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ABSTRACT 

Stark Effect and Lifetimes 

in the n = 4 Level of He + 

by 

Robert E. Yager 

I have investigated the lifetimes of the n = 4 level 

of He+ in an external electric field. Calculations have 

been made for the energy levels for both "weak" and "strong 

fields. Lifetimes of the excited states in n = 4 have been 

calculated as a function of electric field strength and it 

has been shown that the lifetime of the s^a^e ^e“ 

pendent on the ratio of the Stark effect to the Lamb shift. 

I measured the lifetimes of the 4S and 4F states with no ex 

ternal field with a high energy atomic beam technique. My 

attempts to measure the lifetimes in the n = 4 level in an 

external electric field and, thereby, to deduce the Lamb 

shift from the dependence of the 4S^^ state on the field 

strength proved unsuccessful for reasons discussed in the 

text. 
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I. Introduction 

At the time of its development the solution of the Di¬ 

rac equation for the hydrogen atom provided an acceptable and 

satisfying description of the energy levels in hydrogen in¬ 

cluding the fine structure due to spin and relativity. Soon, 

however, there appeared spectroscopic evidence that there was 

a discrepancy between theory and experiment. 
1,2 

Investiga¬ 

tion of the and D^/ lines indicated that the 2S c< 1/2 
and 

2P 
1/2 states were not degenerate as predicted by Dirac theory. 

Pasternack suggested that the evidence could be interpreted 

by shifting the 2Sstate upward in energy by 0.03 cm 

This energy shift in hydrogen was measured fairly accurately 

4 
by Lamb and Retherford in 1947 as about 1000 Mc/sec and 

subsequently became known as the Lamb shift. 

A theoretical explanation of the Lamb shift was offered 

5 
in the same year by Bethe. Following the suggestion of 

Schwinger, Weisskopf, and Oppenheimer he calculated a value 

for the Lamb shift in hydrogen on the assumption that it was 

caused by the interaction of the electron with the radiation 

field and was equal to the difference between this interac¬ 

tion energy for a bound and free electron. The integral of 

this difference was found to diverge as the logarithm of the 

upper limit. A relativistic calculation shows, however, that 

there is an upper limit to the frequencies of light which ef¬ 

fectively contribute to the interaction energy. This makes 

1 
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the upper limit to the integral finite and the integral con¬ 

vergent. Bethe's calculated value of 1040 Mc/sec for the 

Lamb shift in hydrogen agreed quite well with Lamb's experi¬ 

ment . 

Lamb and his co-workers at Columbia improved on their 

earlier experiment and made a series of very accurate mea¬ 

surements of the 2S1/2~
2F

I/2 enerSy splitting in both hydro- 

6 * 
gen and deuterium. The success of these experiments depended 

on the fact that the 2S.jy2 state in a hydrogenic atom is rneta- 

stable if the 2s1^/2 
and 2Pl/2 states are not degenerate. This 

non-degeneracy may arise naturally or it may be caused by the 

Zeeman splitting from an external magnetic field. In Lamb's 

experiments a beam of hydrogen atoms from a tungsten furnace 

was passed into a magnetic field and bombarded with electrons. 

Some of the atoms were excited into the metastable ^Sy/2 

state and could be detected by means of electron ejection 

from a metal target. In the region between the furnace and 

the detector the atoms were subjected to microwave radiation. 

When such radiation is of a frequency corresponding to the 

energy difference between one of the Zeeman levels and 

one of the 2P_ or 2P Zeeman levels, transitions from S V2
 ' 3/2 

to P are induced. The P state decays very quickly to the 

ground state and there is a drop in the current from the de¬ 

tector of the metastable atoms. By this technique Lamb de¬ 

duced a value for the energy difference between the two 2S 

Zeeman levels and each of the two Zeeman levels of 2P , 
1/2 

1/2 

and 
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the four levels of 2P^2* 
In order to Interpret the results 

it is necessary to apply the theory of the Zeeman effect in 

hydrogen for n = 2. This gives the energy splitting between 

states of the same 1 and j but different m. Lamb's data gave 

good agreement with the theory of Zeeman splitting if the 

fie Id-free energy of the 2S . state was shifted upward by 
X/ c. 

about 1000 Mc/sec above the 2P^2 
state • His later measure¬ 

ments of this splitting gave a value of 1057-77 -*10 Mc/sec. 
rj Q 

Theoretical treatments of the Lamb shift ’ predict 

that the 2S^y2 state is shifted upward in energy and that the 

2P^y2 state is shifted downward by a much smaller amount. 

