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Abstract:
We measure the lifetime of the(formula not captured in OCR)state in hydrogen by monitoring the
Lyman-a radiation produced from the decay of the p-state atoms in a fast beam of hydrogen atoms
(~OlOOkeV). The p atoms are produced from metastable 22S1/2 atoms via Stark mixing. The
metastable atoms are obtained from proton impact on a gas target. Information obtained from
observations of the field-free decay and the field-induced decay of the p state in a uniform field (giving
rise to quantum beats) is combined to yield a value for the lifetime without measuring the beam
velocity independently. The quantum-beat curves are fit taking into account contributions from both
the fringe field and the hyperfine structure. The fringe field of the uniform field region is treated
approximately using an analytical solution of the problem for a hyperbolic-secant-model fringe field.
The resulting value of the lifetime is three percent lower than theory and previous experiment. Possible
sources of error are discussed. 
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ABSTRACT

We measure the lifetime of the 22P1/2 state in hydrogen by moni
toring the Lyman-a radiation produced from the decay of the p-state 
atoms in a fast beam of hydrogen atoms (~100keV). The p atoms are pro
duced from metastable 22S1/2 atoms via Stark mixing. The metastable 
atoms are obtained from proton impact on a gas target. Information 
obtained from observations of the field-free decay and the field-in
duced decay of the p state in a uniform field (giving rise to quantum 
beats) is combined to yield a value for the lifetime without-measuring 
the beam velocity independently. The quantum-beat curves are fit . 
taking into account contributions from both the fringe field and the 
hyperfine structure. The fringe field of the uniform field region is 
treated approximately using an analytical solution of the problem for 
a hyperbolic-secant-model fringe field. The resulting value of the 
lifetime is three percent lower than theory and previous experiment. 
Possible sources of error are discussed.
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CHAPTER I

INTRODUCTION

The radiative mean lifetime of an excited atomic state is the 

average time one would have to wait before the. excited atom makes a 

transition to lower energy levels by giving off energy in the form of 

electromagnetic radiation. The following analysis attempts to measure 

the lifetime of the 22P^ (or 2p) state in hydrogen which decays to the 

ground state (I2Sj, or Is) emitting ultraviolet, Lyman-a radiation.

Measurements of atomic lifetimes began with Wien  ̂ from 1919 to 

1927, and it was at this time that the first n = 2 lifetime measurement 

in hydrogen was made. Lifetime measurements received little interest 

until the 1960's when an increase in activity resulted from the discov

ery of the beam-foil light source by Kay and further development by 
2Bashkin. Beam-foil spectroscopy has since become one of the most im

portant branches of atomic physics as it provides a means of exciting 

many different atomic states. When a beam of atoms, molecules, or ions 

pass through a thin foil (usually carbon) the emergent beam consists of 

atoms which have essentially been coherently excited. The coherence 

has been useful in time-resolution experiments, for it allows the obser

vation of modulated radiation (beats) and other phenomena which would 

not be seen if the excitation was of longer length. We do not intend
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to review beam-foil spectroscopy or lifetime measurements in general, 

however, the reader is referred- to review articles for further infor

mation. ̂

At the time of this writing there appear only two modern mea

surements of the 2p lifetime in hydrogen in the. literature, though many 

more measurements have been reported for n > 2 lifetimes. In 1966 

Bickel and Goodman reported a measurement of the radiative mean lives 

of both : the 2p and 2p levels in hydrogen by using beam-foil methods.̂  

They quote a value for the 2p lifetime of T = (I.600±0.004)x10-9s.

This precision (0.25%) is likely an underestimate because it is essen

tially a computer fitting error and not a standard deviation of several 

runs. Then in 1968 Chupp, Dotchin, and Pegg report mean lives for the 

2p, 3p levels in hydrogen also using beam-foil methods. They pay con

siderable attention to the effects of foil thickness as well as the 

best fitting function to account for the cascades. They quote a 2p 

lifetime of T = (1.60±0.01)xl0 9 s (±0.625%) which represents the 

weighted standard deviation of five runs. Their paper contains a his

tory of lifetime measurements for n > 2 levels in hydrogen as well.

All these results agree with the theoretical value of T = I.5961ns as 

calculated in appendix I.

Our interest in this lifetime measurement is twofold: I.) For

the purposes of testing any theory an accurate measurement must be pro
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vided, a measurement which refrains from oversimplifications and hon

estly examines all peculiarities of the equipment and analyses of data. 

2.) A careful examination of the 2p lifetimes in hydrogen is free from 

complicated decay schemes characteristic of higher levels; indeed, 

since the hydrogen atom provides us with the most complete quantum 

mechanical description, when we make measurements upon it we test our 

fundamental understandings of atomic systems and the applicability of 

approximations used to describe such systems.

Our understanding of spontaneous decay parallels our understand

ing of the quantum theory of radiation. Although semiclassical theo- 

ies avoid the problem of vacuum-field fluctuations they don't provide

decay from a pure state.  ̂ More often, the vacuum fluctuations are con-
. . 7sidered to be the mechanism for triggering the emission of radiation. 

Thus by careful observation of the 2p decay radiation we peer at some 

of the simplest manifestations of these vacuum fluctuations or whatever 

other mechanisms might produce the decay.

In this analysis we choose to use the damped, two-level theory 

of Bethe and Lamb which phenominologically provides for the decay of 

the excited state in the manner of Weisskopf-Wigner theory— described, 

in detail in chapter two. This two-level theory provides the basis for 

several experiments, the most notable of which are the Lamb-shift ex

periments .  ̂ In our case we examine the field-free and Stark-coupled
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2p-2s system and the resulting decay of the 2p state.

Probably the simplest way to make a lifetime measurement is to 

excite the atomic state of interest at some point along the beam and 

then monitor the decay radiation as a function of distance from the 

point of excitation. In Fig. I we show a beam of hydrogen metastables 

which enters a short electric field region converting some of the meta

stables (22S^ or 2s) to 2p atoms via Stark coupling. Upon leaving the 

field region the remaining p-state atoms exponentially decay emitting 

Lyman-a radiation. The observed radiation profile exhibits the same 

exponential decay (neglecting background)

I (Z)  = I 0e7mz j m=  Y/ u  =  i / VT . . .  ( i )

Here the position z is related to the time after excitation by t = z/u 

where I) is the beam velocity. In this way the temporal evolution is 

observed as a spatial profile. The quantity 1/t is known as the de

cay rate y. The natural logarithm of this profile will be a straight 

line

I(Z) = M T p - mz. (2)
the slope of which gives the ratio y/u = m. If the beam velocity can 

be measured separately then the decay rate may be determined. Assuming 

that the data can be obtained to any requisite precision the ultimate 

accuracy of lifetime measurements made in this manner depends upon the
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Fig. I. Free decay of excited atom. An electric field pro

vided by the conversion electrodes converts metastable F^s to • The 

H2p atoms decay to the ground state emitting Lyman-a radiation. The 

resulting radiation profile exhibits simple exponential damping in the 

field-free region.
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accuracy with which the velocity can be measured. In the past, velo

city measurements were only accurate to 0.5% or greater imposing a 

similar inaccuracy upon the lifetime. Progress has recently been made 

in the area of velocity measurements because of observations of zero- 

field quantum beats (QB), and velocity uncertainties of 0.1% or less 

are being claimed. It is now apparent that beam-foil spectroscopy is

claimed to be capable of producting lifetime measurements to an accu-
9

racy of less than 0.3%.

In Fig. 2 we show the effects of sending a beam of metastable 

hydrogen atoms into a uniform field region. The electric field couples 

the 2s metastable state to the 2p state, but rather than a simple decay 

profile, QB are observed in the radiation profile as long as the beam 

remains in the uniform field. In the theory describing such modulat

ed decay the beam velocity U is found to occur always in the ratio 

y/u— the same ratio found in the description of the free-decay data—  

while the decay rate Y is found parametrically in combination with 

other factors describing the QB profile. We can use the ratio Y A j 

obtained from the ̂ free-decay data to eliminate the velocity dependence 

in the QB theory and then by adjusting Y fit the QB theory to the 

data. The observation of field-induced QB will similarly allow a 

determination of the velocity. The theory of such observations also 

permits a formulation of the problem so that the velocity need not be
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Fig. 2. Field-induced'quantum beats. Under the application of 

a uniform electric field the Lyman-a radiation from the decay of the 2p 

state exhibits a modulated decay.
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measured directly.

Our handling of the QB data in this manner is not the only 

unique feature of this lifetime measurement. Serious attempt is made 

to analyze the QB curve in detail. Not only do we account for hyper- 

fine structure, but we. also pay considerable attention to the effects 

of the fringe field upon the QB radiation profile.

The theoretical details are discussed in the next chapter.

There we develop the two-level problem wi-th phenomenological damping, 

and apply it to the hyperfine states. The theoretical machinery needed 

to estimate the effects of the fringe field and other factors which 

modify the QB profile are also developed. In chapter 3 we provide a 

description of the experimental apparatus and discuss the manner in 

which the data are collected. The chapter ends with a presentation of 

the final data. Chapter 4 gives the details of the analysis of these 

data. It is in the analysis section that we attempt to specify all 

factors which could affect the QB curves. They include fringe-field 

effects, demodulation from a detector window, influence of other excit

ed states, and beam velocity dispersion. The value of the lifetime is 

presented and its accuracy is discussed along with possible improve

ments for a future continuation of this work and improvement in accu

racy. Finally we discuss possible implications of our result.



CHAPTER TI

TWO-LEVEL THEORY

Measurement of the 22P^ lifetime begins with a beam of metasta

ble hydrogen atoms. This metastable or Z2S^ state of hydrogen has a 

lifetime of T^=O. 126s. Because of this long lifetime essentially 

none of the metastable atoms will decay as they travel through the ex

perimental chamber— a trip which takes about 75ns to travel the 30cm of 

the chamber at beam velocities of 1.3% the velocity of light. Upon the 

application of an electric field the s state couples to the p state 

(Z2P^) via an electric dipole (or Stark) coupling. In this way the 

rapidly decaying p state may be populated from the nondecaying s state 

reservoir providing us with a two-level problem^

Because there are four hyperfine sublevels associated with the 

s state and also the p state a two-level problem seems suspiciously 

simple. We show later, however, that the hyperfine problem reduces to 

four two-level problems; so the two-level theory is sufficient.

Two-Level System and Its Appropriateness 

Consider a two-level system in which the levels (denoted by s 

and p) are separated by an energy £= fiO). In our case this level sep

aration is known as the n=2 Lamb shift in hydrogen having the value 
8

V=IOS?.893(ZO)MHz. The electronic states of the unperturbed atom are
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described by Schrodinger1s equation

H f =  if, 3 $ / g t , (3)

where H = is the unperturbed atomic Hamiltonian. The stationary s 

and p states associated with the unperturbed atom are denoted by

^ = cPsCaeia i t , $ = < P Pc r )e i,Vrt. (4)

Here and 0)̂  represent the energy levels of the unperturbed s and p 
states respectively in units of angular frequency (co^=S/h).

In the manner of time-dependent perturbation theory we consider 

the application of an electric field to this two-level system. The 

Hamiltonian now becomes

H  =  H a I-H5 (5)

where

H 5=  e r - E  .(6)

is the Stark (electric field) Hamiltonian which will couple the states. 

We write the wavefunction as a linear superposition of s and p wave- 

functions

f  =  S ( t ) f s +  P t t ) f p . ( , )

Normally, we would write the system wavefunction as a linear superpo

sition of all the stationary state wavefunctions. If we assume that

only the s state is occupied upon entry into the fringe field then to
12first order the amplitude of any other state m will be given by

ico.a Sm(t) = (IZiti) <s I H5Im) d t ' ' (8)
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The matrix elements which couple the s state to other states are not

necessarily small when compared to the 22Pj;-22S^ coupling. For example,

the 22P3/2 - 22S^ coupling has the same magnitude and the 3P - 2S cou-
13pling is roughly 0.6 times as strong. However, the integral is non

trivial only when the period characterizing the interaction CO 1 is of 

the same order as the time necessary for the interaction to turn on. 

