 2 (21 335 cm-1), and this line complex

4S,P,D,F-» 5S,P,D played an important role in the exploration of the fine

structure of hydrogenic systems. High resolution measurements extend from 
2

1916, when Paschen first partly resolved the lire and compared the result 

with Sommerfeld's theory, to the most recent investigations by Larson

and Stanley (1967)^ and by Berry and Roesler (1970)^. Even more recently
5the line has been used to determine the Rydberg constant . In general, 

the fine structure separations of n=3 and n=4, derived from these studies, 

agree with the predictions of the qed theory, but the accuracy is limited 

to the grange by the Doppler width of the components, which greatly 

exceeds the natural width^. Owing to the recoil energy in the electron

1 W.E. Lamb, Jr. and R.O. Retherford, Phys. Rev. ] 2 , 241-243 (1947)
2 F. Paschen, Ann. Phyaik (Leipzig) ¿0, 901-940 (1916)
3 H.P. Larson and R.V. Stanley, J.O.S.A. ¿7, 1459-1449 (1967)
4 ÏÏ.C. Ec-rry and F.L. Roesler, Phys. Rev. A 1_, 1504-1517 (1970)

was focussed on the Lamb shift intervals ~ P-]/2 Quantum-

electrodynamical (qed) theory and or. the fine structure intervals 

J’l/2 ” P2/2* i'rom which the fine structure constant at can be derived which

5 K.G. Kessler, Jr., Phys. Lev. A 408-415 (1973)
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scattering process this is the case even when an atomic b< arr ;emen1 

is used''. A further complication arises fa-on differential loppler 

displacements of the various components of the line complex when using 

a hollow cathode^

n-h------
¡ = 3

1=2

i »
i » 1 = 1

.± J ! L

1=3/ 2

—  2E,7/2
;d 5/2
2f5/2

?p■ ,3/2
2d 3/2

Bohr
1 = 0

Sommerfeld
.J___1i 1/2

Dirac lamb
—  2P,

1/2

1/2

Fig. 1 : Fine structure of the n=4 state of IIe+. The noted energy values
7are calculated by Erickson . The energy of P w 2 is set zero.

Adopting radio frequency methods more accurate values have been obtained
8“11for the S-P intervals of n=4 “ . Anticrossing signals were also observed

g
between magnetic sublevels of S and P , and Star*: mixing effects were

examined at and near such crossing points using high frequency modulated 
12 13electron excitation .

Z FLL. Roesler and L. DeNoyer, Phys. Rev. Letters 1_2, 396-398 (1964)6 F. L. Roesler and L
7 G.,V. Erioksor 197
8 K.,R. Lea, H. Leven

163-165 (1966)
9 L.,L. Hatfield and !
10 H..-J. Beyer and H.
11 R.,R. Jacobs, k .r . :

('1971)
12 T., Hadeishi, Fhys.
13 T., Hadeishi, Phys.

4 /A
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I'ne other intervals of n=4 could not be investigated so easily, althoi 

radio frequency signals between p and D in n=3 of H had already been 

reported in I960 However, su Ls ire f irly 1 broad, ind

only recently have more detailed investigations been c irrie1 out com— 

prising levels up to in n=3 to n=5 of K15’16 and intervals P-D in

n=3 of He+ K Both, radio frequency1 J , ' 1‘ and anticrossing11 ‘̂  signals 

were used to do this.

Another way to study levels with 1>I was discovered by Eck and Huff18.

In 1968 they reported direct anticrossing signals in He"'' between magnetic 

sublevels of 4S and 4D (¿1 = 2) and of 4S and 4F (¿1 = 3 ). Such higher 

order anticrossing signals are stronger and narrower than the correspon

ding P-D or D-F’ signals and are therefore better suited for accurate 

measurements.

The present experiment is based on these higher order anticrossing 
19signals . Improved experimental values are obtained for the energies of

the D and F levels of n=4 of He+, and these are used to derive for the
2 2first time measured values for the Lamb shift intervals 4 Pj^ " 4 

2 2and 4 1)./ -4 F.- This re wort also gives a brief account of similar 
5/2 5/2

anticrossing signals in n=3 of He+, detected in the line 3203 2 (n-5 r.=j),

and of "cascading anticrossings" 5S-5G, detected in the line 4686 ?i by 

their effect on the population of sublevels of n=4.

14_ L.H. V.'ilcox and W.E. Lamb, Jr., Phys. Rev. 119, 1915-1933 (i960)
15 C.V/. Fabjan, F.M. Pipkin, and M. Silverman, Phys. Rev. Letters 26,

347-350 (1971 ) ,
16 M. Glass-Maujean and J.-P. Descoubes, C.R. Acad. Sc. (Paris) 273.

B-721-724 (1971) ,
17 A. Eibofner, Z. Physik 249, 56-72 (1971)
18 a) T.G. Eck and R.J. Huff, Beam Foil Spectroscopy, Ed. S. Bashkin

(New York: Gordon and Breach, 1966), pp. 193-202 
b) ---  Phys. Rev. Letters 22, 319-321 (1969)

19 Similar experiments on S-D anticrossings in hydrogen are being carried 
out by M. Glasa-Maujean, T. Dohnalik, and J.-P. Descoubss, '972, 
privato communication



hue)! eJ fort has been made to carry out precision measurements of the

Stark effect m  one-electron systems, which are best suite i •• comj ris

with theory. Canal rays we» ei . , and the splitting of hydr ■ . lii

in an eleotrio field was observed spectroscopically. Recently such an

experiment has been done by Gebauer and Selhofer20 on the H„ and H lines
P V

of hydrogen. Good agreement with theory'’ is reported for all electric 

fields used (upwards from 35 and 17 kv/cm for and H respectively).

When the field strength is reduced further, spectroscopic investigations

become difficult to perform, and below 20 kv/cm for H there was some„ Y21disagreement between theory and experimental results from Steubing ar.d 
22Junge , who in particular observed no splitting at all below 2 kV/cm. 

However, more recent measurements2'5’2'̂ restored agreement with theory 

down to the lowest field strength, for which data could be taken 

(1.7 kv/cra).

In all investigations mentioned so far the pure linear Stark effect is 
25predicted and observed . If the field strength is reduced even further

until the Stark split ¡.ing becomes comparable and then even small compared

with the separations of interacting fine structure levels, the Janear

Stark effect changes over into the quadratic Stark effect. Following 
2oRojansky' the term "Stark effect of the fine structure" is applied to 

this region. However, the fine structure separations in hydrogenic

20 R. Gebauer and H. Selhofer, Acta Phys. Austr. ¿1_, 8-17 (1970) 
further reference to previous work may be found there

21 G. Lüders, Ann. Physik (6) fi_, 301-321 (1951 )
22 w. Steubing and W. Junge, Ann. Physik (6) 5, 105-116 (1949)
23 H. Rother, Ann. Fhysik (6) 17. 105-196 (1956)
24 R. Gebauer and H. Selhofer, Aota Phys-. Austr. ¿1_, 131-146 (1970)
25 Interactions with stares with different principal quantum number n 

result in very small quadratic contributions in addition to the linear 
splitting. These are negligible at the low electric fields under con
sideration here because of the large energy separations to these states. 
7. Rojansky, Phys. Rev. 1 (1929)

1 • 2 fit:.rk effect

26



,m8 are 80 small» that Stark effects of similar let alone much sc 

size could not be observed spectroscopically.

In complex atoms the level crossing technique has been applied success

fully to measure the quadratic Star!: effect2*̂, which in turn is ofti 

used to test theoretical wavefunctions of these atoms. However, the appli

cation of this method to hydrogenic systems presents considerable

experimental problems, since all resonance lines ore in the vacuum ultra

violet, and the hydrogen i.c systems have to be produced first by 

dissociation (H, D) or by ionization (He,...)28.

For these reasons there exist only very few investigations of the quadratic 

Stark effect in hydrogenic systems. The electric field dependence of the 

hyperfine interval of the ground state of H was derived from the frequency 

change of a hydrogen maser in an electric field‘° ’ ''. Some investigation 

of the Stark effect of the fine structure was made possible with beam

foil excitation: Intensity beats of the spectral lines were observed
51upon application of a static electric field , which couples fine struc

ture levels with al = ±1. The beat frequency represents the corresponding 

fine structure separation and thus varies with the electric field. In

n=2 of H the conditions are such that only the Lamb shift interval and

?7

20

29

30
31

see for instance the review article by A.M. Bonch-Bruevich and V.a . 
Khodovoi, Ucp. Fiz. Nauk 9̂ ., 71-110 (1967). Translation: Soviet 
Physics Uspekhi _1_0, 637-657 (1967/60)
Baird et al. performed a level crossing experiment on H, n=2, for a 
precision measurement of the fine structure constant a- A gas discharge 
was used to produce hydrogen atoms, and no Stark shift of the signal 
could be observed when a static electric field was introduced parallel 
to the magnetic field, a result cf plasma screening.
J.C. Baird, J. Brandenbwrger, K.-I. Gondaira, ana E. Metcalf,
Phys. Rev. A 564-587 (1972)
E.N. Fertson, D. Kleppner, and M.F. Ramsey, Phys. Rev. Letters
22-25 (1964)
P.C. Gibbons and N.F. 
S. Bashkin, W.S.
Rev. Letters 15.

Ramsey, Phys. Rev. A 73-78 (1972) 
Bickel, D. Fink, ar.d R.K. Vangsness, Phys.
284-285 0965)
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its variation with the electric field io detected52"54. The Boot recent
33

investigation was done for a field range from 100 to 400 v/cm and 

produced agreement with theory. The analysis of measurements at n > 2  

-'-n ■ ho is somewhat complicated because of the large number

of possible beat frequencies.

A further way to study the Stark effect of the fine structure is provided 

by the anticrossing technique used in this work. A static electric field 

is required to induce the anticrossing signals and at the same time causes 

a Stark shift of the crossing position. There is also broadening and 

saturation of the signal with increasing electric field. First order 

anticrossing signals with al = ±1 like S-P need little electric field to 

be induced and become saturated ana very broad before they show an 

appreciable shift. Hence no Stark shift had been observed in these signals. 

Higher order signals however, like S-D or S-F, require stronger electric 

fields to become visible and can be observed and analysed over a wider 

field range (between about fifty and a few hundred V/om in the present 

experiment). Stark shifts then become very apparent and allow investigation 

of the Stark effect of the fine structure.

32 I.A. Sellin , C.D. :
Phys,. Rev. 188. 21

33 H.J. Andrà, Phys.
34 W.S. Bickel , J.O.S
35 I.A. Sellin , C.D. :

Phys.. Rev. 164, 56'
36 W.S. Bickel and S.

A P
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2 BASIS OF T -7 SxrsaDBCTP

An unmodulated beam of electrons is used to produce excited helium ions 

in an atmosphere of about 10 Torr of helium. At energies of the order 

oi $00 e v the dominating excitation process is simultaneous ionization 

and excitation of ground state helium . . : J 1 with some additional 

cascading effects''8. Adopting rectangular coordinates x, y, z , the inten

sity of the unresolved line complex n=4-n=$ at 4606 X is recorded in 

^“direction. A magnetic field is applied ir. z-direction parallel to the 

electron beam, and a static electric field in ±x-direction. In an appro

priate electric field and on variation of the magnetic field through the 

crossing position of suitable sublevels of n=4, state mixing between these 

sublevels occurs causing a change of the population equilibrium which in 

turn alters intensity and polarization of the line 4660 X. As a result 

of the state mixing the sublevels repel 1 each other so that the actual 

crossing is removed. For this reason such signals are called anti

crossings.

Basically anticrossing signals are equivalent to the more familiar 

electric radio frequency transitions - at zero frequency: An electric 

field (rf when the levels are separated, do when they cross) is applied 

to mix the two levels of interest, and a resonance signal can be observed, 

provided the undisturbed levels had different populations and the change 

of population can be detected.

Using electron excitation in low pressure helium, the sublevels of S, P,

I), and F are not equally populated under steady state conditions because
$7 39of both, different cross sections and different lifetimes . In par

ticular S-sublevels are strongly populated whereas the population of 

sublevels from P, D, and F states’as well as. the population differences

37 R.J. Anderson, E.T.P. Lee, and C.C. Lin, Phys. Rev. 160, 20-23 (1967)
38 r .j . Anderson and R.H. Hughes, Phya. Rev. A 1194—1197 (1972)
39 F.L. Rotsler and J.E. Mack, Phys. Rev. 135. A$6-A71 (1964)
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betvee n th<... re muc er -  one 'o r  . - d_j

(mentioned Ln 1•1) bein weak Lnvolvi

state 4S 4P 4D 4F

lifetime (10“ °s ) 1-4154 O.OY6C7 0.2250 O .4531

Table 1 : Calculated lifetimes for the n=4 state of Hc+

Consider now two suitable sublevels of n—4 at and near their crossing 

point in the magnetic field. Without coupling (electric field off) the 

sublevels decay undisturbed with their characteristic lifetimes and 

according to the branching ratios shown in Fig. 2. From the different 

spectral lines radiated on decay from n=4, only the line complex 4686 

is detected, corresponding to all components of the direct decay n=4~n=3. 

If the electric field is switched on, state mixing occurs at and near the

Fig. 2: Branching ratios for one-electron systems< The numbers 
at the arrows show the relative probability for an excited 
state to decay through this channel. The energies are for He+ 
and not drawn to scale. Hef. 40> Sect. 63.

40 H< At Bethe and E.E. Salpeter, Quantum Mechanics of One- and Two- 
Electron Atoms (Berlin: Springer veriag, 195/)

CK



crossing point ( equivalent to induced transitions from the more to the 

Iglis populated sublevel, raking an anticrossing between sul le\

S and P as example, this results in less decay through 4S and more deca 

bhrough 4P* It follows from Fig. 2 that 3096 of the net tri : tions 

4S 4P are detected as intensity lot of t e line n = 4 n —3• Simil 

for anticrossings 4S—4r) there is a loss of of the net transitions 

and for 4S~4F a gain of 5̂ /4* The decay of ail other sublevel:’ ideally 

remains unchanged giving rise only to a constant background.

This general picture is modified if sublevels with non-spheiical synraet 

are .involved. In these cases polarization effects can have considerable 

influence on the actual signal strength (--5.2). Furthermore the sh pe 

of S-I) signals is changed under certain circumstances by interference 

effects in the decay channel (— 3*1*3)>
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3 T^ROl:-alCAL CC'-'SIIjMHATI0 '3

AJ1 numerical results are based on Erickson's^ energy values for one- 

electron systems shown in Pig. 1 for n=4 oi lie ̂ , the lifetimes given in 

Table 1, and the fundamental constants from Taylor et al.^1.

3-1 Crossing si p m  Is

'The possibility of observing signals at and near the crossing position o 

two levels with different parity has been discussed by Cories^2 for the 

case of one of the levels having infinite lifetime. Vieder and Eck^* 

later derived a general equation for crossing signals. This formula is 

copied in Appendix 1. The calculation assumes light excitation, but the 

essential features are the same when electron excitation is used.

Apart from a non-resonant background (parts 1 and 2 of the equation)

3 groups of processes contribute to the signal:

a) pure level crossing processes (parts 3 and 4)

b) pure anticrossing processes (part 5)

c) processes combining characteristics from a) and b) (parts 6-8)

3.1.1 Level crossing signals

Level crossing signals of type a) are the result of a redistribution of 

the radiation near the crossing point. Basically this is an interference 

e f f e c t ^ a n d ,  in order to obtain a signal, coherent excitation of the

41 B.II. Taylor,' W.H. Parker, and D.H. Langenberg, Revs. Mod. Phys. 41 ,
375-496 (1969) , , , .

42 G.W. Series, i’hys. Rev. 136, A684-A0SO (1964)
43 H. Wieder and T.G. Eck, Phys. Kev. 153. 103-112 (1967)
44 F.D. Colegrove, P.A. Franken, R.R. Lewis, and R.H. Sands, Phys. Rev. 

Letters 420-422 (1959)
45 P.A. Franken, Phys. Rev. 121 , 508-512 (1961)
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twcj crossing levels is required and at least partial decay to a common 

l°wer level, in resonance fluorei usu Lly ex itati n ron nd decay

to common levels. Selecti i ru e i follow fr sonditions.

g.1.2 Antiororr,ir.r cl .rnaln

Pure anticrossing signals of type b) form the basis of the present 

investigation as outlined in Chapter 2. No interference effects are 

involved here. The signal is described by part 5 of the equation from 

Wieder and Eck ' ̂  (— Appendix 1), which is identical with the expression 

obtained by Lamb and Sanders^ for electric dipole radio frequency 

transitions, if only the resonant component of the radio frequency field 

is accounted for. The expected anticrossing signal in dependence of the 

separation AV of the undisturbed sublevels a and b represents an absorp

tion Lorentzian curve centred at AV =0:

S(a v )=
1 + AV^/B2

with the amplitude A and the full width at half maximum 2B:

A ^ _ (fa - fb > K / * a - V V  l2Vab!2
(va+yb) (1 + |2vab|2/yayb)

? B =  (ya + yb)Vi + |2vab l ^

(1)

(2)

(3)

(f -f.) is the difference of the branching ratios, (r/y - r / y )  is the

steady state population difference of levels a and b, where r&, r^ are

the excitation rates and y , y. the natural level widths in frequency
a d

units (y r= l / 2 n r  ,r lifetime). V .Q is the interaction element between 

46 V.E. Lamb, Jr. and T.M. Sanders, Phys. Rev. 119, 1901-1914 (i960)
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i'icld F it is:

(4)

There is no signal without electric field (V^-0). With increasing field 

tne signal amplitude at first rises proportional to |v&b|2. Then the rise 

slows down and for large |v&b| the signal becomes saturated. The signal

width, starting from the sum of the natural widths y + y.ho y + y , increasesa D
continuously with the electric field.