These calculations include corrections for the finite size of 

the nucleus, the finite mass of the nucleus, and a guess at 

other corrections due to nuclear structure. The dominant 

terms in the theoretical expressions for the Lamb shift are 

proportional to Z and inversely proportional to n~\ The de¬ 

pendence of the Lamb shift on Z and n can be checked by ac¬ 

curate measurements of the nS^y2 - nP^yg ener6Y splitting in 

hydrogenic atoms for n>2 and Z>1. 

Several experiments have been done on He+ using a mi- 

9,10,11 
crowave resonance technique. Lamb and his co-workers 

at Yale have measured the Lamb shift in He+ for n = 3 and 

n = 4 and have obtained good agreement with the present theory. 
12 

Pan, Garcia-Munoz, and Sellin have measured the Lamb 

shift for n = 2 in Li++ and attained fair agreement with theory 

although they have disregarded several small terms in 
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calculating a numerical value from the theory, and have pro¬ 

posed improvements in the experimental apparatus to get a 

better measurement. The technique they used is different 

from the microwave resonance technique used by Lamb. Bethe 

13 
and Salpeter have shown that the nS1(/2 

and the nPl/2 

times in a hydrogenic atom in an electric field are highly de¬ 

pendent on the ratio of the Stark splitting between these two 

states to the Lamb shift between them. These lifetimes are 

then dependent on the electric field as a variable with the 

Lamb shift as a parameter. Using the theory of the Stark ef¬ 

fect the value of the Lamb shift can then be deduced from a 

measurement of the nS^2 lifetime and a knowledge of the field- 

free lifetimes of the nS and nP states. Fan et. al. measured 

the lifetime of the ^1/2 s^a^e by- a high energy atomic beam 

method. A (Li^)+ beam from a Van de Graaff accelerator was 

passed through a nitrogen filled charge exchange cell. Some 

of the beam atoms emerged as Li++ in the metastable 

state. The rest of the excited states decay before reaching 

the observation region and the lifetime of the 2s-jy2 
state is 

deduced by measuring the change in the intensity of radiation 

as a function of distance (and of time for a monoenergetic 

beam) downstream for different electric field strengths. 

The experimental technique used by Fan, Garcia-Munoz, 

and Sellin, known generically as the high energy atomic beam 

method, was originated by Kay H in 1963 when he passed a ni¬ 

trogen beam through a thin carbon foil and observed the 
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resulting radiation spectroscopically. The state of the art 

has been advanced by several groups since that time, notably 
IS 

by Bashkin and his co-workers at the University of Arizona. 

The first use of a high energy atomic beam at Rice was 
16 

by Jordan, Barnard, Bakken, and Kissell in the spectrosco¬ 

pic study of highly ionized oxygen and helium. Lifetimes of 

the various orbital angular momentum states in the n = 4 and 

n = 5 levels of He+ have been measured by Jordan, Bakken, 

and Yager.^ These results were found to be in excellent 

agreement with the calculated lifetimes. 

The primary purpose of the calculations and experiments 

discussed in the rest of this thesis is to determine the life¬ 

times of the various orbital angular momentum states in the 

n = 4 level of He+ and to study the dependence of these life¬ 

times on the strength of an external electric field. The re¬ 

sults of the experiments would serve to test lifetimes cal¬ 

culated from the theoretical "mixing" of the wave functions 

of two states in a hydrogenic atom. As has been claimed and 

as will be shown in chapter II, the calculated lifetimes of 

the nS-jy2 
anc^ the nP-^g states depend significantly on the 

magnitude of the Lamb shift between these two states. If the 

lifetimes of one or both of these states could be very accur¬ 

ately measured as a function of an external electric field, 

one could derive from these measurements the value of the 

Lamb shift between the nP^y^ an<^ n^l/2 ■'Leve~s a hydro¬ 

genic atom. 
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II. Calculations 

All equations and all calculations in this thesis will 

be in Hartree's atomic units as defined by Be the and Salpe- 

ter.13 

A. Energy Levels 

Within the level corresponding the a given principal 

quantum number n in a hydrogenic atom there is a fine struc¬ 

ture which arises from corrections due to relativistic ef¬ 

fects and to the electron spin. These corrections split each 

n level into n fine structure levels corresponding to the n 

possible values of the total angular momentum, j. The energy 

levels of a hydrogenic atom including these fine structure 

corrections are given by^ 

where o< is the fine structure constant and Ry is the Ryd¬ 

berg unit of energy (Ry = 109737-3 cm ^). 