Because of the length of the fringe fields encountered in this measure

ment only the transitions to the 22P^ state are nontrivial— the inter

action is essentially adiabatic for all other transitions. The period 

associated with CÔ  is about 2 x 10 10s while the period associated 

with COsya is a factor of ten smaller. Even if we assumed a sudden turn 

on of the field we would find that transitions were predominantly to

the 22P^ states. The transition probability in the sudden approxima- 
, 1 4txon is given by

!"Tsm =  l<S|Hs| , (9)

Since the energy separation between the 22 and I1V^jz levels is 

roughly ten times the 22S^ - 22P^ separation the transition probability 

to this next nearest level ^ 2Pgya) is roughly 1% of that to the 22P^ 

level. This is not to say that the effects of the 22Ps/a state may be 

completely ignored. We will later develop corrections in the theory 

to account for the presence of the 22Ps/a state. For now, however, it 

is sufficient to consider only the 2ZP^ - 22S^ two-level system.
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Requiring the system wavefunction to be a solution of Schrod- 

inger's equation and utilizing the orthogonality'of the unperturbed 

wavefunctions we can derive equations governing the time evolution of 

the amplitudes
ifis = V*p e not

- i io t (10)th p = V s e
where CO. is the (unperturbed) state separation in angular frequency 

units and V = 4CtPpI Hs| represents the dipole matrix element which

couples the states. is non-diagonal in this representation as it

only couples states of opposite parity.

Decay of the p state is provided for in the theory by the addi

tion of a phenomenological damping term to the equation for the p am

plitude
Ilnp=Vse - ih(l72)p ,

where y is the decay rate of the p state (y =1/t ). In the absence of 

coupling the p state will now decay exponentially | p| 2 ~ e A

similar term could be added to the s-amplitude equation, but, as men

tioned earlier, it is unnecessary to do so since the s state is so '

long lived (y ~8s 1) compared to the p state (y ~6x10°s 1). This addi- s p
tion of phenomenological, radiative damping amounts to adding a non- 

Hermetian decay Hamiltonian H^ to the total Hamiltonian

H  -  H a +  H 5 + H d (12)
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whose only nonzero matrix element is | =  ^/2 . With such

an inclusion we no longer have conservation of probability |SlZ+lp|2-C I . 

Phenomenological damping was first introduced by Weisskopf and Wigner^ 

and has been successfully tested both experimentally and theoretical

ly"*"̂  and found to be an excellent approximation for atomic beam work of 

this type. In fact, it is exact for hydrogen. "*"̂

Uniform-Field Amplitude Solutions 

We now wish to solve these amplitude equations for an- actual 

electric field, e.g., that produced by a parallel plate capacitor. If 

we could produce an electric field which turned on and reached its max

imum value instantly at t=0 (a rectangular field profile) then the 

equations may be straightforwardly solved for a uniform field. Such a 

field cannot be produced in the laboratory so we have the problem of 

dealing with fringe fields.

Prior to entering the fringe field we may assume that the beam 

is purely metastable

S(t =-•«>)= I , pCfc= - ^ 0) =  O . (13)

The beam atoms pass through the fringe field whereby the amplitudes 

change |Si2-̂ I, Jp|2 > O  and accumulate phases. Eventually the atoms 

reach a region where the field may be considered to be uniform. If we 

could determine the amplitudes upon reaching this uniform field region 

then we could follow the remaining time evolution of the amplitudes us
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ing the solution of the amplitude equations for a rectangular field,

time derivative. We will investigate two methods of estimating the 

fringe-field amplitudes after we more fully explore the solution to the 

uniform field region with arbitrary initial conditions.

If we decouple the damped amplitude equations and solve the re

sulting second order equations subject to the initial conditions

i.e., uniform field. We need only specify the amplitudes and not also 

their derivatives since Schrbdinger1s equation is first order in its

(14)

the amplitudes for t>0 will be given by

set) = s(o) i±y. e"'/U,t +
(15a)

(15b)

where

K, = Zw/Y <3̂ — ZV/fty J V= IZ-C .V= l/-C . (15c)

Although these solutions for the uniform field are exact they are by 

no means instructive. In way of clarification consider the temporal 

evolution of the amplitudes under the application of small electric
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fields.

Small-Field Approximation

By requiring the fields to be small we mean q<<!, however, if 

k 2» 1  we.could equivalently require q/K to be small. We will later 

find that q may be written as q = E/Eq where Eq = fiy/2/3 a e = 22.5y/cm 

(assuming Y=6.27,<108s 1). The amplitudes with arbitrary initial condi

tions to lowest order in q may be written as

5(0* «0)e-val',+’K)W2- lPf o ) y f S e ve(Hit,t/2 D  - e (16a)

[i -  e  T + fB t]  +  

+ p(o, e iwt [ e  * tlMt e ' ,9‘<HiK)t,z]

(16b)

where
Q 2 = V(^drl). (16c)

As we will ultimately need to know |p|2 we quote for later purposes the 

p population for p(0)=0

I plt)lz c: Q 2- e  * jj +  G  Yt -  2.e  1 COS W t ]  ̂ (17)

Further clarification of these complicated expressions may be obtained 

by considering short and long time behavior starting with a pure s 

state initially, s(O)=I, p(O)=Oj then

set)= exp[-YQat /2  -  (18a)
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and

p(At) —  ~i^.CVAt/Z)0 (short times, At) (l8b)

pit) ̂  )eYp{-Wt/2 + i[8-W(,+Q^t]} (long times) ■ (18c)

where 8 = tan 1(-1/k ). For zero magnetic field the level splitting 

is the fine-structure (or hyperfine) splitting giving a value for 

K - 21 and 0 - -0.043rad which is negligible. Note that there is a 

-TT/2 phase difference (from the s state) introduced in the p state 

upon entrance into the field (short times) and that the phase accumu

lates essentially as cat whereas in the s state the phase more slowly 

accumulates as Got times the square of the applied field (a slower rate 

since q is small). Also note that both states decay as the p-state 

decay rate times the square of the field, i.e., more-slowly than the 

free decay of the p state. If we expand the most general small-fields 

approximation for the p state, Eq. (16b), we would obtain interference 

terms providing quantum beats as in the p-population expression Eq.(17). 

This small-field approximation will be found to be useful in estimating 

the effects of the 22Ps/2 state.

P-Population Radiation Profile

Before proceeding further we must determine exactly what gives 

rise to the observed radiation. The decrease in population of the p 

state.by its decay to the ground state provides the monitorable Lyman-a
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radiation. We cannot, however, claim that the time derivative of the 

p-state population is proportional to the Lyman-a radiation•since the 

p-population changes result from repopulation of the s state as well as 

decay to the ground state. Consistent with the assumption- that the s 

state does not spontaneously decay compared with the p state, the only 

means that the total population |s|2 + |p|2 can change is by decay to 

the ground state through the p state. Referring to the amplitude equa

tions with p-state damping it is simple to show that

cf(|S)2 + |p|2)/dt =  - tV l p I 2". (19)

Hence the decay radiation intensity is proportional to the p-population.

Contribution from the IzV ^  State 

We can now use the small-field approximation to estimate the ef

fects of the 22P ^ 2  state which have previously been ignored. The 

.22Sj, - ZzV2/2 Stark coupling is just as strong as the 22 - 22Pj, coup

ling, however, the level separation is larger = 9911MHz whereas
18Vi, = 1058MHz. Since the decay rate Y is essentially the same for 

both p states we find

S 2/ K 3/2 =  0-0'67 (20)
with k ^=2m ^/y , K^=21.2 for zero magnetic field. Usually our electric 

fields were small q-4.5 so that the ratio q/\z ̂ / ^ O . 02 (q/K^-0.21) sug

gests using the small-field approximation to anticipate the effects of 

the 2Z~P2/2 state. We now have two decaying states both producing
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Lyman-a radiation roughly proportional to their population sum

R  If1/, I -*• Ip3/zl . (21)

Assuming |s(0)| = I, |p(0)| =0 the rL1Y ^  population will be given by

Ip3z2Iz - y{zQ2e yilQi [) + e vt-2e ytyzCOScat]̂ (22)
where we have taken advantage of the fact that for zero magnetic fields

Q 3/2. —  H  Q
(Q is in terms of the 22S^ - 22P^ separation W^). Similarly the s- 

state population will be given by

(23)
To account for the effects of the IzY ^  state we will employ the small- 

field approximation to express the 22P^ population as well, only rather 

than using | s(0) | =1 we will allow the s state to de-populate via the 

22P^̂ 2 state; then the p^ population will be •

lpl/2|2^  q 2ekp[-(i+^VQH][i+e“Yt-2.e'Yt/2cos6ot]. (24)

The total radiation then appears as

Iplz =  (exp [-(Itrp) Y Q 21]+  ’!"expC-V 
x Q 2 [i +  e ' -  2 e - cos to13 .

This equation is yet incomplete, for we have neglected the hyperfine 

contributions. There are twice as many couplings to the hyperfine 

states in the 22p^^2 level as in the 22P^ level. Replacing if by 2p2 

accounts for the increased number of decay channels The 2zY^j^ state 

is then seen to manifest itself by increasing the effective decay rate 

of the p state as well as providing a small signal-proportional cor-

(25)
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rection, To the extent YH2Q2t « I and Q2 is small the simplest cor

rection made is

jp |2^ . I V(|.+ 2/72)]|2 (26)

where the contribution P2Q2 has been neglected.

Exact Quantum-Beat Radiation Profile 

With no approximations other than letting the decay rate of the 

s state be zero, the p-state population as derived from Eqs. (15) and 

hence the Lyman-a radiation profile produced by the two level system 

with arbitrary initial conditions and under the application of a 

uniform field will be given by

Ip(Z)]2-= ^ [A 'e  BzC l5z-  G e -azCos(Sz-^)J, (27)

where
a.= Y/2V , OC= &(l- 4) , /3 - a (h - , S= &C j A - Q f - Q sj

I= R-icS, K R + S  , R=Vu C05(9/2)) S = V u S m (9/2),

U = Vx^ y2] x =  I + 1 (TVie)1, Y= 8 l%l2l^/(i-hk:4)^ (28)

K,=2w/-y, ^ = Z v A V ,

and
A/= A; 4 A1r 2 -  +  A5Ap KJcosA+ 0-i')5m A]|

b '= A s2 tS ‘ ",' a p -A s A p - f lt r iC t+ K jc o s A - f l+ P s i^ J ^

C -  ZA52 -J S  -  Ar jX "  -  ZAsAp 21b [M s  A -  SiVi A ] j (29)
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D = A f S  + 2AsAp [̂ cosA + ? siV)A];
G = i/Cz+ Dz j . (f) = cos-1 (G/G).

Here, as before, we've replaced t by its equivalent t=z/u. This some

what complicated expression provides a complete description of quantum 

beat phenomena in a two-level system under the application of a uni

form electric field. Note the appearance of the y/v) factor in the ex

pression for S. and how the factors which provide for the predominant 

decay structure, viz., a,g,6 are proportional to Si. Note also how Y 

enters elsewhere through K and q. Such independence provides us with 

the means of using the value of y/u obtained from the analysis of the 

free decay data yet provide remaining freedom to fit the QB curve by 

adjusting y.

High-Frequency Approximation

It is instructive to examine an approximation at this point. 

Using the fine-structure splitting angular frequency co=6.6469*IO9s 1 

and decay rate y=6.27xl08s 1 we find k=2&)/y =21.2. If we make an ex

pansion of the p-state probability in terms of I/k and keep terms to 

order 1/k 2 (since for zero magnetic fields !/K2=O.0022 we expect this 

approximation to be quite good) we obtain

|pcZ>lz=  ̂ [ A ' e - B ' e  -  G e'azGOS(sz- 0)] (30)
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where (
U = K H - S 23 a =  V/ZV , « = a (l _ 7u), 5- w -ZIT/v ,

A  = A s e K ^ A p ^  + z e - ^ - h A s A p e l j V i r - O c o ^ X l - * ) ^ ] ,

3  = As ^ 2+ ^A^tl+^e+Vw 1) -A s  Ap£[(l+Hvi )cv&A—( h- ^ - ) - ^ ^ ]^

C =  2 A f G 2 - 2 A p e " - 2 A s A p e [ c o s A -

+ 2 A . \ e ( ^  +  # s w A ) ,

G" = -V c2 + [)2 '} (p— cos 1 ( c / & ) .