50̂ 6 saturation of the signal is reached for;

(5)

with a corresponding width of:

2B (6)
j small electric field, coupling will be restricted to states with ¿lsi, 

fOr Which V iS Hvill }W ( A \ . -Mrt i * I’.*». .. J-- J.-_ 

electric field will soon also induce noticeable higher order Stark

mixing, and higher order anticrossing signals withal = 2, 3,... become

observable. This higher order coupling is achieved through one or more

intermediate states, each step being governed by the appropriate dipole

selection rules since a homogeneous electric field can only produce

electric dipole coupling. Usually several channels are open to connect

a and b, and the sum over all possible intermediate states has to be

taken to evaluate V „ F o r  a and b belonging tc S (l = 0) and F (l = j)

respectively, the lowest order interaction element would be of the form:

47 Again states with different principal quantum number n can be dis
regarded because of their large energy separation as compared to 
states within the same fine structure system.
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Z  <a|eF*r|i> <i|eP*r|j><^|eP.r]b> oc |'f | 3 (7)
i j

1-1 1-2

with various energy separations in the denominator.

If one such channel dominates the interaction between a and b, the 

coupling may be approximated by a 5—level system for antierosoings with 

û 1 * 2  and by a 4-level system for A.l = 3. On this basis Glass-Maujean and 

Descoubes^ calculated one anticrossing signal S-D for n-l of hydrogen. 

Their (numerical) results, apart from displaying the features discussed 

above, also show a Stark shift of the crossing position if the electric 

field interaction with the intermediate state is different for a and b. 

However, a number of further sublevels, having little or no influence on 

the coupling of a and b, still contributes to the Stark shift of the 

crossing position. Sublevels excluded might also give rise to signal 

asymmetries. Hence the 3- or 4-level model can neither give the accurate 

crossing position nor the correct signal form. Apart from that, the 

signal amplitude can hardly be calculated anyway owing to the lack of 

knowledge of the excitation cross sections of the various sublevels.

In 3.2.3 the crossing positions are calculated independently of the 

theory of the anticrossing signals. Nevertheless, this calculation 

provides important information on the anticrossing signal and allows to 

check the assumption made above- of a multistep dipole coupling process 

(-•5.3 and 6.1).



level-____ 1

For anticrossing signals between sublevels with ¿1 = 2 (S-D in this 

experiment) processes of type c) of the list in J.1 are possible i. 

addition to the pure anti crossing signals of type b).

A L

?p f  ___2®.
/

Pig. 3 ■ i 8 
-

cro ¡sing signals (i 
text)

Fig. 3 shows schematically that in this ease decay is nllc/xu : y .

crossing sublevels to a common sublevel in n=J. If the sublevels were 

excited coherently, a level crossing signal of type a) should be observable 

without application of an electric field. This has not been detected, but 

coherence is introduced by the mixing electric field, giving rise to 

interference effects in the decay channel. Parts 7 and G cf the equation 

of Wieder and Eck^ (-Appendix 1) take account of such effects, part 7 

in particular, being of dispersion shape, results in a distortion cf the 

original absorption type signal.

The interference term has also been obtained by Glass-Maujean and 

Descoubes^ in their calculation of the S-D anticrossing signal in n=4 

of hydrogen (— 3.1.2).

The interference part of the signal can be excluded if the observation 

conditions are chosen in such a way that no decay exists to common sub- 

levels, in the present set-up by selectingir-light for the detection. 

However, this tends to reduce the signal, so that the analysis of the 

mixed structure is usually preferable.



3»2 Zei_ _ ck effoc

5»2.1 Introduo

Anticrossing signals are observed ifif an appropriate magnetic field .is

them. The influence oi the electric field on the sublevel energiest tl <

shows. It is therefore necessary for the experimental determination of 

the fine structure separations to extrapolate the crossing positions to 

zero electric field before applying the Zeeman theory to calculate back 

to zero magnetic field. For a better comparison, and in particular for 

the analysis of the Stark effect, the theoretical crossing positions have 

to be calculated with both fields applied.

This is done in two ways. In 3.2.2 an independent treatment of Zeeman and 

Stark effect is described. This provides a good approximation for low 

electric field. Accurate results for all fields likely to be encountered 

are obtained from numerical diagonalization of the energy matrix of n=4 

in combined electric and magnetic fields. This is described in 3-2.3*

3-2.2 Independent treatment of Zeeman and ."tank of feels 

The splitting of the fine structure system n=4 of He+ in a magnetic field 

alone is calculated from equation 4-6.15 of Bethe and Salpeter^0, incor

porating the influences of the nuclear motion (Ref. 40» 47|3) and of the 

anomalous magnetic moment of the electron (Ref. 40> 470- This is shown 

in I'lg. 4.

A small electric field has little influence on the energy of the magnetic 

sublevels. Therefore only contributions are considered from those sub- 

levels which couple directly with either of the crossing sublevels by

small, is not negligible as the Stark shift of the anticro sin
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Fig. 4 (Fig' 3 of Ref- 18a): Zeeman effect of the fine 
structure system n=4 of He+. The D sublevels are shown as 
dashed lines, the others as solid lines. Anti crossings 
occuring between sublevels from S and sublevels from ?, I), 
and F (on application of an electric field perpendicular 
to the magnetic field) are marked by squares, circles, 
and arrows respectively. Lamb's notation of the sublevels 
is used. It is explained in Appendix 2.

4 fl /.£
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dipole interaction. This ie jection of multis ljection cl multistep processes separates - he

all Interacting sublevels m with energy S t

'Phis equation represents the exact solution for 2-level systems.

Taking the magnetic field along the z-directicn and the electric field

/a ¡ex|m)> is the x-compcnent of the electric dipole matrix element 

connecting a and m. These matrix elements depend on the magnetic field, 

and the appropriate values are computed from Fauli eigenfunctions in the 

magnetic field (Ref. /]0, equation 46.17)*

The Stark shifts of the anticrossing signals obtained in this way are 

shown in Figs. 21 -25 together with the experimental shifts and the 

results cf the matrix diagonalization (-*3.2.3). A comparison indicates 

that in n=4 of He+ this approach usually represents a good approximation 

for electric fields below about 150 V/cm.

(9)
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j . 2 . ?  Coir.r.i.noc! - v  ort of Z e e .  -__ an I s t - .»•!• e<':'ec-

( i n i r 'x ■ : ■ o- ■ '■ ; • ion)

ihe treatment described in 3-2.2 is more g ri it< r the el 

field 0.3 large enough to produce an appreciable contribution from higher 

order Stark efiect (breakdown of the 2—level approach) and when the 

StarK energies become comparable with the Zeeman energies. The general 

problem is solved by diagonalizing the energy matrix of the full system. 

( 3 2 x 3 ^  for n=4), applying electric and magnetic fields simultaneously.

3.2.3.1 Sc it in;- yi.' the matrix

The matrix is set up in the high field n,l,m^,mo-representation^

(Paschen-Back effect). The effective Hamiltonian is:

I M vH = I,’1 + H 1 + hJ (10)

I M pwhei’e H , If , H* represent the spin-orbit, the magnetic field, and the 

electric field (dipole) interaction respectively. and couple states 

with ¿1 = 0, whereas requires a change of parity, Al =+1, to have 

elements different from zero. In the high field representation IT is 

diagonal, and contains diagonal and off-diagonal elements. D.iagonaii- 

zation of Kx alone provides the fine structure energies in zero field.

Por the present calculations however, these energy values are taken from 

Erickson^ and incorporated into the matrix in order to include the impor

tant qed corrections.

49 E.U. Condon and G.H. Shortley, The Theory of Atomic Spectra 
(London: Cambridge University Press, 1970), Chapter V

4 fl



The matrix elements of HT + h^ are therefore (m = m + n );

<!i 1 ;r's ' 4 1“ 1 ::‘g n{> = 1 m* ; |H ; .!• - >

= lWj=i-i/2 + T i T T ^ 1 * 1 +2¥ s) + /,IiH (ciJii + y , ) l  ¿ u m ,ôm ,, (11)
1 S S 1 '1

+ 2TTT ~ f >-••'+ l/2)(l7m+ 1/2)' ¿ n;, m ±16m,
» * -1 «L I «a - . . t ln •s s 1 1 T1

18 zoro energy of the fine structure level wlti

¿=1-1/2. AVI is the fine structure separation W. , „ -W  , in zot0=1+1//=; ¿=1-1/2
field, /ij is Bohrs magneton, H the magnetic field taken in z-direction 

g^ includes the correction for the nuclear motion:

ro

g^ = 1 - m/M (m: electron mass, H; mass of the nucleus)

es = 2 P-Jy-ft (y y . magnetic moment of the electron)

FThe effective Hamiltonian H is:

H* = e F • r (12)

F is assumed to be in the z-x-plane and is split up into the two components

Fz (parallel to H) and Fx (perpendicular to H). Using the eigenfunctions
3/- ¿9 p4 - from Condon and Shortleyn , the non-zero matrix elements of lrr are

obtained (a^: Bohrs radius):

(n 1+1 mi m I oF> r | n 1 m, m ) = ( n 1 ro. m | &F • r I n 1+1 mi m ) '  I s  1 s '  ' I s  I s '

3 n H  7" 772
= 2 Z  Vn “ (l + l)

?  I (1-iHj +l)(l + m1 + l)  ̂
(21 +1)(21 +3) C; , o a F

1 ::1j 0 z (13)

, r r r ~ ,---- 7 T  / 0-iny! l)(l±m1 + 2) '
+ I f  f n " (1+ 1) V - W t - T ^ n r r -  \ . v +ieaor

Computer subroutines have been set up to calculate the matrix for any 

combination of magnetic and electric fields. This is done in a general 

vay for all one-electron fine structure systems.
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3- 2. 3- 2 T;i,-'-or-.l ,, f j  h£ ■■'■tri.:: ̂

51Householders method is used to reduce the matrix to a triple diagonal 

matrix whies• b.*s the same eigenvalues. These are found by a bisection 

method based on a Sturm sequence"^“". The eigenvectors of the triple 

diagonal matrix are lound by inverse iteration^, and these are transforme 

to the eigenvectors of the original matrix^1. The eigenvalues and the 

corresponding eigenvectors are printed in ascending order. Another 

subroutine evaluates the crossing or anticrossing position (the latter 

is taken to be the point of minimum separation of the two sublevels under 

consideration). The results thus obtained arc compared with the measure

ments in Figs. 21-25 in 6.2.

M i .  4 Crossing -points in magnetic and electric fields

In a magnetic field alone, a level system like n=4 of He-1 splits into

sublevels with a number of crossing points at intermediate field strength

as shown in Fig. 4- Crossings between sublevels with Al = Am =0
J

(m. = nr, + m ) are suppressed because these are coupled by the magneticj J- s
field and thus repcll each other. An electric field on the other hand 

couples levels with different 1-values, Al =+1 for dipole coupling in a 

homogeneous electric field.

Simultaneous application of magnetic and electric fields removes all 

crossovers in accordance with the von Haumann-Uigner "no crossing

50 The diagonalization programme has bee:; cet up by J.M. Woolsey, who 
did such calculations on the basis oi the lev/ field n,l,j,m^-repre- 
sentation. His results are confirmed.

51 j .h . Wilkinson, Numerische Kathematik ¿, 354-361 (1562)
52 W. Earth, R.S. Martin, and J.H. Wilkinson, Numerische Mathematik

53 J.H. Wilkinson, Numerische Katheraatik 4 , 368-376 (1962)
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rvxtrix which has the same eigenvalues. These are found by a bisection

corresponding eigenvectors are printed in ascending order. Another 

subroutine evaluates the crossing or anticrossing position (the latter 

is taken to be the point of minimum separation of the two sublevels under

sublevels with a number of crossing points at intermediate field strength

(m.= ffi, + m ) are suppressed because these are coupled by the magnetic j  j. s
field and thus repoll each other. An eiectric field on the other hand 

couples levels with different 1-values, Al = +1 for dipole coupling in a 

homogeneous electric field.

Simultaneous application of magnetic and electric fields removes arl

crossovers in accordance with the von Neumann-Wigner "no crossing

~jO The diagonaliration programme has been cet up by J.H. Woolsey, who 
did such calculations on the basis oi the lev/ field n, 1, j ,-ir-reprc- 
sentation. His results are conurmed. ^

51 J.H. Wilkinson, Humerische Mathenatik ± , 354-361 (1962)
5?. W. Barth, R.S. Martin, and J.H. Wilkinson, Numerische Mathematik 2.

consideration). The results thus obtained are compared with the measure

ments in Pigs. 21-25 in 6.2.

J ’± '4_Crossing joints in magnetic and electric fields

In a magnetic field alone, a level system like n=4 of Ke"1 splits into

as shown in Pig. /[• Crossings between sublevels ith Al = A m . = 0 0

386-553 (1967) 
53 J • ii • Wilkinson , Numerische Kathematik A, 368-376 (1962)
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theorem" , provided the electric field is neither pai’alle.1 nor perpen

dicular to the magnetic field, For H II F sublevels with different ra
J

might still cross, and for H l F  crossings may occur between sublevels 

wiuh 1 + m . + 1/2 even and l + m. + l/2 odd. Since only electric dipole 

interaction elements have been included in the matrix, this implies 

multistep dipole coupling to bridge A1 = 2 and 3. The calculated eigen

values prove that such coupling indeed exists, and the eigenvectors show 

an admixture of intermediate states, l'ig. 5 shows the calculated energies 

of sublevels a (l = 0) and G' (1=3) near their crossing for various 

electric field values (FXH). In the electric field the actual crossing 

is removed, and at the same time an anticrossing signal can be detected.

54

-50
n - H . (Gauss) centre

50

Fig. 5 '• Eigenvalues of the sub- 
levels a and G' of n=4 of He+ 
near their crossing position 
for various electric field 
strengths (FIR), calculated 
from time independent matrix 
diagonalization. The crossing 
centre is normalized to a cutuiou 
position(E , HQ)for all elec
tric fields. The separation of 
the eigenvalues at H repre-
sents 2|VaG’ V„ -  Vr . = 24 MHz

LX vJ

is marked by the bar. Hear the 
crossing the time dependent 
results would depart strongly 
(producing a real crossing) for 
2|V , | 12 MHz and show little
change for 2|7^J > 24 MHz.

54 j. von Neumann and E. Wigner, Physik. Z. ¿0» /i67~4^9 0929)

4 fl IA 4 P
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It will be verified quantitatively in 3.3 that this coupling process 

is responsible for the observed anticrossing signals. The above coupling 

rules for H II P and H I P  therefore represent selection rules for these 

signals.

lor sublevels with different lifetimes, the time dependent theoretical 

approach should be used. At low electric field this would modify the 

energies of sublevels near crossing points. Lamb^, Series42, and Wieder 

and Eck4  ̂proved for simple systems that sublevels, supposed not to 

cross according to the time independent theory, still do cross v/hen the 

electric field interaction energy is less than or equal to the energy 

corresponding to a quarter of the difference between the linewidths 

( IV| si — | ya — vbI ) • Fig* 6 shows the example given by La:3b',':,.

.Pig. 6 (Fig. 51 from Eef. 55):
Stark effect of two sublevels in
time dependent theory for various
ratios of the Stark .interaction
energy V to the difference of the
linewidths y. The example is for 2H,
n=2, sublevels |3 and e. H - 575 G,
P=3-6 V/om, y, = 0, y =100 MHz. p e

The matrix diagonalization has been carried out in time independent 

theory and therefore cannot give these finer points. Anticrcssing 

behaviour shows up independently of the lifetimes of the sublevels 

55 W.E. Lamb,~Jr., l’hys. Rev. 85, 259-276 (1952)



as soon as an electric field interaction occurs. However, this has 

negligible effect on the calculated Stark shift of the present anti

crossing signals since the shift is caused by sublevels separated by 

at least several level widths.

3-3 Anti crossing signals and matrix dlagonali nation 

It has been pointed out in 3*1*2 that a closed calculation of higher 

order anticrossing signals would be difficult because of the many sub- 

levels contributing to position and strength of the signal. The numerical 

matrix diagonalization, although carried out in the first place to obtain 

the correct crossing positions, has already proved that dipole coupling 

is sufficient to convert crossings of sublevels with n l >1 into anti

crossings ( - Pig. 5 in 3*2.4)» Moreover it can now be verified that 

multistep dipole coupling of the lowest possible order is the dominant 

process to induce the observed anticrossing signals.

Two degenerate sublevels a and b (in time independent theory) become 

separated with application of an electric field by:

ASo = l 2Va b ! ^
Thus, without even considering details, V ^ can be deduced directly from 

the energy separation of the two eigenvalues at the crossing position 

as obtained by the matrix diagonalization. Provided there is no additional 

coupling process involved, this also governs the anticrossing signal 

(equations (1) to (3) in 3.1*2), so that tr.e electric field dependent 

parts of the anticrossing signals can now be evaluated and compared with 

the experimental signals. In Fig. 7 the energy separation at the crossing 

position of sublevels a and O', 'taken from Fig. 5, is plotted directly 

as a function of the electric field. Within the used electric field range,
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VccG' follows a ^-dependence as expected for S-F signals from equation
( 7 )  i n  5 . 1 . 2 .

Fig. 7: Calculated electric field interaction energy 2 |v _ , l  at 
the crossing position of sublevels a and G' (Ho in Fig. 5) in 
dependence of the electric field strength, a: linear energy scale, 
bs expanded energy scale <* e n e r g y , showing that Va Q< o< F^ 
within the range used. 50%  saturation of the anticrossing signal 
is expected according to equation (5) in 3*1*2 for 2|Vag,| = 19.6 
MHs, marked by an arrow.