There is also a much smaller energy splitting, the 

Lamb shift, which separates each of the fine structure levels 

into two levels corresponding to the two possible values of 

the orbital angular momentum, 1, for a given total angular 

momentum. These values are 1 = j + 1/2 when the spin is 

anti-parallel to 1 and 1 = j - 1/2 when the spin is parallel 

to 1. This energy splitting decreases rapidly with increasing 
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total angular momentum and is usually neglected for higher 

total angular momentum states. In the n = 4 level of He + 

the Lamb shift for j = 1/2 is about 100 times as great as 

the Lamb shift for j = 3/2. Figure 1 shows the fine struc¬ 

ture of the n = 4 level in He+ including the Lamb shift for 

the two states with j = 1/2, 4S_ and 4P„ , . 
V2 1/2 

When an external electric field is applied to the atom 

the energy levels are again shifted. Three cases will be 

considered. Electric fields will be called weak, strong, or 

intermediate. For weak fields the fine structure splittings 

are greater than the Stark effect. For intermediate fields 

the magnitude of the Stark effect is comparable with the fine 

structure and for strong fields the Stark effect is larger 

than the fine structure splittings. 

1. Weak Electric Fields 

Using the field free eigenfuctions of the 1 = j + 1/2 

and 1 = j - 1/2 states as basis functions, Bethe and Salpe- 

13 ter give a matrix representation of the perturbation Ham¬ 

iltonian for a hydrogenic atorr in an external electric field. 

The Pauli eigenfunctions used are 

u 
R • , Cr) 

f n  -J v 

IT? -m-H 
JW4,/2- 



D 
5/2 

3/2 

7/2* 
0«121 cm -1 

5/2* 

0«243 cm 
-1 

D 3/2 

0o669 cm 
-1 

0©059 cm -1 

1/2 

Fine Structure of n = 4 
in He + 

FIGURE 1 
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U . = 
I --— 

(-Vr^ \ 

Y^-Sm+^ y 

(H-2) 

Taking the energy of the field free 1 = j + 1/2 state as the 

zero point and calling the Lamb shift of the field free 

1 = j - 1/2 state from this zero point L, the perturbation 

Hamiltonian is 

_ 3 VI i n 
't'Z -H-i-n) 

-YA F/ 1 Wl ° O) \o O (H-3) 

where m equals the component of the total angular momentum j 

along the field direction. The eigenvalues of this matrix 

are 

E>j.Li i 
2 2 

and the corresponding eigenfuctions are 

(H-4) 

(H-5a) 



FIGURE 2. Weak field Stark effect of 
n=4 in He . 
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where 

a± 
b± 

L± 
„ q r o') (PI™F)7' 
L 4- Jji^i+01 

3n n/ v^-U+'/z)2 

i'Cir+O 
(II-5b) 

The plus sign refers to the state for which 1 = j - 1/2 and 

the minus sign to the state for which 1 = j + 1/2. All states 

are shifted in energy by the application of a weak electric 

field except for the state with j = n - 1/2. These energy 

shifts, which are of first order in the electric field strength 

P are not linear in P unless the Lamb shift is neglected. 

Figure 2 shows the energy levels in n = 4 of He+ as a func¬ 

tion of the electric field strength for weak fields. The 

Lamb shift has been neglected except for the an<^ 

4PI/2 states. This makes the energy shifts of the 4S ^ and 

4P^2 states somewhat nonlinear although this nonlinearity 

cannot be seen in this drawing because of the scale. The 

(2J + l)/2 levels which are lowered in energy are the states 

for which 1 = j + 1/2 and the (2j + l)/2 levels which are 

raised are the states of 1 = j - 1/2. (2j + l) is an even 

integer since j Is an odd half integer In a hydrogenic atom. 

2. Intermediate Electric Fields 

As the electric field strength is increased beyond the 

weak field region the calculations of the level splittings 
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T *3 
become quite complicated. ° In this intermediate region (about 

3000 V/cm for n = 4 in He+) where the magnitude of the Stark 

effect is comparable with the fine structure, only n and m 

are good quantum numbers and neither 1 nor j nor the parabolic 

quantum numbers used for strong fields are. The secular equa¬ 

tions have to be solved separately for each value of n and 

m to find the eigenvalues and eigenfunctions of each of the 

2(n - |mj) states. These calculations have been done by Ro- 
3. 8 *“| Q 

Jansky and more recently by LUders for n = 2,3 and 4 in 

hydrogen. 