Here £ is a measure of the electric field

£ =  l^l/K. =IVlZidW (32)

It will later be shown that V = /3 a^ eE where E is the applied field 

and where a^ and e are the Bohr radius and electronic charge respec

tively. We can then write

£=-§-, E 0 =  W Z V s a oC =  H-77.3 4  5 volts/cm (33)

Typically we use electric fields of about 324volts/cm. Here ti- is the 

fine-structure splitting. We include this high frequency approximation 

(1/k 2« 1 )  because it demonstrates the general features of the radiation 

profile. Note that y appears only in the form y/u (in the factor & ) 

which is the ratio provided by the free-decay analysis. The oscil

latory term may be written as
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cos (zoo V I+H e V u  -  (/>) ^

which, aside from the phase factor <j), lacks any dependence upon y ; 

rather, it exhibits only a dependence upon the state separation (0, the 
field strength e and the (unknown) velocity U . What this tells us is 

that any dependence upon Y in the exact expression for the p popula

tion, aside from the ratio y/u, will be small. Hence, we will have to 

be very careful in selecting the amplitude initial conditions for the 

uniform field in order to expect to extract meaningful values for y.

Now that we have a means of following the quantum beat (QB) pro

file when the beam is in the uniform field region .we must provide a

means of establishing the initial amplitude magnitudes A , A and thes p
initial phase difference A = 0^ - 0^ produced as the beam travels 

through the fringe field. These results must then be extended to ac

count for hyperfine structure, the effects of a beam velocity dis

persion, and detector's observation of a finite portion of the beam 

(detector window).

Analytical Fring-Field Model

Probably the most direct way to estimate the amplitudes after 

they've passed through the fringe field would be to measure the fringe 

field and then provide for a computer integration of Schrodinger's eq

uation, i. e. ,- the amplitudes equations of Eqs. (10) and (11), as the 

atoms were through the nonuniform field. We do this in the analysis
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chapter (Chap.4).

Such computer solutions may become, expensive if high accuracy

and large quantities are required. If a model of a fringe field could

be developed for which analytical solutions to the amplitude equations

could be found then analysis of the effects of the fringe field would

■be greatly facilitated. Such a model first developed by Rosen and

Zener has recently been extended by Robiscoe to include decaying levels
19as well as a rotating field. The following is an outline of some of 

the results as applied to our problem.

Consider subjecting our two-level system to a coupling of the

form
W (t)=Vsech (irt /T ), W(t)dt ^ V T 1

(35 )

Writing p(t)-P(t)e ^  the new amplitude equations will be
.C-Iflt

(36 )ihs = Petn* , IhP = W ttjse

where fi = CO + iy/2. Uncoupling these equations and making the trans

formation

Xlti= i[taHh(TVt/T)+ ' ] (37 )

the uncoupled amplitude equations are each transformed into a hyper

geometric equation. Subjecting the solution to the initial conditions

IS I t I , Btt-*-*)= O (38)

the following amplitudes are obtained

p(t) — (a/|0i) x* g ̂ tyz £ , <p~a. > <p-Y i; z) (3 9 )
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where

G=VTZirt,, = I  + (YT/̂ -tt) -  i (wT/2tt) , t=Z/ir,

20
(40)

and F is the hypergeometric function.'

These results provide us with a model for a fringe field of a 

parallel plate capacitor configuration; for we can use the results for 

the fringe field amplitudes as initial conditions for a uniform field 

region. Note that at t=0, z=0 and x=%. The total field profile is 

then
f
Vseclq(TizZuT) for Z < 0

(4-1)W  = <
V for z. > 0

The length of the fringe field may be established by its half-width- 

half-maximum which is related to T by

AZHWHM T u  (42)
This completes our development of a model fringe field for estimating 

initial amplitudes. We must now examine the complications arising 

from the hyperfine structure.

Hyperfine Complications

A discussion of the hyperfine problem details are given in ap

pendix 2. Here we will only be concerned with the results.
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Resolving the electric field into Cartesian components and de

fining

E± ~ Exr ̂  2 Ey , (43)
the dipole matrix elements between hyperfine states may all be written 

in terms of three scalar products involving the elementary n,&,m^ wave- 

functions

V m  =  (3/n[I)a0e  E_ =  <2p(m£=-ti)'(H 5I (44) 

Vv 1 - - ( 3 / V I ) a pe E + =  <2P(viA£=-i)|Hsl2S> (45)

V . = - 3 G . e E z = ( 2 P ( %  =  0)|Hs|2S> (46)

The first two V+^, V  ̂ involve electric fields perpendicular to the 

quantization axis while the last one, V , involves electric fields 

parallel to the quantization axis. In table I we show the dipole cou

pling between hyperfine states. Note that there are two types of 

transitions allowed by the coupling, ones for which Am^ = ±1 and ones 

for which Am^ = 0. Which transitions occurs depends upon the elec

tric field orientation

AiRg = 0 C-Transitions f 0 (Ej| )

Amf = + I- TT-Transitions E 3E ^ 0 (Bi #0)
t x ■ y J_

In figure 3 we illustrate the transitions which may occur for dipole
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TABLE I

HYPERFINE DIPOLE MATRIX ELEMENTS

<2aPi/2(f?mf)ler°E i22Si/2(f9mf)>

2aSi/a I O

I 1/2
Z2Piz2 f I O

I j f
\ m f

m f \
I O -s O

I X n . O - n .

I 1
2

I O n + O n . 2

- I O IL -2 IL

O O - n * 2 n . O
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Fig. 3. Allowed hyperfine transitions. For dipole coupling 

(J-transitions arise from components of the electric field parallel to 

the quantization axis; ^-transitions, from E-field components per

pendicular to the quantization axis.
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coupling. Depending upon how the orientation of the electric field 

is chosen the hyperfine problem can be reduced to four two-level prob

lems when the electric field is parallel to the quantization axis, two 

four-level problems when perpendicular to the quantization axis, or a 

single twelve-level problem for arbitrary electric field direction.

By choosing the z axis to lie in the direction of the electric 

field the otherwise complicated coupling between the hyperfine levels 

reduces to four independent two-level problems. We may, therefore, 

write the total population as an average of the hyperfine state popula

tions (characterized by Wi,..,.,It)

|p(7)lZ= if [21P(OJ1JZ)I2+ Ip(W3JZ)I2 + Ip(WqjZ) I2J (47)
where the OK are the hyperfine level separations . 832875XIO9 s ^

w =7.204749xl09s-1 , and CO, =5.71725xl09 s"1 ) .3 4

Contributions from Window

Up to now the expressions for |p(z)|2 represent the population, 

of the p state at a point z. No attempt has been made to account for 

the fact that a real detector obtains its signal from a finite portion 

of the beam. It is a simple matter to calculate the effects of such a 

window if we assume that the window has a rectangular profile. Con

sider, then, a rectangular window which observes a length w of the 

beam. The radiation observed for detector position z will be pro

portional to
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---------- i r w/z
Ip(Z)Iz =  U / J_w/2 l p ( z + z , ) |2'dz-'  ̂ • (48)

where w is assumed to be small compared to the detector-beam separation 

so that 1/r2 effects may be neglected in this approximation. Using the 

exact p-state population of Eqs.(31) the actual radiation profile in

cluding window will be proportional to (dropping the average value sign) 

Ip(z ) 12 =  - j j [A 6 ^  + Be. G e -a  ̂F (S z -^ )J  (49)

where .
A =  (2A'/w<x) eiviIq (wc(/2) j B =  (2B7w ^) si‘/ih(w/3/2),

F(6z-|il) = Xcos(sz-9S)

X  =2[^s«v>^aw/2)coiCSw/i)+S coskaw/z) Sfh(Sw Zi)JZwca^giJ (50) 

X  ~ 2 smh l&w/z) Gos (sw/z.) - a cqsiV m v /z) sw (sw/z)J/w(a1+ 8^).

The remaining factors may be found defined in Eqs. (31)

It is now a simple matter to account for a velocity dispersion, 

Au/u T6 0. Upon entering the fringe field, a length A£ of the radiating 

beam spreads according to

A Z  = A X  +  ^J-Z . (51)

We can therefore account for a velocity dispersion by including a z-de- 

pendent increase in the window

W  —> W  + Z- . (52)

This completes our development of the two-level problem and its 

application to the hyperfine system. We will next examine the appa
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ratus used to obtain the data and some of the difficulties encountered.



CHAPTER III

EXPERIMENTAL APPARATUS AND DATA

Production of a Pure Metastable Beam 

The proton beam used in production of the metastable hydrogen 

beam is provided by a 50 to 130kV accelerator (Texas Nuclear Model 

9501-1 Neutron Generator modified as a proton source). Two alignment 

magnets are placed at the output of the accelerator allowing precise 

vertical and horizontal positioning of the beam (see Fig. 4). The 

pressures at the accelerator's output are maintained from 5pT to 7.5pT 

(IyT = 1x10 6HimHg) during operation by a four inch diffusion pump.

This replaces the less efficient system originally on the accelerator 

and provides a factor of four improvement in the vacuum. An electro

static focusing lens (a quadrupole doublet, Texas Nuclear Model 9515) 

is employed to concentrate the diffuse beam, thereby increasing the 

useable beam by a factor of five at least. The proton beam is then 

velocity selected from the non-proton components (like H*, 0, , N^

etc.) and is deflected approximately 20° from its original direction. 

Because alignment of this proton beam is so critical we have instal

led two triming magnets, one upstream and one downstream from the an

alyzing magnet. Each of these magnets provides adjustable vertical 

and horizontal deflection of the beam and are found to be indispensable



35

Fig. 4. Layout of apparatus. Drawn approximately to scale.
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in maximizing the downstream beam current especially when a new beam 

velocity is selected.

The proton beam is partially converted to an atomic hydrogen 

beam by passing through a cell where the pressures are maintained suf

ficiently high so that the proton is likely to acquire an electron via
21collisions with the background gas. This charge exchange region is 

enclosed by two adjustable, circular apertures. The upstream (#1) ap

erture's diameter is 1.083+0.002mm and downstream (#2), 0.980±0.003mm. 

The pressures within the charge exchange cell are maintained by a 

Granville-Phillips leak from 3OmT to 45mT (depending upon the run) to 

within less than 1% as monitored by an MKS Baratron pressurerneter 

(type 77).

Upon leaving the charge exchange cell the beam is composed of 

protons (which survived collisions) and hydrogen atoms in many excited 

states as well as ground state hydrogen. Because of very short natural 

lifetimes many of the excited atoms quickly decay to the ground state 

or one of the other longer lived s-states such as 22S^, 32S^, etc. and, 

therefore, don't present cascade problems downstream in the measurement 

regions. The protons do cause difficulties if a sufficient number are 

present in the beam; because they produce electric fields which quench 

some of the 22S^ metastables and, therefore, act as a source of stray 

electric fields. Removal of the protons is accomplished by a magnetic
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field which bends the proton beam from the neutral beam. Originally

an electric field was employed to deflect the proton beam, but because

of charge accumulation on the plates providing spurious stray electric

fields they were replaced by an external magnet.

This proton sweep field serves another purpose. The n > 2 s

states are also metastable (S2S1 and A2S1 states have lifetimes of% %
160ns and 230 ns respectively ). With beam velocities of over 1% the 

speed of light this corresponds to distances of almost a meter and 

these states would survive to the experimental chamber if they were not 

quenched by the sweep field. Roughly 50% of the 2ZS^ metastables are 

quenched from the beam as a result of the motional electric field pro

duced by the sweep field magnet. Since the transition probability is 

approximately proportional to the square of the coupling, and the 

square of the dipole coupling for the n = 3, 4 s levels to the nearest

p levels are roughly six and twenty times the square of the 2s - 2p
23 'dipole coupling; we may therefore be assured that upon entering the

experimental chamber all states other than the 22S^ state have been 

depopulated and we have remaining an essentially pure beam of 22S^ 

metastables. Ground state atoms are present in great number but don't 

affect the results and may be neglected. A distance of about 60cm sep

arates the charge-exchange cell and the experimental chamber allowing 

sufficient time for depopulation of all but the 22S^ level..
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Experimental Chamber and Radiation.Detection

Before entering the experimental chamber the.metastable beam is 

collimated by a rectangular aperture. A rectangular aperture is used 

since it allows a wide.beam to pass through the chamber's electric 

field regions taking advantage of the symmetry of their fields and in

creasing the measured radiation by up to six times the radiation ob- „ 

tained from a circular aperture. Each of the four plates comprising 

the aperture can be moved independently and for purposes of knowing 

where the beam is during alignment the beam current on each plate can 

be monitored.