The theoretics.! values for V , thus obtained are inserted into equationsS.D
(2) and (3) of 3*1*2 to calculate the absolute signal width and the 

relative signal amplitude in dependence of the electric field. The 

amplitude remains relative because of the unknown excitation cross 

sections. In Fig. 20 of 6.1 the result of this calculation is compared 

with the measurement, again for the antierossing aG'. This shows very 

good agreement between theory and. experiment.

4 s /A



A simpler test for all anticrossing signals observed in n=4 of He+ is 

done in ¿able 2, comparing the theoretical and experimental electric 

fields for 50% saturation of the signals. The theoretical values are 

determined as in Pig. (, using the lifetimes of Table 1 in Chapter 2 and 

equation (5) in 3.1.2:

2 1Vab150% =Vva'b 19-8 MHz for S-F 
28.0 MHz for S-D

in n=4 of He+

The experimental values are obtained firstly, taking 50% of the saturation 

amplitude of the signals, and secondly, applying equation (6) in 3.1.2 

with the lifetimes again from Table 1 and with the slopes of the sub- 

levels in the magnetic field as in Fig. 4 in 3.2.2. There is satisfa.ctory 

agreement between theory and experiment throughout.

electric field required for 50% saturation (v/cm)

anticrossing
S-F

aN' aG' |3H'
S-D

aJ aE

calculated 133 130-5 158.6 90 41

amplitude
measured

width

133 131 153 

101 125 133

75 39 

78 34

Table 2: Comparison of the calculated and measured electric 
field strengths required for 50% saturation of the anticrossing 
signals observed in n=4 of He+. The experimental results based 
on the signal width are less reliable than the data for 50% of 
the saturation amplitude, in particular when the signals are 
strongly shifted by the electric field (all but ccG'): In this 
case the angle in the magnetic field between the crossing sub- 
levels might change with the electric field, and furthermore 
the signals will be broadened by inhomogeneities of the elec
tric field. Estimated uncertainties: For 50% of the saturation 
amplitude~+10 V/cm, for the signal width ~  V/cm, except 

OcG': ±15 V/cm.
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4 APPARATUS

4.1 General considerations

A new apparatus was built up ior the present investigation. Four main

areas of experimental technique and equipment had to be considered:

4) light detection and signal recording ( - 4.5)

The basic equipment was carefully selected to allow for future precision 

experiments. On the other hand a high degree of flexibility was aimed at, 

not only to be able to cope with new developments, but also to fit the 

equipment into the general requirements of the experimental physics group 

just having been established.

A "preliminary" electron gun - light source (tube l) was built to gain 

experience with the new system and to test the feasibility of fine 

structure measurements in n=5. It was not planned with tube 1 to intro

duce a radio frequency field (considered necessary for the intended Lamb 

shift measurement in n-5)- Instead the opportunity was taken to incorporate 

two Stark plates for application of a static electric field and to look

out for higher order anticrossing signals in n=4 and n=5, as they had
18been observed not long before in n=4 by Eck and Huff . Tentative investi

gations of the anticrossing signals in n=4 soon revealed the possibility

of determining the fine structure separations S-D and S-F with much better 
1 fiaccuracy than before and of measuring the Stark effect of the fine 

structure at the same time. The detailed investigation of n=5 was there

fore postponed and priority given to the study of the anticrcssing 

signals in 11=4. All measurements in this report have been carried out

1 ) vacuum system and electron gun - light source (->4.2)

2) magnetic field and field measurement (— 4.3)

3) application of a radio frequency field (-.4.4)
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i»j th tube 1 . A block diagramme of the experimental arrangement is shov.-n 

in Fig. 8.

Fig. 8: Experimental arrangement. The glass vacuum system is
-  2sealed and contains the electron gun and approximately 10 

Torr of helium. S: Stark plates for application of an electric 
field perpendicular to the magnetic field.

A.2 Vacuum system and electron gun

The electron gun in a low pressure helium atmosphere forms the heart of 

the system. Once the spectral lines for the observation have been chosen 

there are three main requirements to be fulfilled: (1 ) a stable helium 

pressure together with a low background pressure, (2) small dimensions 

along the electron beam to fit into the air gap of the magnet, and (3) 

no ferromagnetic materials.

Spectral lines for the detection can be selected from the lines 4666 8 

(n=4 -n=3) or 1215 8 (n=4 ~n=2) for n=4 and 10124 8 (n=5->n=4), 3203 8 

(n=5 -n=3), or 1085 8 (n=5-n=2) for n=5. The lines 4686 8 and 3203 8

4 * /£
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on the one hand and the lines 1215 8 and 1005 8 on the other hand form 

reasonable pairs, asking for similar equipment. In view of the problem:of the problems

connected with observation in the vacuum ultraviolet region, the pair- 

4686 £ and 3203 8 was selected despite of disturbing helium atom lines 

in the vicinity of 3203 8.

The stable helium pressure was achieved by using a sealed glass system, 

thus avoiding the difficulty to control a continuous leak. Glass is 

guaranteed non-magnetic and, properly baked, has a very low cutgassing 

rate. Moreover, a glass system can easily be filled with helium by 

diffusion through the heated walls'1̂ . This process at the same time 

purifies the helium (technical helium may be used), since all other gases 

including II„ have much lower permeation rates’̂ .

Graded seals could be avoided by selecting glasses with expansion 

coefficients between 40 and 50 • 10“V ° C throughout. This allowed the 

ionization gauge head (Mullard, I0G19)and the ultraviolet transmitting 

front window (Schott, glass 8337) to be joined directly to the body, and 

home made non-magnetic molybdenum feedthroughs to be used for the 

electrical connections to the electron gun.

The electron gun was mounted on three 1mm-molybdenum rods, insulated by 

sintered alumina tubing. Pieces of wider alumina tube were used for 

spacers. Most metallic parts were made from 0.2 mm tantalum sheet, which 

can be spotwelded easily and securely. This is important since no repairs 

can be made after the system is sealed. A commercial oxide coated cathode 

was used with 4 mm diameter emitting surface (M-0 Valve Co Ltd, type 

DC 150 A). The body is ferromagnetic at room temperature, but heated to 

above the Curie point during operation. The present data show no

56 V.O. Alternóse, J. Appl. Phys. ¿2, 1309-ÍJ16 (1961)
57 J.R. Young and N.R. Whetten, Rev. Scl. Instrum. ¿2, 453-454 (1561)
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to ioni
zation 
gauge hea
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uv transmitting 
I window

to pump envelope

electric
potential

-300 V

front view
0:1)

0V
/

.windo'

Fig. 9: Electron gun system. The upper part shows a side view in about 
half the original size, the front view in the lower part is drawn to 
scale, as anode, S: Stark plates, g2: grid 2 (accelerator), g, : grid 1 
(current control), c: cathode.
The usual voltages are indicated to the left of the front view.

significant effect of the magnetic field caused by the dc heating current 

of 400 mA. This was checked by reversing the current.

Two grids (M-0 Valve Co Ltd, type DGL 4A) were mounted on tantalum aper

tures, g1 to control the electron current, and g^ to accelerate the 

electrons to the desired energy, normally about 300 eV. The voltage 

between cathode and grid 1 is controlled by an electronic regulation 

circuit sensing the anode current. This helps to stabilize the current 

in the observation region during variation of the electron energy or
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of the magnetic field. The remaining current changes were for a 

magnetic field varying from 1100 G to 11 000 G and less than 154 over the 

region used to detect single anticrossings.

The Stark plates (13x11 mm") were separated by 6.8 mra+356. Tne reason 

for thio fairly large uncertainty is that no Stark effect investigation 

was envisaged when tube 1 was built.

The anode, a simple tantalum plate, was earthed in order to keep the 

observation region near earth potential. Grid 2 was on -10 V so that 

slow electrons should drift towards the anode.

The getter consisted of a 0.23 mm titanium wire wound on 2 tungsten 

wires of similar size. The resulting composite wire was coiled.

To evacuate the glass system a small oilfree ultrahigh vacuum system was

set up using a sorption pump (Mullard VAP 2) and an 8 l/s ion getter

pump (Mullard VKP 8). Stainless steel is used, and a glass to metal seal

provides the transition to the glass part to be sealed off. All tubing

has 25 mm diameter to retain a usuable pumping speed of the order of 1 1/

The glass part of the system was baked at 400 °C for several periods of

a few hours in a temperature controlled furnac.e. Heating tapes were used
—8for the metal carts. Pressures below 1 • 1G Toxvr were reached. After 

activation of the cathode the system was sealed off together with the 

ionization gauge head. It was then exposed to 1 atm of helium and heated

to 240 °C. After approximately 5 hours the desired ionization gauge
•2 —2 

pressure of 1.4* 10_? Torr was reached, corresponding to 1.1 • 10 Torr

of helium"*®.

58 Vacuum Generators Ltd, Technical Information: Pressure Measurement,
01 . 454 (1571 )
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The pressure rise inside the tube is very slow. After 3.5 months an 

increase to 1.8- 10"3 Torr was registered. However, no deterioriati.no deterioriation

oi the He-spectrum (— 5-1) could be detected even after 18 months. The 

getter has not been used yet.

4»5 Magnetic field and field measurement

An electromagnet with 25 cm pole face diameter (Bruker, B-E25B8) has been 

installed together with a 6 kW power supply (Bruker, 150/40 Si 6ng).

The specified short term regulation is 10-6. With an air gap of 6.5 cm 

a magnetic field of up to 13.6 kG can be generated. To allow optimum 

adaptation to different experiments the air gap is continuously variable 

to a maximum of 15 cm without and 7 cm with ring shims. The ring shims, 

properly adjusted to the working gap and field, greatly improve the field 

homogeneity below saturation (~10 kG). A motor driven potentiometer, 

incorporated into the power supply, allows to sweep the magnetic field.

The accurate measurement of the magnetic field is achieved by a nuclear 

magnetic resonance (nmr) system (AEG, nmr-cabinet). The nmr-frequency 

is registered with an 8 digit counter (Hewlett Packard, 5245 h)• The 

counter gate may be controlled externally by the quartz of the nmr 

system to display the magnetic field directly in Gauss. More important, 

the nmr signal may be locked for automatic and continuous retuning of 

the oscillator frequency, so that the actual field value is displayed 

all the time during a reasonably slow sweep of the magnetic field. 

Calibration marks car. be obtained at intervals of 1 or 10 G. Introducing 

an appropriate link to the power supply it is furthermore possible to 

regulate the magnetic field at a preset value of 6 decades.
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The uncertainty of the automatic field reading depends on the sweep rate 

of the magnetic field since, by the time a field value is displayed on 

the counter,the actual field has already changed. With approximately 

5 readings/s and a sweep rate of typically less then 0.5 G/s,this 

difference is less than 100 mG. This is in addition of the measuring 

uncertainty of ± 10mG. The preset value of the gyromagnetic ratio of 

protons in water in this system vis measured against the counter standard 

to 4.257620 (5) kHz/G, compared with the currently adopted value^ of 

4*257597 (13) kBz/G. The difference of about 6 ppm is negligible at the 

accuracy of the present data. A standard frequency receiver (Rohde und 

Schwartz, type XKD) has been used later to check the internal standard 

of the frequency counter against the standard frequency of 200 kHz,

emitted from the Droitwich transmitter. The counter standard was fast 
-7by 1.2* 10 , negligible in the present circumstances. This has been

corrected, and checks are being made at intervals.

The field inhomogeneity over the interaction region was measured to be of 

the order of 10 ppm with negligible effect on the results taken. During 

the measurements however, the magnetic field had to be monitored at a 

distance cf 4 cm from the interaction region. The field difference 

between the two positions (typically about 0.3 G) depends on the magnetic 

field strength. It was measured at the end of each session, and the final 

results were corrected accordingly.
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4«4 Application of a radio freryiency fio U1

The application of a microwave field was considered necessary at least 

fo.L the investigation oi the Lamb shift In n=5 of He** since the only 

anticrossings between and 5f^y2 occur at low magnetic field

(¡3e at 490 G, (if at 1006 G), where previous experience^’ had shewn 

considerable fluctuations of the light intensity with the magnetic 

field (-5-1-3)- Much thought has been given to the problem of generating 

a suitable electric microwave field at the observation region. In view 

of the difficulty in obtaining microwave feedthroughs (in particular 

bakable ones), it was considered to apply the radio frequency from 

outside through the glass walls. The possibility was investigated of 

using an open structure resonator of the confocal Fabry-Perot type^0-°2. 

Such a device had been used successfully at 30 GHz by Marasimham and 

Strombotne^ inside the vacuum chamber. Application at lower frequencies 

of 5-10 GHz seems feasible, but an experimental investigation would have 

to be carried out, especially regarding the influence of the glass 

walls.

55 H.-J. Beyer, Diplomarbeit, Universität Tubingen, 1967 (-unpublished)
60 A.G. Fox and Tingye Li, The Bell System Technical Journal ¿ 0 ,  

453-468 (1561 )
61 G.D. Boyd and J.P. Gordon, The Bell System Technical Journal 4Ç,

485-508 (1961) , . , . .
62 II.K.V. Lotsch, Optik ¿0, 1-14, 181-201, 217-233, 563-576 (1969/70)
63 M.A. Narasimham and R.L. Strombotne, Phys. Rev. A. ± , 14-32 (1971)
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4-3 Light detention and signal recording

The electron excitation cross sect: ons for the Hell-lines are only of the 
-20 2

order of 10 cm , and it is of paramount importance to obtain a high 

detection sensitivity. The first problem is to isolate the respective 

lines. For the line 4686 2 this was achieved with a narrow—band inter

ference filter However, it is difficult to produce such filters for th 

ultraviolet region, and no useful filter could be obtained for the line 

3203 2 from n=5, which therefore had to be isolated by a monochromator 

(McPherson, model 218^). This instrument combines high light power with 

good dispersion, but its narrow entrance slit still resulted in a drastic 

reduction of the detected light intensity as compared to an interference 

filter.

When using the interference filter an enlarged image (2:1) of the inter

action region was produced near the filter plane to reduce the divergence 

of the light beam on the filter side (the passband varies with the angle 

of incident light). An aperture in the image plane rejected light not 

originating from the region between the Stark plates. With the mono

chromator an image of approximately 1:1 was created in the plane of the 

entrance slit, which again selected light from between the Stark plates 

only.

A linear polarizer (Polacoat Inc, PI 40) could be inserted into the light 

beam to select TT or <5 components of the lines.

The light was detected by a 13-stage photomultiplier (3KI, 9635 QA),

selected for high sensitivity. It was screened with a Mu mc-tal cylinder

£>4 Spectrum Systems”, 5 cm diameter, centred at 4682.3 2, halfwidth 
(FWHM) 7.4 A. Transmission at centre 4056, transmission at the 
nearest other heliun line (4713 A) 0.01 56 

65 f/5-3. 30 cm focal length crossed Czerny-Turner. The grating used
is blazed at 3000 2 and ruled with 24OO gr/mm. Reciprocal linear 
dispersion 13«3 2/mm
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at. cathode potential and operated at a distance of approximately 50 cm 

trom the centre of the magnetic field with no apparent influence of the 

field on its performance.

The anode current of the photomultiplier was measured with a picoammeter 

(Keithley, model 417)» which allows zero suppression so that small signal 

variations could he expanded. The output was applied to a x-t-recorder 

(Bryans, model 27000) through a variable RC—circuit. The event marker of 

the recorder was driven by the relay of the nmr-unit tc provide calibra

tion marks of the magnetic field simultaneously with the signal.

No modulation of the electric field has been attempted for two reasons: 

Firstly, the light intensity changes with the electric field even outside 

anticrossing regions, so that a modulation would not extract the anti- 

crossing signal only. Secondly, the comparison of two voltages results 

in the loss of half the measuring time, thus reducing the signal to noise 

ratio.

The application of photon counting technique has been considered with the 

aim of improving the signal to noise ratio by superposition of several 

runs. However, this poses stringent requirements on timing, readout, 

and on the magnetic field sweep, which then should really be dcnc in 

steps. This is very difficult with an electromagnet, especially when the 

same steps are to be reproduced over several runs. The line 4686 2 showed 

anappreximate counting rate of 10^/s (electron current 300 )xk at 300 eV), 

sufficient to analyse single runs in dc mode, and even the reduced 

intensity from n=5 will still allow such treatment.

4 * IA
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5 MEASUREMENTS A HD DATA ANALYSIS

5.1 Investigation of Hel- and Hell-lines

5.1.1 Complete spectra.
65Using "the monochromator the spectrum of" tube 1 has been recorded 

between 2500 X and 5050 X in zero magnetic field at an electron energy 
of 250 eV. Some 60 lines could be ascribed to Hel- and Hell-transitions. 

4 further weak lines, having the same excitation functions as Hel-iines 

and being symmetrically spaced on both sides of very strong atom lines, 

were identified as ghosts. Only two other very weak lines could not be 

identified, showing that tube 1 produces a very pure helium-spectrum.

The recording was repeated 18 months later, when no deterioration could 

be detected.

Pig. 10: Helium lines near 3200 X, excited in zero magnetic field with
25O eV electrons in tube 1• Monochromator as in footnote 65 with sli ts
0.2x10 mm̂ . Apart from the lines IIeI-3188 X (4^P-*2^S) and Hell-3203 X

1 1 .(n-5- n=3) there are several members of the n P — 2 S series, n being 
denoted above the respective lines.
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3.1.2 Spectrum near the line Hell-3204 X
In contrast to the region near the line Hell-4686 X, where only one

lines in the close vicinity of the ion line 3203 X (:i=5-n=3). This is 

illustrated in Fig. 10, wnich shows the relevant section of the specxrum 

recorded as described in 5.1.1.