3. Strong Electric Fields 

For strong electric fields, greater than about 10,000 

V/cm, j and 1 are no longer good quantum numbers. In this 

region the Schrodinger equation can be best treated in para- 

13 bolic coordinates. These coordinates are defined in terms 

of cartesian coordinates by the following equations : 

When the Schrodinger equation is solved in these coordinates 

the solution is found to require four parabolic quantum num¬ 

tive integers. Their possible values are restricted by 

(II-6) 

bers n, n^, n^, and m where n and m have the same meaning-as 

in spherical coordinates, n^ and n^ are either zero or posi¬ 

04 10,^4 Y)-rn-\ (11-7) 
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Eigenvalues are found for energy and also for the separation 

parameters and Z2 which satisfy + Z2 = Z. The first 

order perturbation procedure when an electric field is applied 

is somewhat unusual in that the separation parameters Z^ and 

Z2 rather than the energy are used as eigenvalues of the 

problem,, When the perturbation calculation is carried out 

and the new values of Z^ and Z^ are substituted in an expres¬ 

sion for the energy, the Stark shift is found to be 

E =f ^ w (I1'8) 

to first,order in F. np is called the "electric" quantum 

number. There are 2n - 1 energy levels defined by this equa¬ 

tion. Each of these levels displays a fine structure as can 

be seen in Figure 3* As the electric field gets very strong 

6 
(around 10 V/cm) higher order terms become important and 

there is a dependence on the quantum number m as well. In 

this region, though, ionization by the electric field becomes 

important. 

B. Lifetimes 

The lifetimes of excited states in hydrogen have been 

13 
calculated by Bethe and Salpeter. Their calculations have 

been made using three approximations: (i) The electron has 

been treated nonrelativistically and the Schrodinger equation 

has been used. (ii) The interaction of the electron with the 





12 

radiation field has been treated as a small perturbation. 

Processes involving the simultaneous emission or absorption 

of two or more photons and radiative corrections such as the 

Lamb shift have been neglected. (iii) The wave number of 

the emitted radiation has been treated as small compared with 

the reciprocal of the distance between the electron and the 

nucleus. In this dipole approximation retardation has been 

neglected . 

Since the transition probabilities in hydrogenic species 

4 
are proportional to Z I have merely divided the lifetimes 

calculated for the n = 4 level of hydrogen by = 16 to com¬ 

pute the theoretical lifetimes in the n = 4 level of He + . 

These lifetimes are summarized in Table 1. 

When an electric field is applied to a hydrogenic atom 

the lifetimes of excited states are affected. Lifetimes of 

the n = 4 level in He+ are calculated for weak and for strong 

electric fields. 

1. Weak Electric Fields 

Consider first the states with j = 1/2, S 
1/2 and Pl/2* 

Instead of the two field free eigenfunctions u0 and u the 
s P 

two eigenfunctions for j = 1/2 are linear combinations of uc 

and u^o In equations (ll~5a) and (ll~5b) these two eigen¬ 

functions were found to be 

U+ * &±, Up (Il-9a) 



State Calculated Lifetime 

4S 1.415 X 10 8 sec* 

4P 7.687 X 10-10 sec 

4D 2.258 X 10 "9 sec • 

4F 4.531 X io-9 sec. 

Table 1. Calculated field free 
lifetimes for n = 4 in He . 
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with the ratios a+/b± given by 

q± _ i ± nj i-Hf Jx' 
b± 2 f 

where 

f = 4 tf-Li-t'/if' ynF 
H-L2 -}-^ +1) 

(II-9b) 

(Il-9c) 

In this notation the plus sign refers to the state which re¬ 

duces to the state as the field strength is decreased to 

zero and the minus sign to the state which reduces to the 

20 
Pl/2 state. The total transition probabilities of the two 

states are given by 

A+ = |a±|x /\s + |b+|% (11-10) 

and the lifetimes by 

(11-11) 

For states of j^3/2 the Lamb shift can be neglected since it 

is appreciably smaller than the difference between the field 

free radiation widths of the two states with 1 = j - 1/2 and 

,13 
1 = j + 1/2. The eigenfunction of 1 = j - l/2 is denoted 

by u^ and the eigenfunction of 1 = j *4" 1/2 by u^. A state 
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with a given j in an electric field can be written 

U= + (11-12) 

21 
Wigner and Weisskopf have shown that these coefficients 

satisfy the pair of coupled differential equations, 

-2/3,a, 

(11-13) 

= — c -S-av - 2(6XCX2 
d-t 

where -fif is the magnitude of the matrix element connecting 

un and u^ 
1 2 

.*f = m -In - p^ 

^ in*') (11-14) 

A = fix'- 
_ I 

^r9 

and /'£/„ and ?2 are the lifetimes of the unperturbed states 

u^ and U2• Two possible solutions to these coupled differ¬ 

ential equations are 

Uo^= U, + < (/3--Y)U2) 
-1 (P‘*Pi+)S)-t 

V f2-' 

(II-15) 
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The two new states u& and have inverse lifetimes 

given by the real parts of the coefficients of t in the ex¬ 

ponents . 