Within the experimental chamber are placed four electrode con

figurations for the application of electric fields the the beam (see 

Fig. 5). The first electric field region is the quench field; Here 

it is possible to remove all the metastable component from the beam 

(for purposes of taking background counts) by applying large voltages 

to the plates. (Although 500V seemed to quench all metastables we use ■ 

I.5kV.)

Next the decay induction sandwich provides a spatially short 

electric fiels to the beam thereby allowing conversion of a fraction of 

the 22S^ metastables to the Z2P^ atoms in a small distance. The field- 

free decay of the new Z2P^ state can then be observed shortly after 

the sandwich because the ground plates prevent the field from ex-
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Fig. 5. Electrode geometry in experimental chamber drawn ap 

proximateIy to scale. With enlargement of the decay induction sand 

wich and entrance to uniform field region.
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tending very far downstream.

The uniform field region is designed so that the length of the 

fringe field was held to a minimum. If the fringe field is too long 

there will be no modulation in the field-induced radiation profile, 

therefore ground plates are added to shorten the fringe field. (In the 

next chapter we examine the fringe fields more carefully.)

The last field is employed to remove all traces of protons from 

the beam. During the course of a run the alignment of the beam would ' 

change sometimes allowing more protons to enter the experimental cham

ber. These few extra protons do not modify the radiation profiles 

enough to be measured but they are detected by the Faraday cup like 

hydrogen atoms. The final sweep plates are provided to assure that the, 

Faraday cup only indicates the intensity of the hydrogen beam. 650V 

assures that no protons enter the Faraday cup; IkV is used.

When a fast beam of protons of hydrogen atoms strikes a metal 

surface many electrons are scattered from the surface and are called 

secondary electrons. The Faraday cup is biased to collect these sec

ondary electrons (see Fig. 6); the current so produced provides a 

measure of the hydrogen beam intensity.

The Lyman-a radiation resulting from p-state decay is monitored 

by a Channeltron electron multiplier (CEM, Galileo Electro-Optics, 

formerly Bendix). To prevent, detection of ions the CEM is enclosed in
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Fig. 6. Faraday cup is biased to measure the secondary electron 

current produced by the hydrogen beam thereby indicating its intensity. 

A quartz target is provided for direct viewing of the beam when the 

metal shield is rotated from the beam's path. A switching circuit is 

provided (not shown) to monitor either the proton current, or secon

dary electron current produced by the beam.
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a metal box and sees the beam through a LiF window. The portion of the 

beam observed is restricted by a slit on the cart's face. The cart as

sembly rolls on tracks which parallel the beam, and is held against a 

positioning rod by a pulley system with small weights which hang down 

into the throat of the diffusion, pump beneath the experimental chamber. 

The rod extends through a feed-through to the exterior where its posi

tion is manually controlled by a micrometer head and calibrated spacers. 

See Fig. 7 for details of the cart and its electrical connections.

Figure 8 shows a block diagram of the counting electronics. If 

the beam never changed its intensity we would have been able to record 

the CEM counts (proportional to the Lyman-a intensity) for a preset 

time then change the cart's position and repeat the process obtaining 

a radiation profile. However, the beam is not stable either for short 

or long times, so the CEM counts must be recorded for a preset number 

of hydrogen atoms passing the detector. The Keithley Model 601 elec

trometer provides an output which is fed into a voltage-to-frequency 

converter (VFC). The frequency output of the VFC is proportional to 

the secondary electron current measured by the electrometer and hence 

to the hydrogen atom beam intensity. A Canberra Model 1790 counter

timer counts the VFC frequency pulses for a preset count. During this 

counting time the CEM counts are recorded in the counter's second chan

nel. When the preset count is reached by the VFC counter both channels
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Fig. 7. Lyman-a detector. The CEM cart is shown observing the 

rectangular beam within the uniform field region. Note that the bias

ing of the CEM is necessary to repel any stray electrons from detection.
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Fig. 8. Counting electronics.
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stop their accumulation. In this way the CEM counts are integrated 

against the hydrogen beam intensity.

Depending upon the run, secondary electron currents are found to 

range from I5OnA to 950nA as measured in the Faraday cup by the electro

meter. The -IV full-seaIe-deflection output of the electrometer cor

responds to a VFC output from 3kHz to 5kHz (the higher frequency was 

used in the earlier runs). Provided the electrometer is zeroed for 

each count it has a measured precision and drift of 0.075%. The VFC is 

"homemade." It has a 741 operational amplifier on input driving a 566 

function generator. The voltage input for calibration is controlled 

by another 741. The measured precision and drift is 0.11%. The VFC's 

audio monitor is valuable for alignment purposes and for keeping con

stant check on the running of the machine; for we are no longer 

"glued" to a meter and can. concentrate on other adjustments while 

"listening" to the beam.

For both the free-decay (FD) and quantum beat (QB) radiation 

profiles, CEM counts are recorded for a preset number of hydrogen atoms 

then the cart is moved and the next reading is taken. Because of col

lisions with the molecules in the vacuum a background count is observed 

and must be subtracted from the.signal. Ideally one would record a 

count with the coupling fields on then record the background count 

(with the coupling fields still on) while the upstream quench field
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removes the metastable component. It is observed, however, that two 

minutes are required for the metastable intensity to return to its for

mer size prior to turning on the quench field. To avoid excessive wait 

times the FD backgrounds are taken after the decay profile is obtained. 

If the beam touches the decay-induction sandwich then a pronounced in

crease in the background is observed having an exponential tail. Col

lisions with any part of the field electrodes is avoided as much as 

possible.

In the uniform field region the beam never directly hit any 

electrode structure and the background counts are fairly uniform. The 

slight nonuniformity of the background may be attributed to atoms 

scattered out of the beam path which collide with the ground structure 

at the front of the plates. Because of the uniformity of the background 

in this region we need only record a few background counts.

The above two-minute wait period after turning off the quench 

field is disturbing; for it suggests there is charging of some surface 

in the vicinity of the quench plates. Attempts were made to determine 

the source of the charging by switching the polarity of the quench 

plates, etc. We feel that such a charging could arise from field- 

induced charging of insulating surfaces within the electrode structure 

itself. When the fields are turned off some time is required for the 

charge to bleed away or be neutralized by the space charge emitted
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from the beam.

Sources of Difficulties

Charging problems were observed in the data since the outset of 

this experiment. The first obeserved effects were found to arise from 

charging of the sweep-field electric field plates. Originally an elec

tric field was employed to remove the protons from the beam before the 

third aperture. During running the beam produces ions as it experi^ 

ences collisions with background molecules in the vacuum. If an elec

tric field is applied to the beam these collisionally produced charged 

particles will respond to the field and could attach themselves to any 

insulator in the vicinity of the field. The effect would be to neu

tralize the field. When the applied field is turned off the residual 

field from the accumulated ions provide a field yet capable of quench

ing metastables. In time the charges are neutralized by the continued 

beam-ion production. These characteristics were finally observed in 

association with the operation of the electric sweep plates. The 

charging phenomena could account for as much as a 40% long-term drift

in the signal. Because the electric plates were employed on a pre-
’ 24vious experiment with apparent success they were never suspected.

The problem was difficult to locate since the time constant associated 

with the charging was about I hour. Shortly after the charging was 

discovered the plates were replaced by an external magnet which pro
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vided a solution to this charging problem; however, it served only to 

unmask other difficulties in the experimental chamber.

It was discovered that the free-decay radiation count at any 

position was affected by the past history of the cart's location. The 

radiation counts would be different at the same z depending upon 

whether the cart had been upstream or downstream previously. After 

several minutes this "history" was forgotten and the signal returned to 

its equilibrium value. Numerous charging schemes were advanced to ex

plain such observations. At one point we were convinced that in the 

absence of the cart a cloud of electrons would form ("electron fog 

hypothesis") on the downstream side of the decay induction sandwich. 

When the cart returned to take a count it provided a nearby grounded 

surface and the cloud would slowly disappear. This idea was rejected 

when it was discovered that several small holes in the face of the cart 

admitted electrons to the cart's interior which were eagerly counted by 

the GEM. Covering all holes and cracks in the cart still didn't com

pletely solve the problem of a spurious signal, however. It was neces

sary to negatively bias the mouth of the CEM to repel all electrons 

before the "history" problem ceased.

Reproducible data could now be obtained but the free-decay 

curves indicated that the accelerating voltage was as much as 70% . 

higher than the accelerator setting indicated. The logarithms of the
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decay curves always seemed straight enough; so, again the charging hy

potheses were resurrected. To eliminate as many insulating surfaces as 

possible the experimental chamber was entirely rebuilt and redesigned. 

All large pieces of plastic were removed. Despite these precautions 

the data still indicated that the beam velocity was too high. A de

tailed investigation ultimately revealed that Lyman-a radiation from 

upstream was reflecting off the beveled edge of the downstream brass 

slit directly into the GEM. The slits were replaced with 0.OOlin brass 

which served to eliminate the problem.

The problems of signal drift and charging have not been solved 

entirely. In examination of the FD results to follow we will find that 

the standard deviation of the "slopes" m = y/u exceeds the expected 

standard deviation by a factor of four in at least one case. Such a 

large deviation is felt to arise from inadequacies in the positioning 

device rather than stray fields. To completely eliminate all charging 

problems we would have to remove all insulting surfaces which are ex

posed to the beam— another overhaul which would require a redesigning 

of all electrodes. However, since the major difficulties had been - 

solved it was felt that even at a sacrifice Of accuracy we would con

tinue and attempt completion of the measurement rather than rebuild 

the electrodes.

In the process of eliminating problems many factors were consid
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ered which might influence the metastable content of the beam. Vacuum 

pressures were not good throughout the machine except perhaps the ac

celerator vacuum pressures. Vacuum pressures in the accelerator, the 

sweep-field region, and the experimental chamber were all' changed sig

nificantly in attempts to modify the signal, however, no changes were 

observed in the field-induced signals. The only changes were increased 

background counts in the experimental chamber as the experimental cham

ber's pressure increased. The charge-exchange-cell pressure is impor

tant, but fortunately we always operated in,a plateau region and were 

able to maintain the pressures to within 1% of the starting pressure; 

so, we anticipate that there will be no measurable error introduced by 

the cell (see Fig. 9).

The applied voltages must be known accurately and held constant.

A Data Precision (Model 2440, kh digit) digital voltmeter (DVM) is used 

to measure all voltages. Although this DVM shows only a 0.024% stan

dard deviation on successive measurements of a standard cell during the 

course of a run, in comparing its readings to a Fluke DC Differential 

Voltmeter (Model 881A) there is a deviation of 0.134%. Such discrep

ancies are not responsible for the final error in the decay-rate value, 

however.

An important factor in reducing the metastable content of the 

beam is the magnetic field produced by the sweep-field magnet. In Fig.



56

Fig. 9. Counts vs charge-exchange-cell pressure. The charge- 

exchange- cel I pressure is selected near the middle of the Lyman-a count 

plateau. The plateau region doesn't change its position significantly 

for beam energies from SOkV to 120kV.
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RUN G3

8 5 kV Accelerating Voltage

CHARGE EXCHANGE CELL PRESSURE (mmHg)

FIG. 9
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10 we show the metastable signal as a function of the sweep-field-mag- 

net current. To essentially eliminate the protons from the beam re

quires quenching roughly 50% of the metastables. With such a slope 

the effects of a small change in magnet current will be reflected by 

the metastable content of the beam. The measured standard deviation of 

the magnet current during a run is 2.3X10 4A (0.15%) which corresponds 

to an uncertainty in the counts of 15 counts out of 9000 or an uncer

tainty of 0.17% which is small compared to the anticipated 1.05% stan

dard deviation associated with Poisson statistics.

Having eliminated all obvious difficulties in the apparatus and 

assured ourselves that random error from the equipment should be small, 

we can investigate the data.