The conditions become even less favourable with application of a 

magnetic field (-» 5-1 * 5)» and it is obvious that a fairly good mono

chromator is required to single out the line 3203 X.

5.1.3 Line intensities in magnetic field

All line intensities increase in the magnetic field, however not in the 

same proportion. This is obvious from Fig. 11: The lines Hell-4686 X 

and HeI-4713 X (4^S-»2^p) have similar intensities in zero field, but 

the atom line becomes much stronger in the magnetic field. This behaviour 

can be explained by secondary electrons which, in a magnetic field, are 

prevented from leaving the observation region. The probability of them 

undergoing further inelastic collisions depends on the cross sections 

at lower energies. For the ion lines these drop below 200 eV (-*F.ig. 12 

in 5.1 .4), but there is an increase of the atom line cross sections, 

which is particularly marked in the triplet system • Hence it is not 

surprising that the lines 47*13 8 and 3188 2, both triplet lines, should 

become so dominant in the magnetic field, increasing from 1 to 10. The 

singlet lines near 3203 8 show a much lesser increase from 1 to 2, quite 

comparable with the increase of the ion line intensities from 1 to 1*5*

disturbing atom line at 4713 8 has to be considered, there are many atom

66 B.L. Moiseivitsch and S.J. Smith, Revs. Mod. Phys. £0,
238-353 (1968)



-38-

Fig. 11: Intensities of the lines Hell-4686 X (top) and HeI-4713 X 
(bottom) in dependence of the magnetic field. Tube 1, electron energy- 
250 eV. The anode current of 300 p .A at zero magnetic field drops slowly 
to 280 yuA at about 4500 G and then stays within 1%. Even without appli
cation of an external electric field internal fields in the observation 
region and motional fields are strong enough to induce S-P anticrossings 
in the ion line: ao at 9500 G and just a hint of ¡3e and (3f at 1000 G and 
2000 G respectively.

5.1.4 Excitation function of the line Hell-4686 X
Fig. 12 shows the excitation function of the ion line 4686 X, taken
through the interference filter^ at a magnetic field of 2500 G. Above

the threshold for atom lines in the visible region (approximately 23 eV)

some background light is recorded. The ion line sets in above 76 e\f
37 67(ionization + excitation to n=4) j.n agreement with previous work ’ .

67 D. Haidt and H. Kleinpoppen, Z. Physik 126, 72-76 (1966)
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Pig. 11: Intensities of the lines Hell-4686 2 (top) and HeI-471? 2 
(bottom) in dependence of the magnetic field. Tube 1, electron energy- 
250 eV. The anode current of 300 y k  at zero magnetic field drops slowly 
to 280 y k  at about 4500 G and then stays within 1%. Even without appli
cation of an external electric field internal fields in the observation 
region and motional fields are strong enough to induce S-P anticrossings 
in the ion line: ac at 9500 G and just a hint of (3e and (3f at 1000 G and 
2000 G respectively.

5.1.4 Excitation function of the line Hell-4686 £

Pig. 12 shows the excitation function of the ion line 4686 2, taken 

through the interference filter^ at a magnetic field of 2500 G. Above 

the threshold for atom lines in the visible region (approximately 23 eV) 

some background light is recorded. The ion line sets in above 76 eV
3T 67(ionization + excitation to n=4) in agreement with previous work .

£7 D. Haidt and H. Kleinpoppen, Z. Physik 1^6, 72-76 (1966)
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A slight polarization of the line 46O6 8 was noticed parallel to the 

electron beams P=5»4°£ at 290 eV and 5400 G, not considering apparatus 

effects, which however should not be very marked with an interference 

filter, ihis agrees with previous results in zero magnetic field^^.

5-2 General investigation of anticrossings in n=4

All anticrossing signals detected in n=4 during the present investigation 

are collected in Table 3. It was considered difficult to improve the

S-F
0®' aG' pH'

S-D
aJ aE PF

S-P
3e pf ac

5400 6700 7400 OOCOONOOCOOOCOLTN 1000 2000 9500

Table 3 s Anticrossing signals observed in n=4 cf He+ and their 
approximate position in G. Lamb's notation of the sublevels is used 
(-»Appendix 2).

measurement by Jacobs et al. ̂  of the S-P intervals. Thus attention was 

given mainly to the S-D and S-F signals. From these pF overlaps with ac, 

and no use was made of this anticrossing although a set of curves, taken 

at various electric fields, indicated that a separation of the tv/o 

signals might be possible since 3F is much narrower than otc and requires

50.3 V/cm for 50% saturation compared with 6.9 V/cm for ac.

The other 5 S-D and S-F signals were first investigated using unpolarized 

light as well as linearly polarized 7c- and S’-light in order to select the 

working conditions providing the best signal to noise ratio. The S—D 

signals present the additional problem of the dispersion admixture 

( - 3.I.3). The results of this investigation are displayed in Table 4.

4 *
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S-P % intensity change S-D
'

detection mode at 147 V/cm
ON’ aG' PH' aJ ocE

unpolarized +6.9 >0 * 
(+7«3)

>0 * 
(+4«6)* - A+D (1:1)+

CJ -light +7«7 ± ! M +11.0 A+D ( 3:2 )+ mainly D

ir -light +6.0 -5«9 -2.5 very weak mainly A
■ W

estimated. A:absorption, D:dispersion, approximate ratio A/D in brackets, 
the ratio of absolution to dispersion amplitudes does not remain constant 
for the whole electric field range. Considerable variations were noticed 
below 65 V/cm for aE (unpolarized) and below 85 V/cra for aJ (s-light).

Table 4 j Anticrossing signals in n=4 of He+ for different light polari
zations. The conditions finally used are underlined. Note the negative 
signals for aC-' ana ¡3H' in Tt-light (see text). Examples of recorded 
curves are shorn in Pigs. 13-17«

The negative signals ctG' and (3H* in ir-light appear to contradict the 

statement in Chapter 2 of an expected intensity increase for S-P signals. 

That statement however was based on the assumption of using ur.polarized 

light for the detection, and the unpolarized signals aG' and 3H' are 

indeed positive. Yet the sublevel H' cannot decay with w—light nor can 

G' in a strong magnetic field (Paschen-Back region), a condition 

substantially met at 6.7 kG. Thus H' and G' are "invisible" in ir-light 

and so is any increase of their population near the crossing point. Hence 

anticrbssing signals ocG' and PH', observed in tc-light, result only from 

the population reduction of the respective S—sublevels, which radiate 

unpolarized.

4 «
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3.3 Data taking

ihe anti crossing signals with their working conditions chosen according 

to Table 4 were recorded on a chart recorder together with calibration 

marks of the magnetic field) as described in 4*5* Actual recorder traces 

are reproduced in Figs. 13-17. In Fig. 13 several recordings of the 

anticrossing |3H', taken at different electric fields, have been super

posed. This shows the typical features of the anticrossing signals under

Fig. 13: Superposition of several recordings of the anticrossing j3H' in 
n=4 of He+, taken at different electric fields. This shows clearly the 
influence of the electric field on amplitude, width and position of the 
signal. Helium pressure 10 rnTorr. Anode at +300 V with respect to the 
cathode, electron cur-rent 300 /A . Time constant 3 s. s-light. The bar 
indicates approximately 2^ of the total light intensity.

investigation: The electric field is required to induce a signal, which 

is very weak at low field strength. With increasing electric field the 

amplitude rises until saturation occurs, and the signal becomes broadened 

and shifted.

A continuous sweep of the magnetic field is used, and the effect of the 

time constant of the detecting circuit on the signal has to be considered 

carefully. A large time constant, in providing a good signal to noise ratio, 

requires a low sweep rate of the magnetic field to avoid undue distortion

7400 7450
m a g n etic  field (G a u ss)
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oH'
run 57 B

X

5 400
stic field (Gauss)

5 350

Fig. 14: Recorder trace of the anticrossing ail' in n=4 of He"*’.
Helium pressure 10 mTorr. Anode at +300 V with respect to the cathode, 
electron c\u?rent 500 /¿A. Time constant 3 s. No polarizer. Voltage 
appli ed to the Stark plates 100 V, corresponding to (147 ±7*5) V/cm. 
The signal is about 65?£ saturated. The bar indicates 2% of the total 
light intensity.

6 700 6 750
magnetic field (Gauss)

Fig. 15; Recorder trace of the anticrossing otG' ir. n=4 of He+ using 
©-light. Helium pressure 10 mTorr. Ancdc at +300 V with respect to the 
cathode, electron current 300 /*A. Time constant 3 s. Voltage applied to 
the Stark plates 100 V, corresponding tc (147 ±7*5) V/cm. The signal is 
about 7O56 saturated. The bar indicates 256 of the total light intensity.

4 *  IA
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of the signals. On the other hand l.ong term drifts influence the signals 

if too long measuring times are used. Expressing the sweep rate in terms 

of linewidths (FWHM) per time constant^3 a sweep rate of less than 0.1 

was aimed at, resulting in some shift of the signal centre but in little 

actual distortion of the line shape. Most measurements were done at a 

sweep rate between 0.05 and 0.1 with a corresponding shift of the signal 

centres by <: 5% of the halfwidth. The recording time of one anticrosc.ing 

curve was of the order of 5 minutes.

To eliminate this signal shift all signals were measured in pairs, 

sweeping the magnetic field upwards and downwards. The mean values of the 

parameters were adopted from each pair. This also eliminates other 

possible time lag effects of the magnetic field measurement and of the 

recorder as well as some long term drifts.

magnetic field (Gauss)

Fig. 16 j Recorder trace of the anticrossing aJ in n=4 of He+ using 
O'-light. Helium pressure 10 mTorr. Anode at +300 V with respect to 

the cathode, electron current 500 ̂ *A. Time constant 6 s. Voltage 
applied to the Stark plates 60 V, corresponding to (68±4*5) V/cm. 
The signal is about 70% saturated. The bar indicates 2% of the total 
light intensity. The fitted centre is marked by an arrow.

08 R.C. Isier, J.O.S.A. ¿2» 727-733 0  969)
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magnetio field (Gauss)
8 200 8 100 8 000

Pig. 17: Recorder traces of the anticrossing aE in n=4 of He"1.
(a) unpolarized light, (b) U-light, (c) ir-light. This illustrates 
how the dispersion admixture from the interference terra ( -• 3 • 1 • 3 ) 
modifies the absorption shaped signal at different states of polari
zation.
Helium pressux'e 10 mTorr. Anode at +300 V with respect to the cathode, 
electron current 300 /»A. Time constant 6 s. Voltage applied to the 
Stark plates 40 V, corresponding to (59 ±3) V/cm. The bars indicate 
?% of the total light intensity.
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5.4 Asymmetries cx the signals

The recordings of the S-P anticrossings as in Figs. 13-15 show slight 

deviations from a pure absorption shape depending on the anticrossing 

and on the working conditions. Similar distortions would be expected for 

the S-n signals, were they not covered by the more complex structure of 

these signals. A whole variety of effects may contribute to these

asymmetries.

( 1)

(2)
( 3 )

time constant of the detection circuit as discussed in 5.3 

slope of the background

overlapping with other anticrossing signals of
■ additive

n=4 or n > 4  (cascading effects) not affecting 

tho crossing sublevels directly

(4) change of the population difference with the 

magnetic field (quenching). Similar to (3), 

but affecting the crossing sublevels themselves j

(5) change of the interaction element V with the magnetic field

(6) inhomogeneity of the electric field (spatial variation of V over 

the interaction region). This results in a distorted line shape 

if the signal is appreciably shifted by the electric field .

(7) space charge- and motional electric fields. Similar to (6)

(8) deviation of the sublevel energies from the linear dependence 

on the magnetic field. In this case the replacement of av by

(H-H ) would not be correct.0
The effects (1), (5), and (8) are considered to be of little impact in 

the present circumstances: No visible change of the distortion could be 

observed from sweep up to sweep down (1). The variation of V with the

dispersion
admixture

magnetic field (5) and the curving of the sublevels (8) is beyond the

accuracy attempted at present.

4 Ä IA
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>• additive

dispersion
admixture

3.4 * symmetries cf the signals

The recordings of the S-? anticros3ings as in i’igs. 13 -15 show slight 

deviations from a pure absorption shape depending on the anticrossing 

and on the working conditions* Similar1 distortions would be expected for 

the S-3) signals, were they not covered by the more complex structure of 

these signals. A whole variety of effects may contribute to these 

asymmetries.

(1) time constant of the detection circuit as discussed in 5 .3

(2) slope of the background

(3) overlapping with other anticrossing signals of 

n=4 or n > 4 (cascading effects) not affecting 

the crossing sublevels directly

(4 ) change of the population difference with the 

magnetic field (quenching). Similar to (3 ), 

but affecting the crossing sublevels themselves J

(5) change of the interaction element V with the magnetic field

(6) inhomogeneity of the electric field (spatial variation of '/ ovc-r 

the interaction region). This results in a distorted line shape 

if the signal is appreciably shifted by the electric field.

(7 ) spe.ee charge— and motional electric fields. Similar to (6)

(8) deviation of the sublevel energies from the linear dependence

on the magnetic field. In this case the replacement of av by

(H-H ) would not be correct, o
The effects (1 ), (5), and (8) are considered to be of little impact in 

the present circumstances: So visible change of the distortion could be 

observed from sweep up to sweep down (1). The variation of V with the 

magnetic field (5 ) and the curving of the sublevéis (8) is beyond the 

accuracy attempted at present.



The inhomogeneity of the electric field from the Stark plates (6) together 
with the space charge- and motional fields (7) cause the electric field 

to be distributed over a certain field range. Usually this range is of 

the order cf ±i0 //cm, and for all present signals the shift corresponding 

to such fields is small compared with the signal width. Therefore the 

measured signals are wider than they would be in an ideally homogeneous 

field if their position is affected by the electric field. This has been 

observed on the anticrossings ctK' and 0H'.

The signal can then be looked at as a superposition of curves induced by 

a field distribution. Even with a symmetric distribution asymmetries of 

the signals can arise from the non-linearity of the Stark shift and from 

the field dependence of the amplitude. (Signals are usually observed 

below saturation so that the degree of saturation is larger on the high 

field side than it is on the low field side.) With the field range being 

only a small proportion of the actual field, these asymmetries remain 

small, and luckily the two effects are not important at the same time:

The relative amplitude variation is largest at low electric field (low 

degree of saturation), 'where however the corresponding Stark shift range 

is still small (quadratic Stark effect). At higher electric field on the 

other hand there is much more broadening, but the amplitude variation is 

small.

Two observations support this view that asymmetries caused by field 

inhonogeneities are not the most important contributions to consider: 

Firstly, the anticrossing aG', hardly shifted at all by the electric 

field, shows very much the same amount of distortion as strongly shifted 

signals do. And secondly, the strongly shifted signal a!! shows rather 

different distortions when observed in It- or & -light.

4 IA



Tho actual field distribution is not too well known, and no attempt ha* 

been made to unfold the measured signals. However, an estimate of the 

influence has been made (->6.4-1 (?) and (4)), showing that the signal 

shift would hardly exceed ±0.5 G. This is incorporated in the error 

estimates in 6-4*1 and 6.5-1 •

Thus there remain the points (2), (5), and (4). A slight change of the 

overall light intensity with time (2) was observed, particularly at the 

beginning of experimental sessions, when it was measured to -0.8%  in 

10 min. This became less after 1 or 2 hours, but was still present in 

general. With good accuracy this slope may be taken as linear with time, 

i. e. linear with the magnetic field.

Even more important influences are considered to result from overlapping 

with other anticrossings of n=4 and with cascading effects of anti

crossings in n > 4  (5), (4)* In view of the large number of sublevels with 

n >4 such distortions are rather likely, and similar cascading effects 

have been experienced in radio frequency investigations of the fine 

structure of such levels by Jacobs et al.^ and by Nader et al.^, who 

investigated this in some detail, (in special cases it is even possible 

to use cascading signals for proper measurements, -* 5*6*2.) At the strong 

coupling fields necessary for S-D and especially for S-F signals most of 

the disturbing (lower order) signals are well in saturation and thus very 

broad. On the other hand the signals under investigation are very narrow. 

Therefore it should be reasonably accurate to approximate most of the 

overlapping by effects linearly dependent on the magnetic field.

With this in mind the original absorption Lorentsian shape of the S-P 

signals was extended to include a linear slope of the base line and c 

Z j D.L. Mader, M. Leventhal, and W.E. Lamb, Jr., Phys. Rev. A
1832-1G48 (1971)
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dispersion admixture of the same centre and width. Tlie measured results 

were fitted to a curve of this form, making shure at the same time that 

all signals were treated in the same way. The inclusion of a dispersion 

part allows the function to be used for the analysis of the mixed S-D 

signals as vieil, where only rough estimates would be possible without 

fitting.

^■9 Lorentz fit

Following the discussion in 5-4 the observed signals are approximated 

by a 6 parameter Lorentzian curve:

Between 20 and 30 pairs of values x^, y ± were read from each recorded 

curve and fitted so that

A single step least squares fit is not possible. Thus a variational

although in the present fitting A and E are coupled at one stage. Esti

mated values for Z, B, A, and E have to be entered together with their 

initial variations a Z, AB, a A, and aE. A least squares fit is used for 

the parameters C and D which are less easily estimated from the curves.