(/5,+^+Y)} 

i (/2,+/2j- v) ] 
By looking at the behavior of these expressions as the elec¬ 

tric field is decreased, one can see that reduces to % 
and 'TTjj reduces to 

rt1 . When the electric field gets so 

large that f ^ the real parts of the exponents for u& 

and u are identical and the lifetimes are, therefore, equal, 
b 

(11-17) 

+ 
In the n = 4 level of He the critical fields for this to 

happen are given in Table 2. The lifetime calculations for 

weak electric fields are summarized in Figure 4 and Figure 5* 

2. Strong Electric Fields 

As the electric field strength is increased to strong 

fields the Stark effect becomes much larger than the fine 

structure splitting and the lifetimes of excited states ap¬ 

proach constant values independent of the field strength. 

The coordinate matrix elements for hydrogenic atoms in strong 

electric fields have been calculated in closed form by Gor- 

22 
don in terms of the parabolic quantum numbers. I have eval¬ 

uated these matrix elements numerically for all possible 



m \ 3/2 5/2 

1/2 241.9 191.4 

3/2 80.6 63.8 

5/2 38.3 

Critical field strengths in V/cm 
for complete mixing of states with 
the same j and m but different 1 
for j > 3/2. 

TABLE 2. 
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transitions from the n = 4 level In He+, and have found the 

total translton probability and lifetime for each state in 

the level n = 4. These results are summarized in Table 3* 

My calculated transiton probabilities are consistent with 

Stark broadening functions for hydrogen tabulated by The 

23 
National Bureau of Standards. 
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III. Experiments 

An experiment was devised to measure the lifetimes in 

the n = 4 level of He+ in an electric field using a high 

energy atomic beam technique. A monoenergetic, high velocity 

beam of He+ passes through a thin carbon foil. At the foil 

the ions may be promoted to excited states, lose a second 

electron, or gain an electron and emerge from the foil as 

He in the ground state or in excited states. The excited 
-8 

state lifetimes under consideration are on the order of 10 

to 10 ^ seconds. Since the velocity of a 1 MeV beam of He+ 

O 

is about 7 x 10° cm/sec there is appreciable radiation some 

tens of centimeters downstream from the foil. Analysis of 

the intensity of the radiation from a given spectral line as 

a function of distance downstream from the foil can give in¬ 

formation on the lifetimes of the states contributing to the 

line . 

In these experiments the Rice University 5.5 Mv Van 

de Graaff accelerator produced a beam of 1.0016 MeV He+. The 

energy and, therefore, the velocity of the beam were selected 

and measured by means of a 90° turning magnet calibrated by 

a conventional NMR technique. Throughout these experiments 
g 

the velocity of the beam was kept at 6.592 x 10 cm/sec and 

and was known to ±0.5$. The beam intensity ranged from 1 to 

2.5 microamperes (<~10‘^ ions/sec). The beam was indicent 

2 
on a thin self-supporting carbon foil of 10 micrograms/cm 
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oh -f 

nominal area density. In passing through the foil the He 

ions lose a small fraction of their energy. This lost ener¬ 

gy goes into heating of the foil, knocking electrons out of 

the foil, further ionization of the beam and excitation of 

electrons remaining on the beam atoms to higher excited states. 

Irt these experiments about 35$ of the beam emerged from the 

foil as He++ and there was fairly intense radiation from the 

rest of the beam* Spectroscopic examination of such radiation 

in similar experiments has shown that almost all of the rest 

of the beam was He + . Light from a 0.9mm long section of 

the beam was focused on the face of an EMI 6256s photomulti¬ 

plier . 

In order to minimize the beam spread the beam was not 

focused after passing the turning magnet (^ 5 meters upstream 

from the foil) and was nearly parallel. To increase the in¬ 

tensity of radiation seen by the photomultiplier the colli¬ 

mating slit of the chamber was made in the form of a rectangle 

2.5 cm by 0.6 cm with the long dimension of the slit horizon¬ 

tal. The aperture allowing light into the photomultiplier 

was about 2.5 cm high. In lining up the optics, this slit 

was focused on the center of the chamber and had an image 

about 3 cm high at that point. Light was, therefore, being 

collected from a volume 0.9 mm wide, 2.5 cm thick, and about 

3 cm high. Since the beam was only about 0.6 cm high, effects 

of beam spread due to scattering by the foil were negligible. 