Final Data

After the p state has been produced from the s state in the de

cay-induction sandwich we monitor the field-free decay radiation as a 

function of distance. We must be sure that the data is recorded only 

in a field-free region and that the fringe field does not extend into 

the data taking region. In Fig. 11 we show the radiation profile as

sociated with the sandwich. When the field is on the profile repre

sents the p-state population, when off, and the third aperture is 

opened, the radiation shows the outline of the entire electrode region.
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Fig. 10. Sweep-field signal quenching. Motional quenching of 

metastables from proton sweep-field magnet is shown together with 

proton sweep characteristics.
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Fig. 11. Decay-induction sandwich. Shown drawn to scale along 

with the field-induced signal and the collisional background signal 

(indicating the position of the structure). The detail drawing shows 

a central field plot made in a field-mapping tank. Note the effects of 

a finite detector window in the observation of a signal before reaching 

the position where the field is nonzero.
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Comparing the radiation profiles with the field map we see that any 

data taken after 0.25in is probably free of all effects of the field.

To be safe we usually take all free-decay data at 0.3'in or further 

downstream. The natural logarithm of one of the decay curves shown in 

Fig. 12 verifies these conclusions.

The Lyman-a signal as a function of sandwich voltage is shown in 

Fig. 13. The operation voltage is usually from 300V to 400V. The 

voltage here refers to the total applied voltage; +V/2 is applied to 

the upper (or lower) plate while -V/2 is applied to the lower (or upper) 

plate.

Several sets of free-decay data usually are taken during each 

run both before and after the quantum beat data are recorded. Accel

erating voltages from SOkV to I2OkV are used since the accelerator per

forms best in this range, though some of the preliminary runs were made 

at lower accelerating voltages. Often up to six hours of running are 

required before the machine settles down and runs smoothly, because of 

this the runs usually begin late morning and continue through the night 

into the next morning to take advantage of a less active line voltage 

during the night. In tables 2 - 5 we present the free-decay data 

associated with the quantum-beat runs along with a linear regression 

performed upon the log of the net signal

i/n(N “Nb) No “ rri z .

63

(53)
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Fig. 12. Verification of field-free region. Sample data show

ing excessive size of signal at z = 0.2in. Data at z = 0.25in and be

yond shows acceptable fit to straight line. We usually consider 

z > 0.25in to be the field free region to be sure of no interference 

from possible fringe field. The straight line is a least squares- fit 

to the natural log of data past 0.2in. Assuming y = 6.27xl08s 1 we 

obtain 65kV as accelerating voltage (meter on accelerator indicated 

60 - 61kV). Background was subtracted from the data used to produce

the graph.
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Fig. 13. Free-decay radiation vs conversion voltage. The suc

cess with which the decay-induction sandwich converts metastables to p- 

state atoms is shown as a function of applied field strength.
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TABLE 2

FREE-DECAY DATA: RUN T18

85kV ACCELERATOR SETTING

z (in) N Nb z (in) N ' Nb Log fit results

DATA SET 4: V = 3 2 0 V, Ave. count time = 68s, taken before QB data
0.25 12054 386 0.80 1466 66

0.30 9733 249 0.90 1034 61 m=3.8300in ^=1.5079cm 1
0.35 8006 180 1.00 747 59 In(N0) = 10.3166
0.40 6 6 5 5 160 1.10 490 58 correlation coefficient
0.50 4456 104 1.20 366 57 = -0.99985
0.60 3180 81 1.30 274 72
0.70 2196 70

DATA SET 6: V = 330V, Ave. count time = 130s, taken after QB data
0.30 19515 487 0.60 6145 155 m=3.8449in ^=I.5138cm 1
0.40 13225 289 0.80 2919 138 In(N0) = 11.0043
0.50 8 8 9 3 162 ■ cor. coef.=-1.00000

DATA SET 7: V = 330V, Ave. count time = 130s, taken after QB data
0.30 30224 222 0.60 9522 190 m=3.8406in ^=1.5120cm ^
0.40 2 0 2 6 6 184 . 0.80 4561 187 In(N0) = 11.4469
0.50 13630 164 cor. coef.=-0.99985

COMBINED RESULTS OF LOG FITS--ESTIMATE DF m
Ave. slope: <m> = 1.511±0.003cm'(±0.2%). Using 
Y = 6.27xIO8s 1 we determine that U = 4.126x108cm/s 
and the accelerating voltage would be 88.85kV.
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TABLE 3

FREE-DECAY DATA: RUN T19

’lOOkV ACCELERATOR SETTING

z (in) N Nb z(in) N Nb Log fit results

DATA SET 9A: V = 360V, Ave count time = 123s, taken before QB data.
0.30 15606 163 0.80 2798 105 m=3.5252in 1=1.3879cm 1
0.40 10799 121 1.00 ' 1385 97 In(N0) = 10.699
0.50 7741 115 cor. coef.=-0.99991

DATA SET 9B: V =  360V Ave count time = 133s, taken before QB data.
0.30 15699 196 m=3.5236in ^=1.3 8 7 2 5 cm 1

0.50 7772 104 In(N0) = 10.706
0.80 2 7 6 3 101 cor. coef.=-1.00000

DATA SET 11A: V = 360V, Ave count time = 125s, taken after QB data.
0.30 15828 146 0 . 7 0 3 8 8 8 98 m=3.5474in ^=1.3966cm 1
0.40 11249 124 0.80 2775 96 In(N0) = 9.6286
0.50 7803 111 cor. coef.=-0.99997

DATA SET IlB: V = 360V, Ave. count time = 125s, taken after QB data.
0.30 15684 121 0.80 2 7 4 8 96 m=3.5420in ^=I. 3945cm
0.40 11060 100 In(N0) =-9.6157
0.50 7695 95 cor. coef.=-0.99998

DATA SET HG: V = 360V, Ave count time = 128s, taken after QB data.
0.30 15683 134 0.80 2733 96 m=3.5443in ^=1.3954cm 1
0.40 10945 112 In(N0) = 9.6147
0.50 7775 ' 103 cor. coef.=-0.99999

<m> = I.3923+0.004cm  ̂ (±0.3%) giving Accel. Vlts. = 104.7kV
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TABLE 4

FREE-DECAY DATA: RUN T22

9OkV ACCELERATOR SETTING

Z  (in) N Nb z (in) N Nb Log fit,results

DATA SET 3E : V = 360V j Ave. count time = 379s, taken before QB data.
0.30 37174 346 0.50'" 17448 299

-I -Im=3.8467in =1.5144cm
0.40 25344 2 89 0.70 8194 2 9 4 InN0=Il.670,c.c.=-.99999

DATA SET 3F: same but Ave. count time = 386s
0.30 3 6 5 7 9 365 0.50 17273 297 m=3.7714in ^=1.4848cm 1 '

0.40 2 5 2 6 6 294 0.70 8310 2 81 InN0=Il.630,c.c.=-.99998

DATA SET 3H: same but Ave. time =  369s
0.30 37114 328 0.50 17373 302 m=3.7742in_1=l.4859cm_1
0.40 25209 344 0.70 8 3 8 5 2 8 3 InN0=Il.638,c.c.=-.99994

DATA SET 31: same but Ave. time =  375s
0.30 36508 399 0.50 17395 331 m=3.7874in-1=l.4911cm-1
0.40 25082 314 0.70 8 2 3 5 300 InN0=I l .6 3 3,c.c . = - . 9 9 9 9 8

DATA SET 6A: V =  360V , Ave. count time =  414s, taken after QB data.
0.30 3 3 9 8 4 330 0.50 15785 305 m=3.8327in 1=1.5090cm 1
0.40 23432 340 0.70 7573 284 InNn=Il.754,c.c.=-.99994

DATA SET 6B: same but Ave. time = 411s
0.30 33925 337 0.50 15636' 309 m=3.9059in-1=l. 5377cm""1
0.40 23016 2 80 0.70 7340 295 InNn=Il.593,c.c.=-1.0000
<m> = 1.504+0. 021cm_1 (±1.4%) giving Accel. Vlts. = 89,72RV
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FREE-DECAY DATA: RUN T23 

105kV ACCELERATOR SETTING

TABLE 5

z (in) N V z (in) N Nb Log fit.results .

DATA SET 3A: V = 360V, Ave. count time = 167s, taken before QB data.
0.30 19616 186 0.50 9703 145 -m=3.4762in ^=1.3686cm
.0.40 13662 179 0.70 4 9 2 6 . 109 InN0=IO.9085,c.c.=-.99990

DATA SET 3B: same
0.30 19231 ' 159 0.50 9 6 9 6 146 m=3.4464in ^=I.3568cm ^
0.40 13502 136 .0.70 4 8 9 9 H O InN0=IO.886,c.c.=-.99997

DATA SET 3C: same but Ave. time = 165s
0.30 19209 179 0.50 9 7 3 8 128
0.30 19318 163 0.50 9716 161 m=3.4525in ^=I. 3593cm
0.30 19125 158 0.70 4939 107 In(N0) = 10.8941
0.40 13740 135 0.70 4907 H O cor. coef. = -0.99995
0.40 13836 ' 176 0.70 4877 107

DATA SET 5: same but Ave. time = 140s, taken after QB data.
0.30 19275 408 0.50 9 8 8 6 155 m=3.4771in ^=1.3689cm ^
0.40 13811 271 0.70 4894 191 InN0=IO.901, c.c.=-.99966

<m> = I.3634±0.0063cm  ̂ (±0.46%) giving Accel. Vlts. = 109.2kV
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Later we perform fits to an exponential function; the log fits serve 

only for illustration and obtaining approximate - values. Figure 14 

shows a sample of the free-decay data for a single run on a log plot.

The quantum-beat data are recorded in much the same way as the 

free-decay data only a smaller step in position is made.■ The optimum 

voltage is obtained by recording the first peak and valley counts at 

several voltages. We demonstrate the results in Fig. 15. About 100V 

applied to the uniform-field plates usually produces the best results. 

The loss of modulation at higher voltages is a result of the demodulat

ing effects of the detector window. Eventually for sufficiently high 

fields the spatial wavelength of the oscillation would be the size of 

the window so that no quantum beats would be'observed.

As for the decay-induction plates the voltage on the uniform- 

field plates is symmetrically divided between the plates (+V/2 on one; 

-V/2 on the other). The quantum-beat, data is presented for each run in 

tables 6 - 9• The recorded backgrounds are averages of a few record

ings. A plot of run T23 is shown in Fig. 16.

We have discussed the essential features of the apparatus and 

the difficulties encountered in obtaining the data. We now need to 

analyze these data we have just presented and extract a lifetime 

measurement from them. We conclude this chapter with a summary of the 

operating conditions in table 10.
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plot.

Fig. 14. Free-decay data for Run ,T18 is shown on a natural log 

See table 2 for a listing of data.
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O  SET 4
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A  SET 7

FITTING FUNCTION 

In (N -N b) = InNo -  mz

DETECTOR POSITION (INCHES)

FIG. 14
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Fig. 15. Quantum-beat modulation. The peak radiation intensity, 

initial modulation and signal-to-noise ratio is shown as a function of 

voltage applied to the uniform vield plates.
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RUN T23

Noise = A= V m

• S/m —  Modulation 

O S /A — Signal-to-Noise Ratio

FIG. UNIFORM FIELD VOLTAGE
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TABLE 6

QUANTUM-BEAT DATA: RUN Tl8

z (in) N z (in) N z (in) N z (in) ■ N z (in) N z (in) N

1.50 161 1.78 6221 2.01 6503 2 . 2 4 3553 2.47 3040 2.70 2607
1.55 191 1.79 5030 2.02 6425 2.25 3735 2.48 2 6 9 9 2.71 2 48 3

1.57 251 1.80 4844 2.03 5958 2.26 3967 2.49 2618 2.72 2 3 6 4

1.58 357 1.81 5955 2.04 4 8 7 6 2.27 4183 2.50 2840 2.73 2162
1.59 641 1.82 7 3 9 8 2.05 4109 2 . 2 8 4 1 9 8 2.51 2 8 5 6 2.74 2104
1.60 1127 1.83 8 4 9 6 2 . 0 6 3776 2 . 2 9 3960 2.52 3012 2.75 1970
1.61 2383 1.84 9137 2.07 4072 2.30 3 8 3 8 2.. 53 3018 2.76 2067
1.62 4099 1.85 8 2 7 6 2 . 0 8 4764 2.31 3359 2.54 2 9 6 3 2.77 2131
1.63 6671 1.86 6 9 7 6 2.09 5387 2 . 3 2 3082 2.55 2736 2 . 7 8 2 2 8 4