Procedure: Fox’ 3 values of a parameter P (P, P + aP, P - aP) the sums of 

the squared deviations (S1, S2, respectively) are calculated. A parabola 

70 K.-J.A. Koilath, Diplomarbeit, Universität Marburg, 1966 (unpublished)

A {l +C(x-Z)} + D(x-Z) + Ey =
1 + (x -Z)2/B2

A: absorption amplitude E: background at x = Z
Z: magnetic field at centre D: slope of baseline 
2B: full width at half maximum C: dispersion parameter

( <6)

method was employed*^* in which only one parameter is varied at a time.
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is fitted through the 3 points (P, S ), (p + aP, sj, and (p - aP, s j  toe. ?

provide at its centre an improved value of the parameter, p , with a 

reduced sun of the squared deviations, S. The original P is now I'eplaced 

by P1, and the next parameter is varied. At the end of one cycle through 

E, A, B, and Z the variation of the parameters is reduced and a new cycle 

started. Each call for the sum of the squared deviations includes a least 

squares fit for the parameters C and D.

Checks on the convergence are made after each cycle, and in case of slow 

but steady convergence several cycles are skipped and interpolated 

instead. The ordinary fitting procedure is then restarted with the new 

values. The fitting process continues until the parameter Z and the sum 

of the squared deviations in 3 adjacent cycles change by less than pre

defined amounts. Usually about 10 to 15 cycles are executed.

The difference between fitted curves and measured signals was generally 

found to be within the noise limits of the measurements, suggesting that 

the 6 parameter function is at least a better approximation than the 

undisturbed absorption curve would be. The adopted fitting procedure is 

further supported by the observation that a difference of about 0.8 G 

between signals ocN* recorded in 7r- and <3-light disappeared.

As expected from the asymmetries of the signals, the fitted crossing 

cenxres S-P differ systematically from the direct estimates, though 

rarely by more than 1 G. There is usually a slight difference of the 

parameters C and D between the two sweep directions, indicating a small 

contribution from the time constant deformation.

All results reported in Chapter 6 have been processed in this way. The 

very time consuming preparation for the computer enforced a restriction 

of the amount of material analysed. To overcome this, an automatic read 

out facility is being set up. It is also hoped to improve the fitting 

programme to obtain better information on the uncertainties.

4 *  1a
m
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5.6 Si trials from n=5

Very few fine structure measurements exist for n=5 of He+. High resolution

spectroscopic investigations were reported by Berry'1 and by Kessler and 
7? n

Roesler on the lines 3203 A (n=5-n=3) and 10124 2 (n=5-n=4) respec

tively. A value for the Lamb shift interval 52S.|̂ 2 — ̂ 2pi/2 wa'5 de-ived^2, 

but with an accuracy of only about ±15%.

Employing radio frequency transitions Baumann and Eibofner75 recently
2 2investigated the fine structure interval 5 S.|y2 -5 ?7/2 an(* from that 

indirectly deduced the Lamb shift to an accuracy of about ±1%. However, 

even with an electron current of 20 mA and a time constant of 10 s their 

signal to noise ratio is not very good and makes the analysis rather 

laborious.

Estimates of the excitation cross sections and of the branching ratios 

from n=5 showed that anticrossing signals similar to those of n=4 should 

be observable in the line 3203 8, and a rough survey revealed that this 

is indeed the case. A brief account of such signals is given in 5*6.1.

An even more interesting way to investigate the fine structure of n=5 is 

provided by the detection of anticrossing signals occuring in n=5 through 

their cascading effects in the line 4686 2 (n=4-*n=3). This is described 

in 5.6.2.

5.6.1 Anticrossing signals in n=5 using the line 320? 2 

The same arrangement as for the signals in n=4 (— Fig. 8 in 4*1) has been 

used with only the monochromator replacing the interference filter in 

order to select the line Hell-3203 2. Sweeping the magnetic field over

a wide range and using low time constant and no zero suppression in the

71 H.G. Berry, J.O.S.A. 61., 12} (1971 )
72 E.G. Kessler, Jr. and F.L. Roesler, J.O.S.A.
73 M. Baumann and A. Eibofner, Fhys. Lett. 4¿A,

62, 440-446 (1972) 
105-106 (1973)
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detection channel, several S-P and S-F anticrossings were detected as 

shown in Table 5. No special search has been made for the missing S-D and 

S-G signals, of which the former might be very wealt and the latter too 

narrow to be observed in this survey. Anticrcssing signals S-G should he 

negative because G does not contribute to the line 3203 A, so that only 

the depopulation of 5S would be detected.

pf

5S - 5P
ac pd CtN'

5S - 5F
CtG' PH'

1000 4900 7400 2800 3500 3900

Table 5: anticrossing signals in n=5 observed through 
the line 3203 £ together with their approximate 
magnetic field position in G. Lamb's notation of the 
sublevels is used ( — Appendix 2)

The signal to noise ratio is much smaller than for corresponding signals 

in n=4. This is caused in the first place by the necessity to use the 

monochromator to single out the line 3203 2, but also by the smaller 

excitation cross sections of n=5 and by the less favourable branching 

ratios from n=5 to n=3. Nevertheless, single sweeps can be analysed, and 

a careful investigation of these signals in n=5 should allow to improve

Fig. 18s Recorder trace of the anticrossing ctN' in n=5 of He+ detected 
in the line 3203 $. Helium pressure 1C mTorr. Anode at +300 V with 
respect to the cathode, electron current 300 y J .. Time constant 6 s. No 
polarizer. Voltage applied to the Stark plates 50 V, corresponding to 
(74+4) V/cm. The bar indicates 2)1 of the total light intensity.
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the experimental accuracy of the corresponding fine structure intervals. 

Pig. 18 shows a recorder trace of the anticrossing poll' at realistic 

working conditions. This has to be compared with the corresponding 

signal of n=4 in Pig. 14-

5.6.2 Cascading anticrossings from n=5

It has been pointed out in 5.4 that cascading effects from anticrossing 

signals occuring in n > 4  could distort the observed signals in n=4. These 

influences should be small though, since the excitation cross sections 

as well as the proportion of the high-n signals decaying through n=4 

become smaller with increasing n. Nevertheless, Maaer et al.^ have been 

able to trace a cascading radio frequency signal from n=7 down in n=J, 

and for precision fine structure measurements it is necessary to consider 

these effects very carefully. In special circumstances it is even possible 

to employ such signals for the investigation of the corresponding higher 

n fine structure. This is the case with S-G anticrossings in n=5»

As in rtrA, 5s is expected to be populated strongest. Thus anticrossings 

5S — 50 result in less decay from 58 and more decay from 50. Observing the 

line 4686 2 (n=4-n=3), only about 1% of the change of population of 5S 

can be detected compared to 100% from 50 (50 can only decay along 4P> 

3D,...). Therefore anticrossing signals 5S-5G will appear quite strongly 

in the line 4666 2, and it is even very likely that the signal to noise 

ratio is better than it would be in the observation of the line 3203 a , 

direct from n*5. This is a result of the much greater detection efficiency 

of the line 4686 2 and of the very high difference of the branching 

ratios attainable in this way.
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Usi.ng the same set-up as for the signals in n=4, a number of cascading 

anticrossinga 53-5G has been detected:

aQ" a!" ccR" 3J"

3000 2870 2400 3080

l'abie 6: Cascading anticrossings 5S-5G, 
detected in the line 4686 X together with 
their approximate magnetic field position 
in G. For the notation of the sublevels 
see Appendix 2.

From these, aR" and al" have been investigated in more detail to derive 

for the first time from direct measurements the fine structure intervale

observed in the line 4686 ?. (n=4 -*n=3). Helium pressure 10 mTorr. Anode 
at +300 V with respect to the cathode, electron current 500/*A. Time 
constant 8 s. Mo polarizer. Voltage applied to the Stark plates 62.5 V, 
corresponding to (92 ±5) V/cm. The bar indicates I9& of the total light 
intensity.

74 The detailed .investigation has been carried out by J.M. Voolsey 
and is therefore not included in this report. For details see 
H.-J. Beyer, H. Kleinpoppen, and J.M. Woolsey, Phys. Rev. Letters
28, 263-265 (1972)

9 2 2 2 1A
5 - 5 G,j/ 2  arK̂  5 - 5 respectively . Fig. 19 shows a recorder

trace of the anticrossing aR".

uR" ( 
run £

590 2 400 2 410

magnetic field (Gauss)

Fig. 19: Recorder trace of the cascading antiorossing aR" from n=5 of He+

■



6 RESULTS

6.1 Saturation behaviour of the sirmala

Pig. 20 shows the experimental and theoretical results of the signal

amplitude and the signal width in dependence of the electric field as

discussed in 3.3. Again the anticrossing aG' is taken as example. The

lines represent the theory, based on equations (2) and (3) in 3.1 .2, for

which the interaction element 2V has been calculated by the matrix

diagonalization method (2 |V ..I as function of the electric field is \ 1 ocG,J

Pig. 2 0 : Signal amplitude and 
signal width (PWHM) for the 
anticrossing aG' in n=4 of lie’* 
in dependence of the electric 
field. The points are measured. 
The theoretical lines are 
obtained using the interaction 
elements calculated by matrix 
diagonalization. The theoreti
cal amplitudes are normalized 
to the experimental saturation 
value of 27.55i* Helium pressure 
10 mTorr, electron current 
300 ¡A  at 300 eV.
The point size approximately 
represents the estimated ex
perimental uncertainty, except 
for the lowest and highest 
field points, where the error 
could be larger (especially 
for the width). The lowest 
field point of the width seems 
to deviate from the theoretical 
value by more than the esti
mated uncertainty.



shown in Pig. 7 in 3.3). The amplitude is normalized to the estimated 

experimental saturation value of 27.555. The agreement between theory and 

experiment is very satisfactory and verifies the assumptions made on the 

natui'e of these anticrossing signals.

if2 Variation of the crossing positions with the electric field 

Pig. 13 showed a very noticeable shift of the crossing position (3H1 with 

the electric field. This is common to all observed higher order signals, 

and it is therefore necessary to extrapolate to zero electric field if 

the crossing positions are to be used for an accurate determination of 

the fine structure separations. This at the same time provides a measure

ment of the Stark effect.

Most of the experimental results used to derive the fine structure sepa

rations and the Stark effect in n=4 are collected in Pigs. 21-25 and 

compared with the theoretical values. The data are drawn as a function 

of the squared electric field strength.

The simple Stark effect calculations according- to 3.2.2 are represented

by the dotted lines, and the accurate matrix diagonalization results

according to 3-2.3 follow the full lines. As expected, both agree at low

electric field, but above 150 to 200 V/cm (for n=4 of He+) the matrix

diagonalization method should be applied for accurate results.

The slone of the lines is a measure of tne Stark effect. The theoretical

crossing positions for zero electric field are determined by the theore—
7

tical values of the corresponding fine structure separations and the 

pure Zeeman effect.

The measured points carry two error bars: The horizontal bars take account 

of the systematic uncertainty of the electric field strength, caused by
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6 718

m ,
§ 6 715

6 710+

0

CCG*

T

10 000 50 000
? —2squared electric field (V cm )

Fig. 21s Crossing position ocG' in dependence of the squared electric field.

Figs. 21-25: Positions of the observed anticrossings in n=4 of He+ as a 
function of the squared electric field. The lines in each graph repre
sent the theoretical dependence, calculated in the simple approach accor
ding tc 5.2.2 (dotted lines) and using the matrix diagonalization method 
according co 5*2.5 (full lines). Both start at the theoretical crossing 
point in zero electric field. Extrapolation of the measured points to 
zero electric field leads to the values marked by arrows, which determine 
the experimental fine structure intervals. The Stark effect is determined 
by the slope of the curves.
The horizontal error bars of the measured points are caused by a 10% 
uncertainty of the squared electric field. The vertical error bars repre
sent the estimated uncertainty in finding the crossing centres with 
experimental conditions kept constant. A comprehensive discussion of the 
overall errors will be found in 6.4*1 and 6.5*1*
Helium pressure 10 mTorr, electron current 500 juA (except for Fig. 25:
500 yuA), anode at +500 V with respect to the cathode.

Figs. 21-24 show an almost pure quadratic Stark effect.
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Fig. 2J: Crossing position <xJ in dependence of the squared electric 
field. Fig. 21. Both Stark effect calculations coincide over this 
field range.
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Fig. 24s Crossing position ctE in dependence of the squared electric 
field. - Fig. 21.

the 5% uncertainty of the separation of the Stark plates. They are not 

very important for the fine structure results. The vertical error bars 

estimate the uncertainty in the determination of the crossing centres with 

experimental conditions kept constant. Further error contributions will 

be discussed together with the final numerical results in 6.4«1 and 6.5*1*

The theoretical Stark shifts of all anticrossings (apart from cell') are 

very nearly linear in a quadratic field scale: As expected, this field 

range is dominated by the quadratic Stark effect. Within the present 

experimental accuracy the measured results confirm the quadratic depen

dence. Unweighted least squares fits have been applied to the measured 

points to obtain the numerical zero electric field crossing positions 

(marked by arrows in Figs. 21-24) and the quadratic Stark constants.

A k IA
r *
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Fig. 25s Crossing position aN' in dependence of the squared electric 
field. — Fig. 21. Note the deviation from the pure quadratic Stark shift, 
which is represented by the dashed line. This start of the change from 
the quadratic to the linear Stark effect will be discussed further in 6.5*

4 fl IA
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6.3 Influence of electron current and helium pressure 

The anticrossing signals are far less affected by changing the electron 

current or the helium pressure than by variation of the electric field. 

The observation region contains many electrons and positive helium ions, 

which are kept together by the strong magnetic field. Thus, a static 

electric field, perpendicular to the magnetic field, can penetrate this 

plasma without being appreciably screened. At higher electric fields 

however, the charges become partially separated in spite of the magnetic 

field, and this results in some screening of the applied electric field 

inside the observation region. The amount of this screening depends not 

only on the magnetic and electric fields, but also on the plasma density 

and hence on the electron current and on the helium pressure. It snould 

grow with increasing current or pressure.

For the antiorossing signals this reduction of the effective electric 

field should result in a lower degree of saturation and less Stark shift. 

The slopes of the electric field dependences of the crossing positions 

should change more than the extrapolated zero field values. All anti- 

crossings should be affected in a similar way, somewhat modified by the

absolute value of the magnetic field.

An investigation of the current effect has been made for the anticrossing 

signals a J  and aN'. Fig. 26 shows the difference between the crossing 

positions measured for aJ at 300 /aA and at 300 p.A in dependence of the 

electric field. All points for 300 j*.A (full circles) lie above the points 

for 500 y .k (open circles), indicating as expected a stronger Stark shift 

with decreasing current, although the difference is within the estimated 

uncertainty of single points. Least squares fits result in the full and 

the dashed line for 300 yuA and 500 y*A respectively. Their slopes differ
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Fig. 26: Influence of the electron current on the measured crossing 
positions aJ in dependence of the applied electric field. The data are 
normalized to the dashed line, representing the least squares fit to the 
results at 500 yuA (open circles). The continuous line is fitted to the 
results at 300 fxk (full circles).

at the 80% confidence level, the extrapolated zero electric field values 

only at 60%.

The picture is similar for aN', where measurements have been made at 150, 

300, and 500 yuA. Again the Stark shift is reduced with increasing current 

for all points. The electric fields involved are larger here, but the 

Stark constant is smaller, and the current shift is slightly less than 

it was for aJ (0.25 to 0.5 G for 150 y*A - 300 /*A and again for 300 /aA - 

500 ̂ A). Least squares fits are not possible in this caso because of the 

curving of the electric field dependence as shown in Fig. 25, but. no 

difference of the slopes is apparent here.

The screening model is further supported by the observation that the 

signal widths and the signal amplitudes also indicate a lower degree of 

saturation when the current is increased.

A variation of the helium pressure is expected to have a similar effect 

on the results as the current variation. The additional collision effects

4 * ia w a p  1
1



-64-

are considered, to be of minor importance at the pressure used. Ho actual

investigation of the pressure dependence could be carried out with the 
75present system .

The measurements confirm that current- and pressure effects are indeed 

small, though still detectable. Many more data would have to be analysed 

before a correction or extrapolation could be introduced. At this stage 

the effects have been taken into account only in the error estimates 

( - 6.4.1 and 6.5*1).

6.4 Fine structure results

He+ , n=4 anticrossing positions (Gauss)

anti crossing present experiment Eckà Huff theory statistical
uncertainty

CtN' 5402.41 2.5 5550+ 54 5404.45+ 0.25
*

±0.3

S-F <XG' 6715*21 2.5 Ó7101 67 6717.56± 0.32 10.16 (14)

PH' 7408.21 2.5 74601 75 7408.97± 0.32 10.26 (1 1 )

S-D

300 f ik
a J

500yuA

5ec6.e± 2.0
5806.7 ± 2.0

5806.61 2.0
~5900 5806.091 0.35

+0.39 ( 7) 

10.28 ( 8)

7T
OE

S

8099*4± 2.5
8099.1 ±2.5

8098.9± 2.5
- 8100.15 ± O .46

±1.1 ( 7) 

±0.54 ( 7)

estimated

Table J s Crossing positions, extrapolated to zero electric field, in com-
18parison with earlier measurements by Eck and Huff and with the theore

tical values. The last column shows the statistical uncertainty alone 
(90̂ o confidence) together with the number of points used in the least 
squares fit3. A detailed error discussion is given in 6.4.1.

75 The diffusion rate of helium through glass is proportional to the 
pressure difference between both sides of the„wall. Thus the system 
cannot be emptied again by diffusion from 10”^ Torr. Only a further 
increase of the pressure would be feasible, but this was not desirable 
because of further measurements being planned with the same system.