The transitions examined (n = 4 to n = 3) were selected with 
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a Baird Atomic narrow band interference filter at 4686 X. 

The detection system was operated in a digital inte¬ 

gration mode. The voltage output from the photomultiplier 

was use to drive a Vidar 240 10 KHz voltage-to-frequency con¬ 

verter, whose output was counted by an Ortec 431 scaler-timer. 

Typical counting rates were on the order of 5 x 10 counts/sec. 

Since the beam intensity from our Van de Graaff accel¬ 

erator fluctuated greatly, it was necessary to integrate the 

beam current to use as a reference in the analysis of the 

integrated radiation intensity. The beam was collected in a 

Faraday cup and passed to ground through a 32K resistor. The 

voltage developed across the resistor drove a second Vidar 

voltage-to-frequency converter and a second Ortec scaler. 

The actual numbers used in the lifetime analysis were, then, 

the ratios of the integrated spectral line intensity to the 

integrated beam current. 

In order to vary the distance between the foil and the 

point of observation the photomultiplier was moved by a rack 

and pinion mechanism from a point 7 cm downstream from the 

foil to a point about 32 cm downstream from the foil. The 

pinion gear was driven by a Geneva mechanism which was driven 

by a synchronous motor at a speed of 2 rpm. One-quarter cy¬ 

cle of the Geneva mechanism took 30 seconds. For a 15 second 

interval in this 30 seconds the detection systems are gated 

on. During the 15 seconds when the detection systems are 

gated off the photomultiplier is moved 0.47 cm and the 
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scalers-are reset just before the detection systems are gated 

on again. The counting is done, therefore, during the 15 

seconds when the photomultiplier is stationary and the scalers 

are read during the 15 seconds when the photomultiplier is 

being moved. 

My raw data, then, consisted of the integrated spectral 

line intensity and the integrated beam intensity taken during 

the same period of time. A run consisted of 49 such data 

points taken at intervals of 0.47 cm or 7*18 x 10 seconds. 

Each run took 24.5 minutes and the measurements of the life¬ 

times at a given electric field strength are the results of 

ten such runs. The data had to be corrected for noise from 

both detections systems and for contributions from light 

leaks into the chamber. This was done by stopping the beam 

upstream from the foil. These corrections were found to be 

no more than 3$ of the signal from the photomultiplier and 

less than 0.1;% of the signal from the beam integrator. 

It was also necessary to correct the data for light 

produced in collisions between the beam and residual gases 

in the chamber. The first attempt at making this correction 

was to remove the foil and make a run. The ratio of the in¬ 

tegrated spectral line intensity to the integrated beam in¬ 

tensity was then averaged and subtracted from the ratios with 

the foil in place after correcting for the difference in the 

average charge of the beam with and without a foil. This 

17 
method was used by Jordan et. al. in measuring the lifetimes 
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with no external field. Using this method of making residu¬ 

al gas corrections my data gave results inconsistent with 

the lifetimes measured by Jordan and with the the theoreti¬ 

cal lifetimes. My next attempt was to use a computer to 

generate a residual gas correction necessary to fit the data 

with the"theoretical lifetimes. This result proved to be 

about six times as great as the measured correction. This 

type of problem was foreseen by Kay."^ This result can be 

made plausible by realizing that the beam which has passed 

through the foil is radically different from the beam which 

has not passed through the foil both in distribution of charge 

states and in the distribution of excited states in He and He . 

These two beams would certainly interact differently with 

the residual gas in the chamber and produce different amounts 

of light to be detected by the photomultiplier. I was unable 

to measure a believable residual gas correction directly and 

I have, therefore, used computer generated residual gas cor¬ 

rections in the analysis. These corrections were not as im¬ 

portant in the experiments by Jordan since the foil was 

closer to the observation region and the ratio of the inten¬ 

sity of the radiation from the decay of the beam to the re¬ 

sidual gas contribution was much greater than in my experi¬ 

ments. The pressure in the chamber was about 5 x 10 ^ Torr. 
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IV. Results 

After subtraction of the small effects of the noise in 

the two detection systems, the ratio of the integrated pho¬ 

tomultiplier signal to the integrated beam current was com¬ 

puted. Figure 6 displays the results of a typical run with 

no electric field and should be the sum of 4 decaying expo¬ 

nentials plus a residual gas correction. The 4P and 4D 

states are not shown since the contributions from these 

states had decayed to an undetectable level by the time the 

beam reached the first observation point. The analysis prob¬ 

lem has now become one of fitting a sum of exponentials plus 

a residual gas correction to such curves. 