1.64 9144 1.87 5450 2.10 5 8 3 6 2.33. 3124 2 . 5 6 2521 2.79 2310
1.65 11186 1.88 4514 2.11 5561 2.34 3441 2.57 2579 2 . 8 0 2247
1.66 12003 1.89 4534 2.12 4950 2.35 3621 2.58 2478 2.81 2125
1.67 11325 1.90 5418 2.13 4364 2 . 3 6 3 6 8 0 2.59 2591 2.82 1984
1.68 9412 1.91 6614 2.14 3857 2.37 3499 2 . 6 0 2759 2.83 1810
1.69 7220 1.92 7410 2.15 3664 2 . 3 8 3472 2.61 2840 2.84 1838
1.70 5548 1.93 7675 2.16 4005 2 . 3 9 3188 2 . 6 2 2 6 8 8 2 . 8 5 1887
1.71 5189 1.94 6 8 4 8 2.17 4358 2.40 3 0 6 8 2.63 2 6 4 3 2 . 8 6 2041
1.72 6195 1.95 5710 2.18 4 8 6 9 2.41 2985 2.64 2478 2.87 2075
1.73 8043 1.96 4 6 7 6 2.19 4943 2.42 3047 2.65 2 3 8 8 2 . 8 8 2136
1.74 9 6 6 5 1.97 4104 2.20 4595 2.43 3184 2 . 6 6 2190 2 . 8 9 2021
1.75 10277 1.98 4211 2.21 4257 2.44 3373 2 . 6 7 2232 2.90 1979
1.76 9 6 9 3 1.99 5108 2 . 2 2 3857 2.45 3357 2 . 6 8 2346
1.77 8 0 3 9 1.20 5877 2 . 2 3 3510. 2.46 3180 2 . 6 9 2 3 8 5

Approximate background counts = 150±30



78

TABLE 7

QUANTUM-BEAT DATA: RUN Tl9

z (in) N .z(in) N z ( in) N z (in) N

1.60 . 787 1.83 4085 2.06 5811 2 . 2 9 4180
1.61 1593 1.84 5096 2.07 6251 2.30 3930

1.62 2 9 3 3 1.85 6733 2.08 6199 2.31 3423
1.63 5002 1.86 7805 2 . 0 9 5 3 8 8 2.32 3 2 2 4

1.64 7369 1.87 8601 2.10 4 9 3 9 2 . 3 3 3217
1.65 983 0 I. 88 8261 2.11 4073 2.34 3315
1.66 11456 1.89 7417 2.12 3437 2.35 3 7 3 8

1.67 11730 1.90 5 8 9 7 2.13 3533 2.36 386 3

1.68 10946 1.91 4419 2.14 3934 2.37 3901
1.69 8 81 6 1.92 3752 2.15 4476 2 . 3 8 3 9 4 8

1.70 6 3 8 9 1.93 3781 2.16 4 8 8 6 2 . 3 9 3636

1.71 4596 1 . 9 4 4567 2.17 5302 2.40 3381
1.72 3 9 6 7 1.95 5 6 6 9 2.18 5177 2.41 3117
1.73 4545 1.96 6 75 7 2.19 4959 2.42 3027
1.74 5937 1.97 7231 2.20 4 2 5 9 2.43 296 7

1.75 7960 1.98 7075 2.21 3702 2.44 3182
1.76 9462 1.99 6377 2.22 3374 2.45 3404
1.77 10074 2.00 5 2 6 8 2.23 3316 2.46 3346
1.78 9 6 4 8 2.01 4 2 8 3 2.24 3473 2.47 3613
1.79 7974 2.02 3778 2.25 396 3 2.48 3349
1.80 6258 2.03 3 5 8 8 2.26 4436 2.49 3336
1.81 4489 2.04 4096 2.27 4587 2.50 3025
1.82 4011 2.05 4990 2 . 2 8 4521

Approximate background counts = 74±18
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TABLE 8

QUANTUM-BEAT DATA; RUN T22

z (in) N z ( in) N z (in) N z (in) N

1.60 1740 1.83 10001 2.06 8770 2 . 2 9 5486
1.61 3 5 8 8 1.84 1 1 9 8 8 2.07 7759 2.30 5812
1.62 6 2 6 8 1.85 13221 2 . 0 8 6 6 6 8 2.31 6080
1.63 9919 1.86 13254 2.09 5925 2 . 3 2 6336
1.64 13881 1.87 11785 2.10 5904 2.33 6275
1.65 1 6 7 6 8 1.88 9 8 6 6 2.11 6434 2 . 3 4 5881
1.66 18342 1 . 8 9 7 8 2 6 2.12 7227 2.35 5575
1.67 17797 1.90 6 6 8 9 2.13 7815 2 . 3 6 5167
1.68 15418 1.91 6 4 2 9 2.14 8090 2.37 4958
1.69 11898 1.92 7615 2.15 8037 2 . 3 8 4933
1.70 884 7 1.93 9 3 7 3 2.16 7509 2 . 3 9 5154
1.71 728 2 1.94 10604 2.17 6605 2.40 5502
1.72 7675 1.95 11228 2.18 5913 2.41 5737
1.73 10173 • 1.96 10785 2.19 5 59 2 2.42 5709
1.74 12928 1.97 9390 2.20 589 7 2 . 4 3 5408
1.75 15144 1.98 7 89 8 2.21 6454 2.44 5130
1.76 15857 1.99 6569 2 . 2 2 7005 2.45 4781
1.77 14701 2.00 6319 2 . 2 3 7241 2.46 4504
1.78 11998 2.01 6435 2.24 7131 2.47 4447 '
1.79 925 0 2 . 0 2 7484 2.25 6687 2 . 4 8 4677
1.80 7493 2.03 8771 2.26 6091 2.49 4830
1.81 6695 2.04 9361 2.27 5565 2.50 5224
1.82 7777 2.05 9335 .2 . 2 8 5 3 8 3

Approximate background counts = 146±29



TABLE 9

QUANTUM-BEAT DATA; RUN T23

z(in) N ..z(in) N z (in) N z (in) N .

1.60 1926 1.77 17584 1.94 7477 2.11 7940
1.61 3527 1.78 16914 1.95 9 3 6 7 2.12 6 7 5 8

1.62 6 2 4 9 1.79 14125 1.96 11228 2,13 6130
1.63 10228 1.80 11039 1 . 9 7 12425 ' 2.14 6 2 6 2

1.64 14676 1.81 8244 1 . 9 8 12403 2.15 ■ 689 2

1.65 17729 ■ 1.82 6760 1 , 9 9 11990 2.16 7824
1.66 20136 1.83 7189 2.00 10434 2.17 8831
1.67 2 0 2 6 6 1.84 8 8 1 8 2.01 - 8449 2.18 9030
1 . 6 8 18445 1.85 11544 2 . 0 2 6 9 8 2 2.19 8 8 9 6

1.69 14584 1 . 8 6 13480 2 . 0 3 6465 2.20 8374
1.70 10878 1.87 14928 2.04 6615 2.21 7413
I. 71 7944 1 . 8 8 14753 2.05 7642 2 . 2 2 6631
1.72 7152 1.89 131532. 2.06 9011 ' 2.23 6006
1.73 8 2 7 0 1.90 10815 2.07 10271 2.24 5803
I. 74 11180 1.91 8458 2.08 10495 2.25 6118
1.75 14106 1.92 6695 2.09 10325
1.76 17073 • 1.93 6511. 2.10 9274

Approximate background counts - 210±42



81

Fig. 16. Quantum-beat data for Run T23 is presented,. See table 

9 for details.
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TYPICAL OPERATING CONDITIONS: RUN T23

TABLE 10

Accelerator Voltage Setting = 105kV

Extraction = 0.7mA, Focus = 0.68mA, Leak = 0-. 75mA 

Accel, vacuum pressure = SyT (initially) to 6yT 

Beam current #1 aperture = 2OOyA (includes sec. elect.) 

Faraday cup current = 500nA (#3 aperture open)

VCEM 3kV’ * Vquench lkV’ Vfinal sweep plates 1 5̂kv 
Sweep-field-magnet current = 0.150A

Experimental chamber vacuum pressure = 5yT down to 2yT 

Charge-exchange-celI pressure = 45mT



CHAPTER IV

ANALYSIS OF DATA

Least-Squares Fitting

In extracting values for "unknown" parameters from the data pre

sented in the previous chapter we choose to fit the theory to the data 

by minimizing the weighted square deviation between the data and theory 

accomplished by adjusting the "unknown" parameters, i.e., we adjust the

"unknown" parameters so that X2 minimized where

Xz= 2 - fOji Zi)] Yoi2 (54)
thy^ is the i data point (i = 1,2,...,N) having an estimated stan-and

dard deviation of (for counting CK=Vy^ , Poisson statistics) which 

was taken at position z^; f(a^,z^) is the theory function depending 

upon the unknown parameters a  ̂ (j = 1,2,.. . . ,J). Ideally a fit is "com

pleted" when the parameters a  ̂ are adjusted so that the gradient of %2 

with respect to the parameters is zero specifying a minimum of the y2 

hypersurface. In making these fits one must be careful to determine 

just how unique the fit parameters are. When f(a^.,z^) is very nonlin

ear, and the number of fit parameters is large (J > 5) there may be sev

eral choices of the a  ̂which serve to define relative minima, of %2.

The problem is further complicated if the theory also depends upon pa

rameters which are not free to be fit. In general we can write
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f(a. zO  where we've included a set of parameters b^, k=l,2,...,K 

which are known, e.g., the applied voltage, hyperfine-frequency state 

separations, etc. As the number of a  ̂ and b^ increase we must be very 

careful in selecting our starting values of a  ̂ and in determining the 

values of a  ̂ and in establishing the values of b^.

In what follows we will be referring to the reduced y2 defined

by

Xv = X V ( N - J ) (55)

where V = N - ^ - J  is called the number of degrees of freedom. Usually 

when a good fit is obtained the reduced y 2 will be approximately equal 

to one. If is less than one we shouldn't consider that a better fit 

has been obtained, rather, we've merely fit a statistically unusual set 

of data. Conversely, if is much greater than one we need not con

clude that the theory does not adequately describe the data, for again, 

any single set of data may be "unusual." If on the other hand, is 

found to be large for all data sets analyzed we would then be led to 

conclude that the theory does not adequately describe the data.

Ultimately we need to establish estimations of the standard de

viations associated with the fitted parameters. If the fitting func

tion is linear in the parameters it can be shown that the standard de-
25viation associated with fit parameter a  ̂ may be estimated by

(56)
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where is the diagonal element of the inverse of the X curvature

matrix
-I

€ii 2 Saidaj ■

Such a derivation is. based upon writing

CTa2i = Z iX ( D V D y i1)2] ,

(5 7)

(5 8)
thwhere the derivative means "change in the fit result, Da. when the iJ

data point y\ changes by Dy^." For nonlinear fitting functions we can

approximate X2 with a X2 which is linear in the a  ̂ if we are very near

to the minimum X2 (a.: Vx2 = 0 ). Such estimates of the standard de-
J ~

viations O a . are not always good, especially if the fitting function is 

specified by known parameters whose uncertainties also contribute to 

the fit-parameter error. A method which accounts for all possible un

certainty in the- data and known parameters is to analyze new sets of 

data and parameters which have been generated from the experimental 

data. This simulation method varies the dependent variables y^, the 

independent variables z^, and the known parameters b  ̂ in a random fash

ion according to a normal distribution consistent, with their estimated 

errors.̂  These new sets of data are then fit. Each set of simulated 

data generates a different set of fit parameters; the standard devia

tion of the fit parameters produced in this manner provide a good esti

mation of the expected error associated with the fit parameters. If 

the fitting function is very nonlinear, as in our QB theory, such a



87

simulation method can cost upwards of several hundred dollars of com

puter time for only a few 0^20) simulations. Because of the cost such 

simulations are only provided for a few of the fits.

Analysis of Free-Decay Data: Determination of y/t)

The fitting function we use in determining the decay-rate velo

city ratio is
-m zN(z) = N0G H-NbCz) (59)

where m = y/u and N0 are to be determined by the fit, and N(z) and N̂ (z) 

are the free decay signal and background respectively. Fitting such a 

simple function is an easy matter for almost any nonlinear routine. In 

table 11 we show the fit results for all the runs along with the stan

dard deviation of the fits for each run. Included with these results 

is the accelerating voltage and velocity if we assumed a value for y = 

6.27x 108s 1 (its "accepted" value). Notice that the accelerating volt

age determined in this way is higher than what is indicated by the ac

tual accelerator setting. This discrepancy was observed numerous 

times prior to taking the final data and is not characteristic of only 

the final data. We show the results of data simulation on several fits.