The present results for the crossing positions, extrapolated to zero

electric field, are collected in Table  ̂and compared with earlier
18measurements by Eck and Huff and with the theoretical positions. The 

values are derived from unweighted least squares fits to the data points 

measured at various electric fields as shown in Figs. 21-25. Only for all' 

a graphical fit and extrapolation has been carried out. The overall errors 

shown are estimated for approximately 90jo confidence liraitt 'fheir com

position is discussed in 6.4*1.
18Eck and Huff , using the same method, did not extrapolate their results 

to zero electric field. This explains the difference of the values for 

oN', pH', and aJ, although they all agree within the error limits. aG' is 

very little affected by the electric field and shows nearer agreement.
7The theoretical values are based on Erickson's fine structure energies 

and the theory of the Zeeman effect (-*3*2).

The fine structure separations corresponding to the results in Table 7 

are obtained by calculating back to zero magnetic field, applying the 

Zeeman effect theory according to 3*2.2 or 3*2.3 (both give the same 

results). This is shown in Table 8. aG' and f}H' both lead to the interval

- 6 5 -

He+, n=4 fine structure separations (MHz)

interval anticrossing present experiment theory

Sl/2 _ F5/2 ON' 27 435*7 ± 15*8 27 446-99 ±1*36

CM\CMT-
CO <XG'

PH'

31 094*8± 10.6
31 098.2 + 10.5

31 101.5+ 10.5
31 104.76 4 1*36

Sl/2“ D3/2 aJ 20 145-3 ±7*3 20 142.85+ 1*36

Sl/2_D5/2 aE 27 455*4 ± 7*4 27 458.6O+ 1.36

Table 8i Fine structure separations corresponding to the crossing posi-
7

tions in Table 7* The theoretical values are from Erickson .
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"two values agree within the overall uncertainties ¿jivon 

in Table 8, but they would not do so within the combined statistical 

uncertainties alone (1.8 MHz).

From the results in Table 8 the fine structure separations F . - f . and
5/2 7/2

an "̂ the Ia,a1:> interval - ̂ 5/2 can ce d-eciuce(i.

Furthermore, the value of the interval S ^ - D ^  may te oombined with

the latest value of ( 20 179.7+ 1.2) MHz for the interval S, - P,1/2 5/2
measured by Jacobs et al. , to derive an experimental value for the Lamb 

shift ~ Dj/2’ T'hese results are shown in Table 9- They represent 

small differences of large intervals, and the relative uncertainties are 

therefore less favourable than in Table 6.

He+ , n=4 derived fine structure separations (MHz)

interval present experiment theory

F5/2"F7/2 3 662.5 ± 23.O 3 657.78+ 0.01

D3/2"D5/2 7310.1 + 14.3 7 315.75+ 0.02

Lamb shift
P3/2‘ D5/2

34.4 ± 9.0 37*19±1.36

Lamb shift
D5/2“ P5/2

19*7 ± 20.0 11.61 ±1.92

Table 9î Fine structure separations derived from the results 
in Table 8. The errors have been added linearly, deducting 
only component (2) d) of 6.4*1, which is identical for all 
signals. To obtain the Lamb shift interval ^3/2 “ ^3/2 
present result for S. /,-D,/„ is combined with the value of

1/2 2/2 11
S ^ g - P j ^2 measured by Jacobs et al. . The experimental 
uncertainties have been added in this case without consi
deration of the respective confidence levels.

All experimental results in Tables 7-9 agree with the theoretical values 

within the combined uncertainties. With the experimental uncertainties



representing approximately 90% confidence limits compared with 66% of the 

theoretical values, the experimental results in fact compare better with 

theory than it appears at first.

6.4.1 Error estimates for the fine structure separations

Theoretical values: All theoretical fine structure energies are calculated 
7

by Erickson , and their uncertainties are estimated at the 66% confidence 

level.

Experimental crossing positions;

( D  The statistical uncertainties of the extrapolated crossing positions 

are derived from the least squares fits to the data in dependence of 

the electric field (— 6.2) and converted to the 90% confidence level. 

The values are shown in the last column of Table 7 together with the 

number of points used for each fit.

(2) Magnetic field

a) The absolute accuracy of the nmr-unit according to 4-5 is ~6 ppm 

±3 ppm (from the gyromagnetic ratio) ±10 mG. This results in 

less than 80 nC for all fields used and may be neglected.

b) The field difference between the probe position and the inter

action region was of the order of 0«3 G and has been corrected.

The uncertainty of this correction including the field inhomo

geneity over the excitation region is estimated to ±0.1 G.

c) Sweep velocity. With about 5 readings/s there is a time lag bet

ween the actual field and the field displayed. Under the present 

sweep conditions this is less than 100 niG* The effect is mostly 

compensated by the recording of both sweep directions and can 

therefore be neglected.
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d) Magnetic field generated by the cathode heating current (400 mA do) 

Reversing the heating current had no observable .influence on the 

signals. From this an upper limit of +0.15 G is derived.

e) Reading the magnetic field values from the recorded curves intro

duces a statistical uncertainty, which is estimated to about 

±0.4 G for S-F and ±0.7 G for S-D. However, with about 20 points 

used from each curve this mostly cancels out, and the remaining 

contribution to the statistical uncertainty of the signal centres 

should be reflected in the uncertainties of the least squares fits.

(3) Electric field

Several minor contributions cause the effective electric field to be 

slightly non-uniform in value and direction, and the mean field 

value might deviate from the value associated with the applied vol

tage on a geometrical basis:

A) Plasma screening. Direction opposite to the applied field (— 6.3).

B) Field inhomogeneity introduced by the Stark plates (curving of 

the plates and edge effects).

C) Space charge fields. Ranaom, mainly in the x,y-piane. A few V/'oin . 

E) Motional fields. Random, in the x,y-plane. In the present oxpcri-

ment about 7-11 V/cm depending on the magnetic field strength .

76 Estimates of the average internal electric fields (mainly resulting 
from C) and D)) can be derived from the widths of the three S-P anti
crossing signals observed without external electric field using 
equation (3) from 3.1.2. Helium pressure 10 mTorr, electron current 
300 yuA at 250 to 300 V/cm.
<xc (n=5) 4850 G width: 310 G - el. field: 8.8 V/cro ( 5*5 V/cm)
j3d (n=5) 7400 G width: 63O G -  el. field: 11.0 V/cm ( 8.4 V/era)
ac (n=4) 9500 G width: 380 G - el. field: 15*1 V/cm (10.7 V/cm)

The values in brackets are the calculated average motional fields at 
a gas temperature of 100 K and the appropriate magnetic field. This 
shows that the motional fields represent the major part of the internal 
fields, an observation also made by Baumann and Eibofner (Ref. 73)*
It is expected that the contribution from space charge fields is 
reduced further when the external electric field is applied.

4 fl IA
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E) Misalignment of the electric field with respect to the magnetic 

field introduces a small field component in 2,-direction.

F) Electric fields from charged insulators. Despite the use of a 

glass system this effect is expected to be small since the exci

tation region is well screened by the conducting Stark plates.

Error contributions of electric field effects:

a) The ±5% systematic uncertainty of the separation of the Stark 

plates ( - 4.2) results in a ±10% uncertainty of the squared elec

tric field strength. The relative deviation should however be 

independent of the electric field and of the anticrossings. Thus 

it results mainly in an uncertainty of the Stark constants and 

contributes little to the extrapolated crossing centres.

b) Uncertainties in the measurement of the Stark voltage and contact 

potentials are neglected.

c) The increase of the average electric field caused by the motional 

and space charge fields (randomly distributed in the x,y-plane) 

can be neglected since under the present conditions these fields 

represent only a small proportion of the external field. The 

resulting shifts of the signal centres have been estimated to

100 mG.

d) A possible misalignment of the electric field (F not exactly 

perpendicular to H) would introduce a small field component in 

z-direction of certainly less than 10% of the applied electric 

field, with a corresponding reduction of the original field in

x—direction by less than 0.5%. Owing to the quadratic field depen

dence of the Stark shift, and assuming similar Stark constants for 

x- and z—fields, both could affect the actual Stark shift by about 

1%. This has negligible influence on the fine structure results.

4 "  /A
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e) Influence of plasma screening. - (5): Current and pressure shift.

f) Further influences of motional and space charge fields and of 

the field inhomogeneity -  (4): Signal asymmetries.

(4) Signal asymmetries

The various possible causes for asymmetries have been listed and 

discussed in 5>4- It has been attempted to overcome the most impor

tant of them by the Lorentz fitting of the measured signals ( - 5.5). 

Apart from minor contributions, this disregards asymmetries caused 

by the motional and space charge fields and by the field inhomo

geneity.

Their effect on the signals has been simulated by superposing 12 

Lorentz signals with a range of centres and amplitudes as it might 

occur under experimental conditions as a result of the spread of the 

electric field strength. These superpositions were then fitted in 

the same way as real experimental signals in order to find the 

deviation of the fitted centres from the "true" centres.

This was compared with the position of the centre of gravity of only 

3 Lorentz curves at fields F - aF, F, and F + aF, aF being the estimated 

maximum field deviation. Using the same field range, this produced 

larger shifts from the true centre than the 12 curves-superposition.

It therefore gives a sensible upper limit and has been used to 

estimate the effect on the real data. Including motional fields only, 

but with the gas temperature generously set to 500 K to allow for 

other contributions, the error of the signal position did not exceed 

±0.5 G.

No correction other than the Lorentz fit has been attempted, and even 

this hardly affects the signal positions by more than 1 G. Until the

4" IA
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assumptions made in 5.4 can be checked more closely, an overall 

systematic uncertainty of ±1.2 G has been included to cover the 

various kinds of asymmetries.

(5) Current and pressure shifts

The influence of the electron current and of the helium pressure on 

the observed signals has been discussed in 6.3, where also an 

investigation of the current shift is described. Further measurements 

are necessary before a correction can be made, but the present 

results provide a good basis to estimate the corresponding syste

matic uncertainty. ±1.0 G have been adopted for S-F, +0.8 G for S-D.

The overall uncertainty of the extrapolated crossing positions is domi

nated by systematic errors, mainly resulting from (4) and (5). These 

contributions are added, and about 90%  of the sum is combined with the 

statistical uncertainties to obtain the errors quoted in Table 7* The 

errors of the fine structure separations in Tables 8 and 9 follow 

directly from these values. The experimental errors are expected to 

represent at least 90% confidence limits.

6.5 Stark effect results

The experimental and theoretical Stark snifts of the various anticrossing 

signals are displayed in Figs. 21—25 in 6.2. Within the present accuracy 

and field range all signals apart from oN' can be considered to show a 

linear shift with the squared electric field, the pure quadratic Stark 

effect. The numerical quadratic Stark constants are derived from the least 

squares fits already introduced to find the extrapolated crossing 

positions. The results are shown in Table 10 and compared with the theo

retical Stark constants based on the matrix diagonalisation (-*3’2.3)*
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anticrossing
theory

mG/(v/cm)“

exper: 

mG/(V/cm)2

Lment

kHz./(v/cm)2

statistical
uncertainty
mG/(v/cm)2

field
range
V/cm

S-F
aG'

3H'

-0.151

+0.785

-0.092+ 0.022 

+0.80± 0.13

-o. 306 ± 0.092 

+3-34+0.54

±0.008 (14) 

±0.01 (1 1)

75-215

110-215

S-D

300 yS, 
rxJ

500 fxA

+2.36

+2.34

+2.1 3 ± 0.36 

+2.09 ± 0.34

+S.3 ± 1.4 

+6.2 ± 1.3

±0.01 (7) 

±0.02 (6)

45-130

45-145

7T
aE

<5"
+0.689

+0.66 ± O.38 

+0.89 ± 0.27

+ 1 .9 ± 1.1 

+ 2 ,6 ± 0 ,6

±0.28 (7) 

±0.14 (7)
15-90

Table 10: Experimental and theoretical Stark constants for the observed 
anticrossing signals in n=4 of He . The results are obtained in mG/(v/cm) , 
and these units are used for the comparison of theory and experiment. It 
is common to express quadratic Stark constants in frequency units/iv/cm)^, 
but this is done for the experimental results only since the conversion 
factors are not strictly independent of the electric field.
The last column gives the electric field ranges used for the measurements 
and for the theoretical results. (The Stark constants vary slightly with 
the field range because of small deviations from the pure quadratic Stark 
effect.)
The quoted errors are estimated overall uncertainties ( — 6.5*1)• The 
statistical uncertainties alone, representing 90%  confidence limits, are 
shown in the second last column together with the number of points used 
for the least squares fits.

It is common to express the quadratic Stark constants in frequency 

units/(v/cm)2. However, the conversion factors are not strictly constant 

with changing electric field owing to the large Stark constants under 

consideration. Therefore only the experimental results have been converted. 

This is also shown in Table 10.

The measured Stark constants range from 0.4 to 8 kllz/(v/cm) . These values 

are very large compared to Stark constants found in non-hydrogenic systems.
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The reason becomes obvious when the energy difference between interacting 

levels is considered (the quadratic Stark shift is proportional to the 

inverse of this difference). The separation of interacting levels 

- usually of the order of 1 eV - is extremely small in the hydrogenic 

fine structure: In n=4 of He+, 32 sublevels are spread over only 10“^ eV 

(30 GHz).

Considerable state mixing and deviation from the pure quadratic Stark 

effect occurs when the Stark shift becomes comparable to the level sepa

ration in zero electric field. At the various anticrossing points of this 

experiment the shift of the sublevels concerned ranges from 20 to 90 MHz 

at 100 V/ein and from 80 to 320 MHz at 200 V/cm, the shift of the anti- 

crossing position being a differential effect between two such displace

ments. Displacements of this magnitude are certainly not always negligible 

compared with the level separations, and deviations from the pure quadratic 

Stark effect are therefore quite likely even at fields of 100 or 200 V/cm.

A close look at the theoretical field dependences of the crossing positions 

in Figs. 21-24 indeed reveals very slight deviations from the pure 

quadratic Stark effect. This may be disregarded at the present level of 

experimental accuracy. Nevertheless, the field ranges, for which the 

numerical results have been approximated by pure quadratic dependences, 

are given in the last column of Table 10.

The departure from the quadratic Stark shift becomes very obvious for the 

anticrossing signal otN’ shown in Fig. 25* In this case the interacting 

sublevels 11' and J are only 1550 MHz apart. The pure quadratic Stark 

shift of N*, caused by J, would be 92 and 3^8 MHz for 100 and 2^0 V/cm 

respectively, thus being no longer small compared with the level separa

tion even at such low fields. It has therefore been possible in this case

4" IA
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to observe the beginning of the transition from quadratic to linear Stark 

effect. In Fig. 25 of 6.2 both, theory and experiment clearlj depart 

from the pure quadratic dependence represented by the dashed line.

In general the experimental results agree with theory well within the 

present error limits. Only for otG' do theory and experiment not overlap. 

However, the Stark shift here is only about 10% of the other results and 

therefore very sensitive to minor disturbing effects. Since all systematic 

uncertainties taken into account are fractional ( - 6.5.1 ), small absolute 

(but otherwise negligible) errors might represent a fairly large 

proportion of this result and so could account for the discrepancy. The 

most likely source is the overlapping with other signals (asymmetries).

6.5*1 Error estimates for the Stark constants

A detailed list of possible experimental uncertainties was given in 6.4.1 

for the fine structure results. This list is followed again to estimate 

the uncertainties of the Stark constants.

(1) The statistical uncertainties of the slopes are derived from the 

least squares fits to the data in dependence of the electric field 

(-6.2) and converted to the 50% confidence level. The values are 

shown in the second last column of Table 10 together with the number 

of points used for each fit.

(2) Magnetic field

For the Stark effect only the shift, but not the absolute position 

of the anticrossing3 is important. Parts a), b), and d), being 

always the same, are therefore neglected. The contributions c) and 

e) are neglected for the same reasons as in 6.4.1*

4 " / £
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(3) Electric field

a) The ±5% systematic uncertainty of the separation of the Stark 

plates is fully taken into account as ±10% uncertainty of the 

squared electric field strength and of the quadratic Stark 

constants.

Part of this uncertainty is attributed to curving and non-parallel 

adjustment of the Stark plates, resulting in a field inhomogeneity 

which has less severe effects on the signal position than a 

straight variation of the overall field strength. The 10% 

uncertainty of the Stark constants is therefore considered to 

cover most of the asymmetry effects as well, —  (4). 

b) and c) are neglected as in 6.4-1•

d) A misalignment of the electric field as estimated in 6.4-1 could 

affect the Stark constants by ^  %•

(4) Asymmetries

Prom the asymmetry effects only the variation of the signal shift 

with the electric field has influence on the Stark constants. (3a) 

covers most of these effects, but an additional allowance of ‘±2% is 

made for the effects of the motional and space charge fields.

(5) Current and pressure effects

As explained in 6.3 these effects are expected to have a direct 

influence on the Stark shift. For aJ the Stark constant changed by 

+2% from 500 to 300 /«A, though with a large statistical uncertainty. 

On this basis a systematic uncertainty of *^% has been included.

As in 6.4.1 about 90% of the linear sum of the systematic uncertainties 

is added to the statistical uncertainties to obtain the overall errors 

quoted in Table 10, which again should represent at least 90% confidence 

limits.
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6.6 Final remarks

The fine structure results of this report are considerably more accurate
5 4 18than previous determinations ’ * , and for the first time in n=4 of He+

it has been possible to measure the Lamb shift separations for j>1/2.

All experimental results agree with theory within the combined error 

limits, but the present values do not yet reach the theoretical accuracy.

Furthermore, the anticrossing method allowed to investigate the non-linear 

Stark effect of this fine structure system at low electric field. Con

sidering the lack of such low field investigations in hydrogenic systems 

these measurements are very worthwile in spite of the restricted accuracy 

of the present results.