A computer program for fitting a sum of exponentials 

to experimental data has been developed by Jordan.^ I used 

this program as it was for my analysis including an exponen¬ 

tial for the residual gas with an estimated lifetime of 100 

seconds. In this program both the amplitude and the decay 

constant of each exponential are determined as that set of 

constants which gives a minimum in the sum of the squares of 

the residuals. For the field free case this implied the de¬ 

termination of seven constants. A variational analysis is 

performed as part of the program in order to determine the 

uncertainty in the constants found by the least squares anal¬ 

ysis. There is some number N which represents a realistic 

experimental estimate of the sum of the squares of the residuals 
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based on uncertainties in the data points. The uncertainty 

in one of the constants is taken to be that variation in the 

constant which makes the sum of the squares of the residuals 

equal to N. Figure 7 shows the results of a variational an¬ 

alysis on two-different decay constants for no electric field. 

Small uncertainties in the data points lead to large uncer- 

in the determination of the decay constants since changes of 

up to 10$ in the best fit values still gave changes in the 

sum of the squares of the residuals of less than N. 

There were several sources of uncertainty in the ex¬ 

perimental data. The uncertainty from dark current correc¬ 

tions was less than 0.1$. The uncertainties in the relative 

photomultiplier position and in the velocity of the beam 

emerging from the foil were each less than 1$, and the uncer¬ 

tainties in the counting statistics for a given data point 

were negligible. The total uncertainty in a given data point 

was taken to be the root-mean-square of the contributions and 

the estimated sum of the squares of the residuals, N, was 

taken as the sum over all data points of the square of the 

uncertainty at each point. For the field free case the decay 

constants have been determined to no better than about 10$. 

These values are given in Table 4 along with the theoretical 

lifetimes. 

The analysis of the data indicated that there were only 

three significant contributions to the field free data in¬ 

cluding the residual gas correction. This implies that the 
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State The ore tical Lifetime 

4S 1.415 x 10 "8 

4P 7.687 x 10-10 

4D 2.258 X io“9 

4P 4.531 x 10 “9 sec 

Experimental Lifetime 

(1.49 - .08) x 10~8 sec 

not determined 

not determined 

(4.58 + .35) x 10-9 sec 

TABLE 4. Theoretical and experimental 
lifetimes for n = 4 in He . 
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4P and 4D states decayed to an undetectable level before the 

first observation point. This result is consistent with the 

calculated lifetimes. For the data at 250 V/cm the fitting 

program was not able to find the decay constants which were 

at all consistent with theoretical predictions. Since the 

only difference between the experiments was the application 

of an electric field a search was begun for an explanation 

of these results involving the interaction of the field with 

the He+ ions or the properties of the field itself. All 

theoretical calculations were double checked and found to be 

Wuwerically correct. The power supply which provided the 

voltage for the electric field was checked and found to sup¬ 

ply the promised voltage. All wires and the capacitor plates 

in the chamber were checked for continuity and short circuits 

and were found to be in good shape. Finally, the geometry of 

interior of the chamber was considered to see if the electric 

field at the position of the beam was really 250 V/cm and 

whether it was homogenous in the region of the beam. Figure 

8 shows the dimensions of a cross section of the chamber and 

the shape of the electric field as found by mapping the equi- 

potentials by the standard method of undergraduate laboratories. 

It is clear from this drawing that the electric field 

was inhomogeneous, that the field strength was not really 

250 V/cm at the position of the beam, and that field was in¬ 

homogeneous over the area of the beam. This means that for 

some sections of the beam (those with F< 240 V/cm) there will 



FIGURE 8. Cross section of the chamber showing the 
dimensions of the chamber and the approximate 
inhomogeneity in the electric field. 
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be. seven lifetimes contributing to the radiation intensity 

and, furthermore, the same excited state in atoms in differ¬ 

ent parts of the beam will have different lifetimes. What 

this means is that lifetimes of excited states at a given 

electric field strength cannot be deduced from the data I 

have now. 
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V. Conclusions 

The stated purpose of the research described in this 

thesis was to study the lifetimes of excited states in the 

n = 4 level of He+ as a function of the strength of an ex¬ 

ternal electric field. I have calculated this dependence 

from present atomic theory and have attempted to measure 

this dependence experimentally. The attempts at measuring 

these lifetimes have not been altogether successful. The 

major problem has been the inhomogeneity in the electric field 

discussed in chapter IV. Another important difficulty has 

been a large residual gas correction which I have not been 

able to measure separately and subtract out. Also, the elec¬ 

tric field causes changes in the lifetimes of excited states. 