Quantum-Beat Data

The analysis of the quantum-beat (QB) data is considerably more 

involved than the analysis of the free-decay data. We have developed a
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TABLE 11

FIT RESULTS FOR FREE-DECAY DATA

Data m
Run ' Set / -Is (cm ) Fit results

3A 1.36859 m = I.3619cm ^
T23 3B 1.35683 CT = 0.0093(±0.69%)cm-1 m
(105kV) 3C 1.35925 Accel. Volts = 109.4kV

5 1.36892 U = 4.578x10s cm/s

6A 1.51163 .
6B 1.53890 m = I.5048cm

T22 3E 1.51281 CT = 0.0205(±1.4%)cm"1 m
(90kV) 3F 1.4853 Accel. Volts = 89.6OkV

3H 1.49187 U = 4.143x108 cm/s
31 1.4883

9A 1.38432 m = 1.3915 cm
T19 9B 1.38750 O = 0.0053(±0.4%)cm m
(IOOkV) IlA 1.39630 Accel. Volts = 104.8kV

IlB 1.39363 U = 4.481xio8cm/s
H G 1.39550

4 1.54330 - -Im = I.5288cm
T18 6 1.51723 CT = 0.0133( 0.869%)cm"1

TCI
(85kV) 7 1.52581 Accel. Volts = 86.BlkV 

CT = 4.0 68x10 s cm/s

Data simulations: set T22-3E, CMtQ.8%; set T18-4j CT t.0.34% m
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theory which should be capable of describing all the details of the QB 

curve. We have allowed for separate initial conditions for each hyper- 

fine two-level system, calculated the effects of a detector window, an

ticipated the effects of a velocity dispersion, and made provisions for 

estimating the effects of the fringe field. With such machinery we 

should be able to fit the theory to the data and thereby extract a val

ue for the decay rate y. There are many difficulties in making such a 

fit, however.

The QB theory (chapter 2) is developed for a uniform field. 

Therefore, we would not want to insist on fitting any part of the curve 

which resides within the fringe field. This requires our knowing the 

shape of the fringe field and the anticipated radiation profile (p- 

state population) within it bounds. We can determine the fringe field 

by mapping the electric field of a scale model in a field-mapping tank. 

The model -is■ a 33X enlargement of the actual plate configuration (a 

plate separation of 4in corresponds to the actual separation of 0.121in). 

The mapping probe consists of two thin wires 1.5cm long) separated 

by about lmm. When the probe is dipped into the water the potential 

difference between the wires serves as a measure of the electric field 

(60Hz AC is used). The tank is first tested on a simple parallel- 

plate capacitor, and the results agreed very well with the calculated 

fringe field of the simple capacitor (see Fig. 17).
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Fig. 17. Parallel-plate-capacitor field map. The central field 

of a simple parallel-plate capacitor is mapped and compared to the 

field calculated from an ideal capacitor. The actual field is expected 

to have a wider fringe field because the plates have a finite thickness.
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In Fig. 18 we show a similar map for the electrode configuration 

of the uniform field region.- We do not account for the field component 

along the axis in this analysis; it will be a simple matter to extend 

our results if we find it necessary to do so. It is not necessary to 

worry about the field fringing transverse (horizontal) to the beam, for 

the field is sufficiently uniform over a region larger than the beam 

will occupy (see Fig. 19).

The average fringe field profile as seen by the beam would lie 

between the field profiles of the central and edge fringe field. If we 

use the off-axis field as an approximate average fringe field and per

form a computer integration of the amplitude equations through this 

fringe field we obtain an indication of where we can safely say the 

field is uniform relative to the data. We show the results of such a 

procedure in Fig. 20 for the voltage and beam velocity associated with 

Run T23. We see that the first peak occurs within the fringe field. 

Comparing the position of this peak with the data of Run T23 we feel 

safest in starting a fit of our data from I.70in and beyond (the field 

has reached 99% of its full value). We thereby lose the information 

contained in the first peak, unfortunately.

The requisite hyperfine state initial conditions could be ob

tained by performing a computer simulation (as was just done) for each 

of the hyperfine states and for each of the runs. Such a method lacks
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Fig. 18. Uniform-field fringe fields along beam. Electrode

configuration and size of beam drawn to scale.
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Fig. 19. Uniform-field fringe field across beam.
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Fig. 20. First radiation peak in fringe field. If we start the 

fit at 99% full field we need to begin fitting at.z = I.70in in the 

data obtained. The simulation of the problem is an average of hyper- 

fine populations and not a fine-structure calculation.
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flexibility, however, for we could not change the length of the fringe 

field without a great deal of trouble. Instead we employ the analyti

cal fringe field developed in chapter 2. The only parameter we don't 

know is the equivalent half-width-half-maximum length (HWHM) of the 

hyperbolic secant fringe field so that the amplitudes calculated analyt

ically are a good approximation to the "computer" amplitudes. The sim

plest way to do this is to perform several amplitude calculations for 

different HWHM and then compare the results to computer solutions. In 

this way we determine the best HWHM to use is 0.0246in. Figure 21 shows 

how nicely the p-state populations compare. As a check we perform com

puter simulations of the problem for each run and similarly compare 

the results of the hyperfine average with the analytical method's hy- 

perfine average. The results are in excellent agreement. We can now 

estimate the changes produced in the amplitudes because of changes in 

the fringe field, the velocity, voltage, etc. as.well as quickly obtain 

the amplitudes for each hyperfine state. Such flexibility proves to be 

most valuable in selection of the proper fit.

One problem has not been discussed. With the hyperbolic secant 

fringe field the two level system always feels the field because of the 

exponential tail. On the other hand, the fringe field used in the com

puter simulation of the problem probably didn't extend far enough. The 

probabilities of the s and p states are not affected by such a differ-
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Fig. 21. Analytical and actual fringe-field comparison. The 

solid lines represent a computer simulation of the entrance of the 

beam into the fringe field for the measured fringe-field profile. The 

dashed lines represent the problem using the analytical (Rosen-Zener)

solution.
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ence but the phases definitely are. Referring back to the weak field 

expressions for the amplitudes we notice that the phase which accumu

lates in the s state is proportional to the square of the field while 

as soon as the p state is produced its phase accumulates as cot— see 

Eqs. (16) through (18). The phase difference is therefore very uncer

tain, and the phase difference established by the computer simulation 

of the problem is probably as small as the actual phase difference can 

be. Provided the phase difference is increased as cô t for each hyper- 

fine state, we should be able to find the best phase difference by 

starting with the phase difference manufactured by the computer sim

ulation.

Calculation of Window, Velocity Dispersion, 

and 22P ^ 2  Contribution

Now that we have a means of estimating the hyperfine initial 

state amplitudes we need to provide an estimate of the detector window 

size. In Fig. 22 we show a scale drawing of the detector, slit, and 

beaut. We need to determine the observation profile produced by a slit 

moving across the circular detector as viewed from the beam. The prob

lem can be solved analytically but the derivation is quite uninterest- . 

ing; so we only quote the results. In terms of the distances specified 

in Fig. 22 the normalized detection profile is given by the following 

•’.expression:
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Fig. 22. Detector window geometry. We measure a = 0.040in, 

b = 0.0084in, A = 0.507in, and B is designed to be 0.-728in at the cen

ter of the beam (beam diameter is 0.250in).
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where

a(z) =
NLf0vi -+^/2)- F(lxl-AV/z)]i-|<Z<| 
[̂F(1XH-Ax/2)-F(IxI-Ay/z)]̂

F(W)-W-J T2--W1 +• f2- Siyf1(WZr)7 

N-Ax V^HMzf +2r2 Si/)-1 (Ax/2 ), 
K= ZA/B , Ax= bCA+BVB, r=a/z

The area is given by

where
Q = 4-AX/2 , P= A (j/2 B -A x /z ,

G(w) ~-j rz-w?-[fz- ̂ f z/3 ■+ WsiVf1(WZr) t

(60)

(61)

(62)

(63)

In Fig. 23 we show the actual window area compared to a rectangular 

profile with the same area and how the area changes across the beam.

Unfortunately, this careful measurement of the window was not 

helpful. Almost all fit attempts demanded that the window was larger 

than predicted. The window calculated is for a beam traveling through 

the center of the field region. It was discovered that the beam was 

actually closer to the cart than anticipated resulting in a window of 

length 0.047in. There is reason to believe the fits, however. We can 

get an idea of the size of the window from Fig. 11. The extent to which 

radiation produced at the center of the sandwich is observed by the de

tector before the detector reaches the center electrode position indi-
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Fig. 23. Detector-window profile. The variation of the detec

tor ■window.across the beam is shown as a function of distance of detec

tor cart from the beam.
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cates the window's size. It is clear that the window could be larger 

than estimated, especially when we realize that the beam doesn't have 

a uniform crossection and the maximum intensity could range over the 

entire width of the beam or there could be a "hot spot"; such condi

tions were observed to vary from run to run— the intensity distribution 

across the beam could be observed via the quartz target in the Faraday 

cup. It is clear that we cannot fix the window, therefore, and it is 

regraded as a free (or fitted) parameter.

The velocity dispersion arises from the inherent velocity dis

tribution produced by the rf ion source as well as any 60Hz ripple from 

the accelerator power supply. Fortunately, the velocity dispersion 

hardly changes the fit results, for we can only guess that At)/u rang

es from 0.003 to 0.007. The 60Hz ripple introduces roughly a 0.2% dis

persion. Fit results are shown with and without a velocity dispersion 

for Run T23 only.

As discussed in chapter 2 the lowest order approximation of the 

effects of the 22P ^ ^  state is the slight increase in the decay rate 

Y -*■ y (1+2t"|2 ) where p is the ratio of the Lamb shift to the 2Z'P^^-22'S^ 

level separation (f| = 0.1067). Therefore, we anticipate that the ef

fective decay rate within the uniform field region will be 2.28% higher 

than if the ^ level were not present. This means that the input

value of the Y A 1 ratio obtained from the free-decay data will have to
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be increased by this .amount and that the resulting-value.of y obtained 

from the fit will then have to be decreased by the same amount. The
A ^

contribution from the 2 I-eveI- amounts to an important correction.

Fitting Function and Results

The fitting function which we use is the net p population of 

Eq. (49) with minor modifications. To avoid any confusion we explic

itly exhibit the fitting function at the risk of repetition

|pU)|2=  Z(As)? Ip(w,;4jT-t- (As^lp(u3j4)12+(As)̂ Ij>(U)4,;2)|zJ (64)

where

|p(Wj) I) |z Ae XLz-Zo)+ Be .(S(Z-Zo)
_ G-e

-a(z-z<,)F(Sa- zj-^)
a»KM/2 , A - a(n-B), S A- Z n ĉ h A ,

§ = K.S; X= K iR + S  ; R=-Vw C0s(9/2) } S=-Vm S iil (S/2)^

u=- VxA+ŷ , X= 1+ 1 )/(h fcz)a; y -
0= tan'1 (y/x), & = 2Wi/Y j £/[7 (3.5 ?̂ 7S4Xl()"gv-?lts-cw'.s)];

E = Vo/4 , , (V2=r 2̂A i + 2=̂ /̂(i+ic2)r pi=̂ (p)j;

A' = Q2+ P1(U+I-SR)ZzH- + B [(T-kOcosA "t- ((~S)Sîi a ]z
y'=: Qz +p2(u+ l+ZR)/H—  P (Â +Kjcos A,—' s>iii
C = 2 Q Z - P z( U - I )Z z  -  2 P [ k,cosA  -  s i v iA ] (

0= p2S+2p[lcosA+Z"sinAj^ G-Vc2+O2l7 0

A =  (2AVwpc) 5inh(woc/2) B =  CzB1Zvjf) smh (WlSZz)j
F ( S z - ^ )  = L X cos(Sz - 56) - Y s i n ( S z - ^ ) i



H O

X  — Z[^&mh(&w/2) cos(Sw/z) + Sco5lnC3w/2j 

5  —  z[^5i'nki(aw/z)co5(Sw/2) - Sicosh(&w/z)sm

The value for m = y/l) is the value obtained from the free-decay data 

with the 2.28% correction. The hyperfine amplitudes enter in the form

(AOi , CpJi= (Ap)i/(As)i  , (A ) i+ Zircoi (A-I)Zwti (65)

where (Ag)^3 (Ap)^3 (A)  ̂are the amplitude maxima and phase difference 

estimated from the fringe-field analysis for the hyperfine two-level 

problem associated with the hyperfine level separation CÔ . The A factor 

allows us to change the phase difference in a similar fashion as oĵ T 

would allow where T is the unknown extra time spent in the fringe 

field. The factor p allows our changing all the amplitude magnitude 

ratios by the same factor; it provides a means of making corrections to 

the ratio without releasing many parameters. Z 0  corresponds to the 

point at which the data fit is started (z0 = I.70in); the difference 

z-z0 corresponds to t = 0 when z = I.70in.