The value of these investigations would of course be enhanced by a 

reduction of the uncertainties. From the error composition it is clear 

that the main contributions result from systematic effects, and a 

considerable improvement of the accuracies would be achieved if these 

influences could be removed or at least thoroughly investigated and 

corrected. Apart from some modifications of the system (f.i. of the Stark 

plates) this requires the analysis of a large number of curves. Such a 

continuation of the experiment is planned, and as part of this programme 

an automatic read out facility is being set up at present.
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Appendlx 1

A general equation for steady state crossing signals has been derived by

but basically the results are also valid for electron excitation. Note 

that f , f, is used in a different meaning from Chapter 3 of this work.
3. D

A is equivalent to AV.

"T he  s t e a d y - s t a t e  a n t i c r o s s i n g  s igna l ,  e x p r e s s e d  a s  a function of A 

and in t e r m s  of the p r o p e r t i e s  of the e i gen s ta te s  a and b (which do not 

vary a p p r e c i a b l y  ove r  the reg ion  of the ant ic r os s in g) ,  i s

Wieder and Eck^ and is reproduced below. Resonance fluorescence is assumed,

s = ( l/ 7 a) S [ | f J 2 |ga |2] + (l/7b) £ [ | ib i 2 |gb |2]

1 2

3

4

-  ( 2 | v | 27 a 7 b / 7 D ) £ [ f g ] (1)

5

6

- 7

S
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Appendîx 2

®= 9/2 7/2 5/2 3/2 1/2 -1/2 -3/2 -5/2 -7/2 -9 /2

N otation used fo r  the magnetic su t le v e ls  o f hydrogenic fin e  structure 

system s follow ing Lamb. The m-values are  preserved a t  a l l  magnetic f i e ld s .  

At low f ie ld  they correspond to mj, a t  high f i e ld  (Pasc'nen-Back e ffe c t)  

they are made up from and ms a s noted below each su b lev e lf + and — 

denoting ms = + l/2  and ms = - l /2  re sp e c tiv e ly .

* A '
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Fine structure measurement in He+, n =  4 
I. Intervals S-Ft

H . - J .  B E Y E R  a n d  H . K L E IN P O P P E N  
D e p a r tm e n t  o f  P h y sic s ,
U n iv e rs ity  o f  S tir lin g ,
S tir l in g ,
S c o tla n d .

2 1 sr O c to b e r  1971

A b s t r a c t .  E le c tr ic  fie ld  in d u c e d  a n tic ro s s in g  s ig n a ls  a re  u sed  to  m e a s u r e  th e  
fin e  s t r u c tu r e  s p l it t in g s  S - F  o f  n =  4  in  ( • H e ) * .  T h e  c ro ss in g  p o s i t io n s  have 
b e e n  e x tr a p o la te d  to  z e ro  e le c tr ic  f ie ld . T h e  p re s e n t  re su lts  a re  (27 4 3 5  7  ± 1 3  8) 
M H z  f o r  th e  in te rv a l 4 aS i , a- 4 aF s;a a n d  (3 1 0 9 8  8 ± 1 0 -5 )  M H z  fo r  th e  in te rv a l  
4 aS u a- 4 aF 7(a in  a g re e m e n t w i th  th e  th e o re tic a l v a lu e s  o f  (27446 9 9  ±  1 -3 6 ) M H z  
a n d  (3 1 1 0 4 -7 8  ± U 3 6 )  M H z  re sp e c tiv e ly . T h e  in te rv a l 4 aF s ,a- 4 aF 7,a is 
d e r iv e d  to  (3663*1 ± 2 4 - 3 )  M H z  c o m p a re d  w ith  (3657-78 ± 0 -0 1 )  M H z  fro m  
th e  th e o ry .

There have been many high resolution optical studies of the Hen A 4686 A 
(m =  4 -*■ n = 3) line complex to test the theory of the fine structure in hydrogenic 
systems, the most recent by Larson and Stanley (1967) and by Berry and Roesler 
(1970). Unfortunately the accuracy of the fine structure splittings derived from these 
investigations is limited by the Doppler width of the components, which greatly 
exceeds the natural width. Improved values for the S -P  intervals were obtained 
however, when radio frequency methods were applied by Lea et al. (1966), Hatfield 
and Hughes (1967), Beyer and Kleinpoppen (1967), Jacobs et al. (1971).

T he other intervals of n = 4 could not be investigated until Eck and Huff (1968, 
1969) succeeded in observing crossing signals not only between S and P, but also 
between S and D  and even between S and F. Using this method we have studied the 
S -F  crossings in greater detail leading to the more accurate results reported here.

A static electric field is applied to He ions in the n =  4 states, produced by 
electron impact on ground state He atoms. The unresolved line complex 
A 4686 A (» =  4 -*■ n =  3) is observed. If the magnetic field is swept through the 
crossing points of certain sublevels, state mixing occurs resulting in changes of 
intensity and polarization of the line.

Wieder and Eck (1967) derived a comprehensive equation for level crossing 
signals. T o  couple states with different /  values, a static electric field is required in 
addition to the magnetic field bringing the levels in question to the same energy. 
Such crossings are usually called anticrossings. A pure anticrossing, as represented 
by part 5 of equation (1) of Wieder and Eck (1967) does not require coherence in 
either the exciting or the decaying channel, but the two levels must have different 
populations and they must contribute to the observed line to a different extent. These 
conditions are present for the S -F  anticrossings if a constant current of electrons is 
used to produce the excited ions. A signal of absorption Lorentzian shape is expected, 
when the magnetic field is varied through the crossing.

t  F i r i t  r e s u lt !  w e re  re p o r te d  s t  th e  3 r d  N a tio n a l A to m ic  a n d  M o le c u la r  P h y sic s  C o n fe re n c e ,
5 -  8  A p r i l  1 9 7 1 , Y o rk . T h e  m a te r ia l w as  p a r t  o f  a  p a p e r  p re s e n te d  a t  th e  3 rd  E G A S  C o n fe re n c e ,
6 -  9  J u ly  1 971 , R e a d in g .
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The experimental set up used to detect the anticrossing signals is shown in figure 1. 
It is similar to that of Eck and Huff (1969) and to that used before by the present 
authors (1967). A small glass system, containing an electron gun is evacuated, sealed 
off, and filled with about 10“2 Torr of helium by diffusion through the glass walls. 
Electrons o f about 300 eV are used to produce the excited ions. T he system is 
placed in a 10 inch electromagnet with the magnetic field parallel to the electron 
beam. A  static electric field can be applied perpendicular to the magnetic field at 
two plates S.

F ig u re  1 . E x p e r im e n ta l a r ra n g e m e n t (see  te x t) .

The A 4686 A radiation from the region between these plates is detected at right 
angles to both electric and magnetic fields by a photomultiplier through a narrowband 
interference filter and a polarizer if appropriate. The signal is amplified with an 
electrometer and finally recorded with a chart recorder. The magnetic field is varied 
through the crossings with a motor drive and is continuously measured by a proton 
resonance system, which provides calibration marks on the recorder simultaneously 
with the observed signal. Each run consists of two curves, the magnetic field being 
varied upwards and downwards.

Figure 2  shows an actual recording of the anticrossing aN 'f. Only a slight 
asymmetry is visible. This is believed to be caused mainly by overlapping with 
other anticrossings of n =  4 or higher states, which will be very much broadened at 
the comparatively high electric field strengths needed to couple S and F. Since the 
S -F  anticrossings are very narrow it is hoped to approximate most of the overlapping 
by a linear slope of the background. Therefore a six parameter Lorentzian curve 
(including a linear change of the background and a dispersion admixture) was fitted 
to about 20 points read from each recorded curve. Depending on the actual crossing, 
the results for the centre obtained by this fit systematically differed from the direct 
reading by about 1 G. This method is supported by the observation that in the case of 
*N' small discrepancies between recordings taken in light polarized parallel or 
perpendicular to H were greatly reduced. Hence this fitting procedure was adopted 
throughout.

t  W e  u se  L a m b ’s n o ta tio n  o f  th e  m a g n e tic  su b le v e ls . I t  is sh o w n  w ith  th e  r e s u lts  fo r  th e  
c ro ss in g  p o in ts  how  th e se  a re  c o n n e c te d  w ith  th e  c o n v e n tio n a l n o m e n c la tu re  in  lo w  fie ld  
re p re s e n ta tio n .
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F ig u re  2 . R e c o rd e r  tra c e  o f  th e  a N '  a n tic ro s s in g  in  n  =  4  o f  H e * .  H e liu m  
p re s s u re  10  m T o r r .  A n o d e  a t  +  3 0 0 V  w ith  re s p e c t to  th e  c a th o d e , e le c tro n  
c u r r e n t  5 0 0  /xA . T im e  c o n s ta n t  3 s .  N o  p o la r iz e r  u s e d . V o lta g e  a p p lie d  to  th e  
S ta rk  p la te s  100 V , c o r re s p o n d in g  t o  (147  ± 7 -5 )  V  c m -1 . T h e  s ig n a l is  a b o u t  6 5 %  

s a tu ra te d .

Electric field strengths of the order of 130 V cm * 1 are needed for 50% saturation 
of these anticrossing signals and fields of up to 230 V cm "1 are used for the present 
analysis. Such fields will of course shift the crossing centres due to Stark effect. 
Under the conditions used this shift is predominantly quadratic in the field strength. 
Displacements of more than 10 G for 50% saturation have been observed in two 
of the three anticrossings. Extrapolation of the crossing centres to zero electric 
field is therefore very important and has been carried out here. The electron current 
has generally been kept low (300 /xA for the results below) to avoid excessive space 
charges in the interaction region. T h e variation of the current between 150 /xA and 
500 iiA for the anticrossing aN ' produced only small shifts of about 1 G or less, 
apparently decreasing with decreasing electric field. N o variation of the helium 
pressure has been carried out yet. Its effect is expected to be comparable in magnitude 
with the shift caused by the electron current.

The present values of three crossing points are shown below. The experimental 
results obtained by Eck and Huff (1968) are given in the braces.

(«N ') 43S 1/a1,a- 43F&,a' 5,8 (5402-4 ±2-5)G  {(5350±53)G }

(«G') 43S1/a1'8- 4 3F7,a"8'3 (6715-5 ±2-5)G  {(6710±67)G }

(j8H') 43S1/a"1,3 -  43F 7/a "7'3(7408-2 ± 2-5)G {(7460 ±74)G )

The Zeeman effect formulas given by Bethe and Salpeter (1957), including 
corrections for the nuclear motion and the anomalous magnetic moment of the 
electron, are used to obtain the fine structure intervals. The most recent theoretical 
values by Erickson (1971) are shown for comparison.

43S 1/a- 4 2F6,a (aN ') (27435-7 ±  13-8) MHz theory (27446-99 ±  1-36) MHz

42c _xaF (aG) (31096 0±10'6)MHzl (31098-8± 10-5)MHz
1,8 7,8 ()3H') (31101-5 ± 10-5) M H zl theory (31104-78 ± 1-36) MHz

Combining these two intervals we obtain

48F .,a- 4 8F7(a (3663-1 ± 24 -3 ) MHz theory (3657-78 ±0-01) MHz

tuc IllbUIUU A UVOtltMVM «
iuiio aii uu uetAji tu •*!■ Aiiu men umy 1 k



The uncertainties of the theoretical values are estimated by Erickson (1971) 
at the 68% confidence level. The experimental errors consist mainly o f systematic 
uncertainties. We are confident that the actual values will be within the given limits.

The statistical uncertainty of the experimental results is computed for the /3H' 
anticrossing, which shows a quadratic shift with the electric field strength within our 
range. Applying a least squares fit we obtain the centre at zero electric field as shown 
above and its statistical error of + 0-26 G (90% confidence level, 11 points used). 
The anticrossing *G' deviates slightly, and the anticrossing aN' clearly, from a quad
ratic dependence. The statistical uncertainty is estimated to be similar to j3H' in 
both cases, hut some allowance would have to be made for the centre of aN' owing 
to the fact that the more complicated dependence might affect the accuracy of the 
extrapolation. From the systematic effects, only the most significant—the shift by 
the electric field—has been removed in this preliminary analysis. Other effects are 
being investigated further and have only been checked to be ‘small’, of the 
order of ± 1 G. Therefore the overall errors have been increased to ± 2-5 G as 
stated above.

We gratefully acknowledge the support given by the Science Research Council.
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Fine structure measurement in H e+, n =4.
II. Intervals S-D  and Lamb shift P3/2-D 3/2t

H -J BEYER and H KLEINPOPPEN
D e p a rtm e n t o f  Physics U n iversity  of S tirling , S tirling, S co tlan d

M S rece ived  25 N o v em b er 1971

A bstrac t. E lec tric  field induced  an tic ro ss in g  signals a re  used  to  m easure th e  fine 
s tru c tu re  sp littin g s  S -D  o f  n =  4  in  ( ‘ H e)* . E x trap o la tio n  o f  th e  crossing positio n  
to  ze ro  e lec tr ic  field is ca rried  o u t. T h e  p resen t resu lts a re  (20145 3 ± 7 '8 )  M H z fo r 
th e  in te rv a l 4 aS i/a- 4 aD a/a a n d  (27455-4 ± 7 -4 )  M H z fo r th e  in terval 4aSlla- 4 aD a,a in 
ag reem en t w ith  E rick so n 's  theoretical values o f  (20142'85 ± 1 -3 6 ) M H z an d  
(27458 6 0 ±  1-36) M H z respectively. T h e  sp littin g  4aD aia- 4 aD a,a is derived fro m  these 
in tervals to  b e  (7310-1 ±  15' 2) M H z co m p ared  w ith (7315 '75  ± 0 -0 2 ) M H z fro m  the 
th eo ry . C o m b in in g  4 aS i /a- 4 aD a,a w ith  4 aS 13- 4 aP , i9, m easured  by Jaco b s e t  al, 
p rovides a  v a lu e  fo r  th e  L a m b  sh ift 4 aP aia- 4 aD a/a o f  £  =  (34-4 ±  9-0) M H z com p ared  
w ith  th e  th e o re tic a l valu e  o f  (37' 1 9 ±  1-36) M H z.

In a recent paper (Beyer and Kleinpcppen 1971, a more general survey and other 
important references are given there), denoted as part I, we described a measurement 
of the intervals 4S-4F  in H e+ derived from anticrossing signals. The same method 
and experimental set up has been used to study anticrossings 4S-4D .

A static electric field is applied to helium ions in the n = 4 states, produced by 
electron impact on ground state helium atoms. The unresolved line complex A 4686 A 
(n =  4 -> /i =  3) is observed. If the magnetic field is swept through the crossing points 
of certain sublevels, state mixing occurs resulting in changes o f  intensity and polariza
tion o f  the emitted light.

For comparable saturation the electric field strength required to couple S and D 
at the crossing points is only about half o f that needed for the S-F  anticrossings. 
However, the signal strength is reduced, and the signal width is increased because of 
the shorter lifetime o f  the D state compared to F. Furthermore— in comparison with 
the absorption lorentzian shape o f  the S-F  signals—the shape o f  the S -D  anticrossings 
is complicated by the fact that both levels involved (4S and 4D) can decay to a common 
level 3P. This gives rise to interference effects in the detection channel. In addition 
to the pure anticrossing term, represented by part 5 o f equation (1) o f Wieder and 
Eck (1967), the terms 7 and 8 o f  this equation might contribute to the signal. Part 7 
in particular represents a dispersion lorentzian shape which adds to the absorption 
signal and produces a mixed structure.

Such a structure can be seen in figure 1, which shows a recorder trace o f the anti
crossing *J. The actual shape varies from one anticrossing to another. It also depends 
on the polarization o f  the light used for the detection, and on the static electric field 
strength applied to couple the levels. If, however, the direction of polarization is 
chosen in such a way that the dipole selection rules forbid the decay to common

t  R ep o rted  a t  th e  3rd  E .O .A .S . C onference, R ead ing , 6 -9  Ju ly , 1971.
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sublevels o f  3P, the interference effects should be removed and a pure absorption 
lorentzian shape should result. This has been observed for the anticrossing aE when 
jt light was used for the detection. The ratio o f  dispersion to absorption amplitude

I*

5750 5800 5850 5900
Magnetic fie ld CG)

Figure 1. R e c o rd e r tra ce  o f  th e  an tic ro ss in g  a j  in n — 4  o f  H e* . H elium  pressure 
lO m T o rr . A n o d e  a t  + 3 0 0  V w ith re sp ec t to  th e  ca th o d e , electron  c u rren t 500  /.A , 
T im e  co n s ta n t 6  s, ^ -p o la riza tio n . V o lta g e  applied to  th e  S ta rk  plates 60 V , co rre s 
p o n d in g  to  (88 ± 4 -5 )  V /cm . T he signal is  a b o u t 70%  sa tu ra ted .

is reduced to about 1:10 from something like 1:1 when unpolarized light is used. 
The anticrossing *J should show a similar effect. However, the signal disappears 
almost completely if it light is used.

It is not possible, in a straightforward way, to determine the crossing centres from 
the asymmetric signal recordings. Thus, in order to find the centres, a computer 
fit is made to the measured curves. This adjusts the ratio o f absorption to dispersion 
signal and the other parameters. Only one additional parameter is needed to cope 
with the dispersion part, since the crossing centre and the width are the same for the 
different contributions. The six parameter program used to fit the S-F anticrossings 
in part I already had a dispersion admixture to deal with linear changes o f the back
ground. It could, therefore, be applied here without change. As in the case o f  the 
S -F  anticrossings, linear variations o f the background are fitted at the same time.