This can cause a group of as many as five states with the 

'same field free lifetimes to attain five distinct lifetimes 

in a very weak electric field. (See Figure 5) This figure 

shows that for weak electric fields there are from four to 

thirteen distinct lifetimes to consider at various field 

strengths in the n = 4 level of He+. This greatly compli¬ 

cates analysis of the data except for electric field strengths 

of greater than 250 V/cm and for fields of about 200 V/cm 

where lifetimes of the an<^ ^3/2* m = 1/2 states 

can be regarded as identical for purposes of measuring the 

lifetimes of other excited states. In the best case, then, 

the analysis requires a fit to 49 data points with nine 
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variable parameters including a residual gas correction. A 

reasonable approach to analysis might well be to neglect 

contributions from the P-^ 3tat© in both the field free case 

and with an electric field applied and to neglect the con¬ 

tributions from j = 3/2 for 250 V/cm as well since these 

states decay almost to zero in the seven centimeters between 

the foil and the observation region. This approach is rea¬ 

sonable according to the theoretical lifetimes and it de¬ 

creases the number of parameters necessary to consider in 

the analysis. 

Another improvement in the experiment would be to de¬ 

crease the residual gas contribution to the data. This could 

be done by reducing the amount of residual gas in the chamber 

by building a better vacuum system. Another approach would 

be to increase the ratio of the signal from the decay of the 

beam to the residual gas contribution by putting the foil 

closer to the observation region. Less of the beam would 

have decayed before reaching the observation region and the 

intensity of radiation from the beam would increase while 

the residual gas correction would hopefully remain of the 

same magnitude. 

The inhomogeneity of the electric field could be de¬ 

creased by making the capacitor plates wider and putting 

them closer together. This is the obvious first step in im¬ 

proving the experiment. 

A possible result of these experiments considered at 
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the beginning of this research was to deduce a value of the 

Iamb shift between the 4S-^/^ and the states ^-n ^e+ from 

measurements of the lifetime as a function of the strength 

of an external electric field. In the current experiments, 

however, the difficulties mentioned above, especially the 

large number of lifetimes necessary to consider, make it very 

difficult to determine the Lamb shift accurately. In heavier 

atoms this technique could be used to measure the Lamb shift 

in the n = 2 level fairly precisely. This would be possible 

since the 2S state in a hydrogenic atom is metastable in the 

absence of external fields. One could allow enough space be¬ 

tween the foil and the region of the electric field such that 

the time of flight would be great enough for all other states 

to decay effectively to zero before the first observation 

point. There would then be only one state contributing sig¬ 

nificantly to the intensity of the radiation. The measurement 

of the lifetime of the state and a determination of the 

Lamb shift would be a simple matter in principle. This tech- 

12 
nique has been used successfully by Garcia-Munoz et. al. 

in measuring the Lamb shift in the n =2 level of Li++. I 

have concluded that this lifetime technique is not capable of 

producing an accurate measurement of the Lamb shift in hydro¬ 

genic atoms for n> 2 since the nS^^ state is not metastable 

for n> 2. In fact, with no electric field, the lifetime of 

the 4Sjy2 state in He
+ is only about three times as long as 

the 4F.^y2 state and it becomes shorter than the lifetime of 



30 

the ^Fy/2 state for an electric field strength of about 

155 V/cm. 

The Lamb shift in the lighter elements has been mea¬ 

sured very accurately by means of a microwave resonance tech¬ 

nique. This technique cannot be readily applied to the heavi¬ 

er hydrogenic species such as N^+ and 0^+ since the frequency 

12 
of the transition - ^F^/2 on order of 10 Hz and 

such frequencies cannot readily be produced by existing micro- 

wave equipment with the power necessary for the experiment. 

For this reason the lifetime technique seems to be a good 

method for measuring the Lamb shift in hydrogenic atoms of 

high Z for n = 2. 

I hope to use the lifetime technique in later experi¬ 

ments to measure the Lamb shift in heavier hydrogenic species 

such as N^+ and 0^+. Since the predicted dependence of the 

Lamb shift on the nuclear charge is that the Lamb shift is 

proportional to the fourth power of Z, an accurate determina¬ 

tion of the Lamb shift in these heavier species with nuclear 

charge 7 and 8 would be a more sensitive test of this depen¬ 

dence than the measurements in the lighter elements, hydrogen 

and helium. 
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