Figure 2. P o sitio n  o f  th e  an tic ro ss in g  «J in dependence o f  the squ ared  voltage 
app lied  to  th e  S ta rk  p lates. T he d is tan ce  between the p lates is 6-8 m m  ±  5 % . H elium  
pressu re  10 m T o rr. E lectron  c u rren t 500  /iA , ano d e  a t  + 3 0 0  V w ith respect to  the 
ca th o d e . I t  sh o u ld  b e  no ted  th a t th e  e lectric  field is needed to  create the  an ticrossing  
signal. H ence th e  observed  signal is v ery  w eak a t low  voltages and  it is sa tu ra ted  
a n d  co n siderab ly  b road en ed  a t  th e  la rg e r voltages o f  th e  d iagram .

nit) iiieiuuu recen tly  ueecrm eu  uy u e y e r  anu ions in so decay to ana tnen only to
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As in part I, extrapolation to zero electric field strength is necessary to obtain the 
proper crossing points. The shift of the crossing positions due to Stark effect is 
again predominantly quadratic with the field strength within the range used. The 
anticrossing aj shows a particularly strong dependence, and this can be seen in figure 2.
A straight line, corresponding to a purely quadratic dependence on the electric field, 
appears to fit the data best, and a least squares fit has been carried out to obtain the 
crossing point at zero field. There is a slight variation of the electric field dependence 
with the electron current: A reduction of the current from 500 ft A to 300 /*A resulted 
in a mean upward shift of the crossing points «J by 0-5 G. There is, however, also a 
slight change in the slope, and the extrapolated value is only shifted by 0-2 G compared 
to statistical uncertainties for 90% confidence limits of +0-28 G (8 points) and 
+ 0-39 G (7 points) for 500 ftA and 300 fiA respectively.

A current of 300 ftA has been used throughout for the anticrossing aE. The signal 
to noise ratio is not as good as for aj and the points are somewhat more scattered. 
Following the discussion above on the signal shape two runs have been analysed in 
unpolarized and n light. The difference in the extrapolated value o f 0-5 G is not 
significant since it is only a third of the sum o f the statistical uncertainties (90%). 
These are ± 1-1 G (w light, 7 points) and ±0-56 G (unpolarized light, 7 points).

For the two anticrossings observed we obtain the crossing points

(oJ) 4aS }{H aDa-/S,a (5806-7 ± 2-0)G 

(*E)42Sj;|-42D5(| 2 (8099-1 ± 2-5)G

These anticrossing signals have been detected by Eck and Huff (1968, 1969), but 
only approximate values were derived. Using the theory o f  the Zeeman effect as in 
part I, we obtain the fine structure intervals at zero magnetic field.

42S1/2-4 2D3)2 (20145-3±7-8) MHz theory: (20142-85+ 1-36) MHz

42S1(2-4 2D5)2 (27455-4±7-4) MHz theory: (27458-60± 1-36) M H z

Combining these two intervals we obtain

42D3/2-4 2D5(2 (7310-1 ±15-2) MHz theory: (7315-75± 0-02) MHz

The theoretical values are calculated by Erickson (1971) and their uncertainties are 
estimated for 68 % confidence limits. As in part I, the experimental errors make due 
allowance for pressure shifts and current shifts and other systematic effects not yet 
examined in detail.

The value for the interval S1/2-D 3(2 can be combined with the interval S1/2-P 3/2 of 
(20179-7 ± 1-2) MHz measured by Jacobs et a! (1971). This results in an experimental 
value for the Lamb shift P3/2- D 3(2.

S 4(42P3/2-4 2D3/2) =  (34-4 ±9-0) MHz

The two experimental errors have been added without consideration of 
the confidence levels. There is agreement with the theoretical value of 
(" 4)theor ~  (37-19+ 1-36) MHz from Erickson (1971 private communication).

We thank the Science Research Council for their support o f  this work.
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A cusp in low energy electron-sodium scattering

D  ANDRICK, M EYB and M HOFMANN
D ep artm en t o f  P hysics, U n iversity  T rie r-K a isers lau te rn , D-675 K aise rs lau te rn , 
W est G erm an y

M S received 23 N o v em b er 1971

A bstract. A  p ro n o u n ced  fea tu re  is observed  in th e  d iffe ren tia l cross section  o f  elastic 
e lec tro n -so d iu m  scattering . S h ap e  and  energetic p o sitio n  (2-1 eV) sh o w , th a t the 
s tru c tu re  is d u e  to  th e  open ing  o f  th e  inelastic 32P -channel.

Theory (eg Mott and Massey 1971) predicts a structure in the cross section o f  an 
open channel whenever the threshold o f  a new channel is passed. The magnitude of 
this effect depends on the coupling between the channels. As this coupling is well 
known to be very strong between the ground state and the first excited (2P) state o f  
the alkali atoms, the latter are the most suitable targets for an investigation of this 
phenomenon.

The experiment was done in an apparatus previously described (Andrick el al 1968) 
containing an electron gun, which produces an energy selected beam (100 meV 
energetic halfwidth), a conventional alkali oven (beam pressure in the scattering centre 
about 5 mm above the oven 10 Torr) and a detector which again allows energy 
selection o f  the scattered electrons (60 meV halfwidth). Behind the energy analyser 
the electrons are counted by a multiplier; the pulses are stored in a 400 channel multi
scaler. The detector can be rotated to cover an angular range from 0° to 145°.

Some preliminary results are shown in the figures. They show the differential 
cross section as a function o f  energy at various scattering angles.

Shape and magnitude o f  the structure are in quite good agreement with theoretical 
results o f  Moores and Norcross (1971 private communication). The structure as 
detected experimentally seems to be a little less pronounced than the calculated effect, 
the difference not only being a result o f instrumental broadening. On the other hand 
the essential features are in full agreement: starting from small scattering angles the 
structure decreases up to about 60°, is enhanced then with a maximum between 90°

m e  m e u i u u  r e c e m - iy  u e e c r i u e u  u y  n e y e r  a n u ions in do aecay to ana tnen only
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and 120° which is followed by a minimum around 130° and at last a new rise to higher 
angles. One might say, therefore, that the effect shows predominantly— though not 
exclusively—a d wave behaviour.

21
Energy (eV)

2-5

Figure 1. D ifferential cross section  o f  e lastic  e '- N a - s c a t te r in *  versus energy a t 
various scattering  ang les . T he scales o f  (4) a n d  (e) are en larged  ag a in st th e  scale o f  («) 
by a  fac to r 3-7 an d  23 respectively. T he curves a re  ca lib ra ted  ag a in st ea ch  o th e r a t  
1-6 eV using theoretical d a ta  o f  M o o res  an d  N o rc ro ss  (1971).

This is contradictory to what one would expect in a first order approximation 
assuming that in the inelastic 3aP channel the scattering close to threshold takes place 
in the s wave only. The conclusion from this would be that as the target in its ground
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Cascading Anticrossings from n = 5 He+

H.-J. Beyer, H. Kleinpoppen, and J. M. Woolsey 
P h y s i c s  D e p a r tm e n t ,  U n iv e r s i ty  o f  S t i r l in g ,  S t i r l in g ,  S c o t la n d  

(R e c e iv e d  13 D e c e m b e r  1971)

E l e c t r l c - f ie ld - tn d u c e d  a n t i c r o s s in g  s ig n a l s  o f  »  = 5 H e ' a r e  d e te c te d  by  I n te n s i ty  
changes of th e  lin e  H e ■ 4686 A (a = 4 to  *  -  3). T h e  f in e  s t r u c t u r e  s p l i t t in g s  5 2S , / 2-  5!C ,/j 
and 52S , / : - 5 :G | / 2 h a v e  b e e n  d e r iv e d  f r o m  th e  m e a s u r e m e n t s  to  b e  15924.4 * 5.9 and  
17 040.5* 8.0 M H z, r e s p e c t iv e l y ,  in  a g r e e m e n t  w ith  th e  t h e o r e t i c a l  v a lu e s  o f  15920.0 and
17 0 4 3 .6  M H z. T h e  s p l i t t in g  52C ,/ , - 5 2G ,/ !  i s  
l e a l  v a lu e  o f  1 123 .6  M H z.

Anticrossing signals in n = 4 of He* have been 
u s e d  recently to derive fine-structure intervals.“  
They are detected from intensity changes in the 
l in e  complex 4886 A (n = 4 to n  = 3). However, the 
populations of the various n  -  4 sublevels are not 
o n ly  changed by crossings occuring in n  = 4, but 
also by the cascading effects of crossings occur
ing at higher n .  Such effects, which are also 
present in rf investigations, usually lead to small 
asymmetries in the signal shape in precision fine- 
structure measurements.3'* In certain circum
stances, however, they can be strong enough to 
b e  used to derive fine-structure splittings of a 
higher level. This is the case for anticrossings 
between 5S and 5G, the subject of the present re
port.

The method recently described by Beyer and

1 1 1 6 .1 *  1 4 .0  M H z c o m p a re d  w i th  th e  t h e o r e t -

Klelnpoppen3 for fine-structure splittings of n  -  4 
is employed here. Ions are produced by a low- 
current electron beam in about lO'1 Torr of heli
um. A magnetic field parallel to the beam causes 
a Zeeman splitting of the levels, and anticross
ings are induced by a static electric field perpen
dicular to the magnetic field. The 4686-A light 
from the region between the Stark plates is de
tected by a photomultiplier through a narrow- 
band interference filter. The small changes in 
the total signal are plotted as the magnetic field 
is swept through a level crossing. A simplified 
energy level diagram (Fig. 1) illustrates the de
tection process. The fraction of ions in the 55 
state which decays with the emission of 4686 A is 
very small, of the order of 1%, whereas all of the 
ions in 5G decay to 4F  and then only to 3D. Since
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FIG. 1. Simplified energy-level diagram of H e'. 
Only the branching ratios of interest in the present 
experiment are shown.

t h e  l i f e t i m e  o f  5 i  i s  l a r g e r  t h a n  t h a t  o f  5 6 ' a n d  

5S  i s  a l s o  l i k e l y  t o  b e  m o r e  p o p u l a t e d  b y  e l e c t r o n  

i m p a c t ,  a n  a n t i c r o s s i n g  b e t w e e n  5 S  a n d  5 G  m a g 

n e t i c  s u b l e v e l s  r e s u l t s  in  a  t r a n s f e r  o f  i o n s  f r o m  

5S  to  5 G  a n d  a  n e t  i n c r e a s e  in  t h e  4 6 8 6 - A s i g n a l .  
T h e  o b s e r v a t i o n  o f  4 6 8 6  A i s  p a r t i c u l a r l y  c o n v e 

n i e n t ,  s i n c e  p o l a r i z e r s  a n d  n a r r o w - b a n d  i n t e r f e r 

e n c e  f i l t e r s  a r e  r e a d i l y  o b t a i n a b l e .  T h i s  i s  n o t  s o  

f o r  t h e  l i n e s  f r o m  n -  5 w h ic h  a r e  a t  1 0 1 2 4 ,  3 2 0 3 , 
1 0 8 5 , a n d  2 3 7  A .

F i g u r e  2 s h o w s  s o m e  o f  t h e  S  a n d  G l e v e l s  in  

t h e  m a g n e t i c  f i e ld .  T h e  tw o  a n t i c r o s s i n g s  fo u n d  

t o  b e  s t r o n g e s t  w e r e  S | /2 ,/2 - G 7/2" ,/2  a n d  S 1/21/2-  

G9 / t ' 712 a t  c a l c u l a t e d  f i e l d s  o f  2 4 0 9 .7 3  a n d  2 8 7 3 .2 9  

G , r e s p e c t i v e l y .  B y  m e a s u r i n g  t h e  p o s i t i o n s  o f  

t h e s e  a n t i c r o s s i n g s ,  u s i n g  t h e  Z e e m a n  e f f e c t  t h e 

o r y ,  t h e  s p l i t t i n g s  in  z e r o  m a g n e t i c  f i e l d  c a n  b e  

d e r i v e d .  T h e o r e t i c a l  v a l u e s  in  t h i s  L e t t e r  h a v e  

b e e n  o b ta in e d  f r o m  th e  e n e r g y - l e v e l  t a b l e s  o f  

G a r c i a  a n d  M a c k , ’ w h ic h  a r e  t r u n c a t e d  to  a l lo w  

f o r  t h e  e f f e c t s  o f  h i g h e r - o r d e r  t e r m s  in  t h e  t h e o 

r e t i c a l  e x p r e s s i o n .  I n c l u d e d  in  t h e  Z e e m a n  e f f e c t  

a r e  c o r r e c t i o n s  f o r  t h e  a n o m a l o u s  m a g n e t i c  m o 

m e n t  o f  t h e  e l e c t r o n  a n d  th e  n u c l e a r  m o t io n .

R e s o n a n c e  c u r v e s  a r e  a l m o s t  p u r e  a b s o r p t i o n  

L o r e n t z i a n  w i th  a m p l i t u d e s  1 - 2 %  o f  t h e  t o t a l  

4 6 8 6 - A l i g h t .  A s  a  r e s u l t  o f  t h e  l i f e t i m e s  o f  t h e  

s t a t e s  i n v o l v e d ,  t h e  c u r v e s  a r e  n a r r o w ,  u p w a r d s  

f r o m  6 G , d e p e n d in g  o n  th e  s t r e n g t h  o f  t h e  e l e c 

t r i c  f i e ld .  A  s i x - p a r a m e t e r  L o r e n t z i a n  f i t  h a s  

b e e n  m a d e  to  a b o u t  tw e n ty  d a t a  p o i n t s  ta k e n  f r o m  
t h e  c u r v e s  t o  o b t a in  t h e  c e n t e r s  a n d  w id th s  m o r e  
a c c u r a t e l y .

S in c e  t h e  c r o s s i n g  p o in t  i s  s h i f t e d  b y  th e  a p p l i e d  

e l e c t r i c  f i e l d ,  a n  e x t r a p o l a t i o n  t o  z e r o  e l e c t r i c  

f i e l d  h a s  b e e n  c a r r i e d  o u t .  A  l e a s t - s q u a r e s  f i t  

h a s  b e e n  m a d e  to  a l l  m e a s u r e d  c r o s s i n g  p o in t s  

b e lo w  1 2 0  V c m ’ 1 to  o b t a in  t h e  i n t e r c e p t .  A b o v e  

t h i s  e l e c t r i c  f i e l d  t h e r e  w e r e  o b v i o u s  d e p a r t u r e s

F IG . 2 . Z e e m a n  e f f e c t  f o r  th e  5S  a n d  s o m e  o f the 5o 
le v e ls .  T h e  c r o s s in g s  u s e d  to  d e t e r m in e  th e  S-G  sp lit
t in g s  a r e  la b e le d  1 a n d  2 .

f r o m  th e  q u a d r a t i c  d e p e n d e n c e .  F i g u r e  3 sh o w s  

th e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  S t a r k  e f f e c t  fo r  

t h e  S l/2 1/2- G 7 /2 "7/2 c r o s s i n g .  T h e  e x p e r i m e n t a l  in 

t e r c e p t  i s  2 4 1 0 .4 6  G  w i t h  a  s t a n d a r d  d e v i a t i o n  of 

0 .1 7  G . F o r  t h e  S 1/21/2- G 9 /2 " 7/2 c r o s s i n g  t h e r e  is  

c l o s e r  a g r e e m e n t  b e t w e e n  e x p e r i m e n t  a n d  th e o ry , 

t h e  i n t e r c e p t  o f  t h e  e x t r a p o l a t i o n  b e i n g  2 8 7 2 .7 3  G

F IG . 3 . E x p e r im e n ta l  and  t h e o r e t i c a l  c r o s s in g  points 
f o r  a s  a fu n c t io n  o f  th e  s q u a r e d  e le c tr ic
f ie ld . T h e  S ta r k  s h i f ts  w e r e  c a lc u la te d  a s  a  p e r tu rb a 
tio n  o f  th e  le v e l  s y s t e m  g iv e n  b y  th e  m a g n e t ic  f ie ld .
T h e  e r r o r  sh o w n  is  d ue to  a  5% u n c e r t a in ty  in  th e  d is 
ta n c e  b e tw e e n  th e  S ta r k  p la te s  in  th i s  i n i t i a l  experimen
t a l  s e tu p .

with a s t a n d a r d  d e  

a c c o u n t  o f  s y s t e m  

been f u l l y  i n v e s t i  

and e l e c t r o n  c u r r  

ings a r e  q u o t e d  a s  

Using t h e  t h e o r y  o  

tings S,/2-G 7, 2 a n d  

are fo u n d  t o  b e  1 5  

M H z. r e s p e c t i v e l y  

± 1 4 .0  M H z  f o r  G 7/ 

with the t h e o r e t i c a  

We g r a t e f u l l y  a
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• with a s t a n d a r d  d e v i a t i o n  0 .2 9  G . In  o r d e r  to  t a k e  

| a c c o u n t  o f  s y s t e m a t i c  e f f e c t s  w h ic h  h a v e  n o t  y e t  

been f u l l y  i n v e s t i g a t e d ,  f o r  e x a m p l e ,  p r e s s u r e  

and e l e c t r o n  c u r r e n t  s h i f t s ,  e r r o r s  f o r  t h e  c r o s s 

ings a r e  q u o te d  a s  0 .8  G  a n d  1 .5  G , r e s p e c t i v e l y .  

Using t h e  t h e o r y  o f  t h e  Z e e m a n  e f f e c t ,  t h e  s p l i t -  

: tings S,/2-C 7/2 a n d  S1/2-G 9/2 in  z e r o  m a g n e t i c  f i e ld  

are fo u n d  to  b e  1 5 9 2 4 . 4 ±  5 .9  a n d  1 7 0 4 0 . 5 ± 8 . 0  
M H z, r e s p e c t i v e l y .  F r o m  t h e s e  a  v a l u e  o f  1 1 1 6 .1  

J 1 14.0 M H z  f o r  G7/2-G 9/2 i s  d e d u c e d ,  in  a g r e e m e n t  

with t h e  t h e o r e t i c a l  s p l i t t i n g  o f  1 1 2 3 .6  M H z .
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