It must be emphasized that much time has been spent in estab

lishing exactly how to make a fit. By not being careful we could fit 

almost any y . However, the basis for the rejection of a fit was how 

well it compared with the estimated parameters. The overall amplitude 

N 3 initial position Z 0 3  and window don't make statements about the 

physics; however, if a fit shows p = 2.75 whereas we think it should be 

P = I 3 then we have a reason to reject the fit.
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The justification for this method arises from the fringe-field 

analysis. The amplitudes are the most uncertain- parameters that con

tain information about the physics of the problem. By sufficiently ad

justing these amplitudes or allowing them to be free we can change the 

shape of the curve to fit almost anything. However, because of the 

analytical fringe field solution we can estimate how much these initial 

amplitudes will change because of possible errors made, e.g. an error 

of 10% in the HWHM estimation. It turns out that the amplitudes and 

phase differences are relatively insensitive to small changes in the 

voltage, velocity, HWHM of the fringe field, etc. In this way we can 

reject'a fit if the fitted parameters significantly deviate from what 

is expected or what we can allow. Fortunately the fits are easily 

separated as being reasonable or not.

The most successful method of fitting is to start by freeing the 

parameters which don't contain, information about the physics— N , z0, 

and w. Next the phase is released. Then the decay rate is released 

and the fit concluded when the fractional change in all the parameter 

values between successive fits is less than IO-4. This fit scheme is 

then checked by the release sequence N , Z0, then A, then w, and finally 

the decay rate Y .

The initialization of the fits are summarized in table 12 and 

the fit sequences are shown in tables 13 - 16. We illustrate how a. fit
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FITTING-FUNCTION INITIALIZATION

TABLE 12

Parameters common to all fits:
p = l
Zq = I.70in
w = 0.060in
Y + 2 %  = 6.3925X10®s_1

GJ1 = 6.832875x10® s-i I
GJ3 = 7.204749x109 s-1
go. = 5.717252x10® s"1 4
d = 0.1213in

Parameters unique to each fit:

Parameter QB23
105kV

QB 2 2 
9 OkV

QB19 
I OOkV

QB18
85kV

N 37200 ' 33600 21500 ' 22000
A 0.476 Q . 444 0.468 0.424

V0 100 100 100 110.02
m + 2%(2.28%) 3.53808in 3.9091in 3.6149in 3.9716in

AS I 0.893 0.920 0.915 0.938

Asa 0.907 0.941 0.926 0.942

Aa4 0.841 0.911 0.873 0.917

P1 0.384 0.288 0.305 0.206

p3 0.347 0.204 0.274 0.200

P4 0.519 0.283 0.422 0.260

A 1 -1.49 -1.68 CMM
D

T-HI -2.7

A 1 -1.59 -2.42 T-HCOT-HI -3.0

I 
<

t 
<3 -1.00 -1.41 -1.105 -2.0

Nb 210 146 74 150

0Nb '■ 43 42 18 30
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TABLE 13

QUANTUM-BEAT FIT RESULTS: RUN T18

N '= 41932 I 2 onn
r = 300

.
z0 = I.70902in J

N = 53625 N . = 42170
z0 = I.70536in = 4.9 z0 = I.7084in r
A = 0.3224 w = 0.06775in,

N = 53412 N = 53391
z0 = I.70534in % = 4.8 z0 = I.7053in ^
A = 0.32594 w = 0.05184in
w = 0.05167in / A = 0.32626 ■ ,

N = 52698 N = 52698
z0 = I.70379in z0 = I.70397in
A = 0.32594 > = 2.18 w =  0.05620in
w = 0.05620in A = 0.33925
y' = 6.4571x10*. y' = 6.457lxi0*s

X 4.8

V Xy = 2.18

6.4614x108s-1 j = 2.17.Assuming a 0.5% velocity dispersion we get Y 
Results for 10 data simulations (no velocity dispersion) are as follows:

Y 6.4351x10 s8 -I 0.0751x10*8-1- . _________  (or ±1.17%),
where y' is the uncorrected result ( y'= Y + 2.28%).
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TABLE 14

QUANTUM-BEAT FIT RESULTS: RUN T19

N = 46127 •
z0 = I.7080in

113

N = 49471 N- = 46642

2O = I.70983in • A = 71 Zo = I.7083in ■ 4

Il C
O

A = 0.34298 w .= 0.06352in

N = 48384 N = 48362

Z 0
; I.7084in z. I.7085in 9

= 3/ O ' x :  = 3/
A = 0.39303 W = 0.06237in
W = 0.06222in j A = 0.39314 .

N = 40409 I N = 49409 'I

zo = I.7028in zo = I.7028in .
A = 0.37645 <n

. H W = 0.06311in » = 4.27

W = 0.06311in A = 0.37645

y' = 6.6457X10* S-1J Y = 6.6457x10®

T
CO
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TABLE 15

QUANTUM-BEAT FIT RESULTS

N = 26688 
z0 = I.7122in

RUN T19

115

N =

zo = 
A =

N =

30348 
I.7116in 
0.35182

30088

1.7113in
0.3626

0.05531in

29979
I.70915in 
0.37126 
0.05759in 
6.4760x10

A

8 S " 1

= 11.4

= 9.62

> X2 6.12

N = 26838
Zq = I.71176in 
w = 0.06511in

x; 55

N = 30058

zo = I.7112in 
w = 0.05585in
A = 0.3635

9.64

N = 29979

Zq = I.70195in 
w = 0.05759in 
A = 0.37126 
y' = 6.4760xl08s_1

x; 6.12
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TABLE 16

QUANTUM-BEAT FIT RESULTS: RUN T18

N = 29306 
z0 = I.7081in

XT 61.1

N = 29215 I
Zq = I.7080in x; = 47
A = 0.5154

29318
z0 = I.7090in 
w = 0.06119in

43

N = 28857 28893

zQ = I.7069in 
A = 0.55177

29 z0 = I.7069in L = 29 
w = 0.06165in ^

w = 0.06148in A = 0.5524

N = 29242
z0 = I.6999in 
A = 0.5567 
w = 0.06207in 
y" = 6.6746x108 s-1

 ̂ = 3.46

N = 29244 I

z = I.6999in o
w = 0.06205in
A = 0.5566
y' = 6.6751xl08s_1

f 4  = 3-47

N = 29625 ■
Requiring a z = I.7000in
smaller A O

A = 0.3027
during fit. w = 0.06451in

y' = 6.6834x10® s
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looks in comparison with the data in Fig. 24. If we make the 2.28% 

correction in these y values we obtain the following final results for 

the decay rate of the 22 state in hydrogen:

Y = 6.3098xi08s_1
23

Y = 6.4942xl08 s-1•2 2
Y = 6.3283x108 s-1
19

Y = 6.52695xl08s-1I 8
The standard deviation of the final value is rather large amounting to 

±1.74%. Our value for the decay rate is higher than the generally ac

cepted value of Y = 6.27x108.s 1. The deviation is 2.39%. We note also 

that the fitted phase differences are slightly larger than estimated by 

the computer simulation of the problem. This corresponds with the 

fringe field having an extent which is slightly larger than what we 

could measure in the field mapping tank.

The uncertainty in Y is not surprizing in view of the rather 

disappointing standard deviations associated with the values for m=Y/u 

from the free-decay data. However, what is surprizing is the 2.4% de

viation from the accepted value. Because of the difficulties we en

counter in establishing our y value via this method, verification of 

this value by an independent analysis of these data would serve to 

strengthen our confidence.

Y = 6.415(±0.112)x108s 
T = 1.559(±0.027)ns .■

8 -I
(66)
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Fig. 24. Fit for Run T23 compared to the data.
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Independent Check with Profile Fit 

We can provide an independent analysis by fitting the curve with 

a general profile function of the form

Rb) = N t B e ^  -Ger̂ cos(Sz-?i)] ^
where all the parameters (N, a, 8 , a, 6, (j)) are free. We are inter

ested in determining the value for 6 as it represents the frequency 

of the modulation. In the high-frequency approximation, Eq. (30), we 

find
8= W i  + 4eV u  ; e = EZE0 (6g)

where Eq = 477.345volts/cm. If we solve for the velocity

U  =  (69)

then we have a means of measuring the velocity if we establish 6 via 

a fit, since we know the fine-structure splitting cc^ and the applied 

field E . In table 17 we show the results of such a fit and the pre

dicted velocities. Using the free-decay result for m = y/u we can de

termine the decay rate (y = mU = mto/I+Ac2/6). The results of the pro

file fit are

YZ3 = 6.4219xl08s"1

YZZ = ■6.5016x 108s-:l

y IB = 6.3839x10s s_1

Y I 8 = 6.4664xl08s-1

Y 6.4435(±0.0514)x10Bs8 - 1

2.84% higher than 6.27xio°s8 -I (70)

Although the standard deviations of these values are 0.8% of the aver-
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TABLE 17

.QUANTUM-BEAT PROFILE FITS

Run
Accel. 
Setting 

(kV)

Fit vel.
U

(x108cin/s)

Inferred 
Accel. Volts 

(kV)

Inferred

Y
(XlO8S-1) .

4 '

T23 105 4.715 ' 116.0 6.4219 2.36

T22 90 4.321 97.46 6.5016 4.77

T19 100 4.588 109.9 6.3839 3.33

T18 85 4.230 93.40 6.4664 4.00



age value we are encouraged to find only a 0.45% deviation between the 

two methods of obtaining the decay rate using our data. .

Because of the above, agreement we feel that we can claim that 

our method of determining y is successful and that the analysis of 

the fringe field is correct. The experiment has been successful in 

this respect. However, either previous calculations and measurements 

of Y are insufficient, or there remains a hidden systematic error.

We will now consider the possibilities.

Possible Systematic Errors and Improvements 

The accuracy of the free-decay data and the resulting values for 

Iti = Y A j are important to the final determination of the decay rate. In 

beam-foil experiments attention must be given cascades from higher lev

els before the lifetime of any single state may be determined. If cas

cades were present in this experiment their effects would be to length

en the tail of the free-decay profile thereby decreasing the slope m. 

Cascades would, if present, produce a value for the decay rate which 

would be lower than the actual value contrary to our results. As ex

plained in chapter 3 since no n ^ 3 states should survive passage to 

the experimental chamber we need not consider cascades further.

Another problem which could plague the free-decay data would be 

stray fields, motional electric fields from stray magnetic fields or 

electric fields from charged surfaces. If a charged surface should
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arise in the supposed field-free region we anticipate that the ions 

kicked from the path of the beam would move in such a way to neutral

ize that surface. Thus after several minutes we'expect any charge 

fields to be eliminated. To determine what any other stray field could 

do to the free-decay data we invoke the high-frequency approximation 

(small-field approximation). To lowest order in £ = E/E0 the p-state
population in presence of a small electric field is given by

,z - T z / u
(p£z)|‘ =  e  ' - 2.e2e  ẑ 2v

\v-Vz/2u '
e  -cosiot

where
^ Vd -

(71)

(72)

and to is the finestructure splitting (6.6469x109s-1). The presence 

of any stray field is seen to decrease the measured value of the decay 

rate (y^< Y ). In addition oscillations of the decay profile should be 

present. To get an idea of what stray field might be observed via the 

oscillations, a field of 75.5V/cm would decrease the measured decay 

rate y' by 2.5% (e = 0.158). In Fig. 25 we show what typical data 

would look like with a 50V/cm and a lOOV/cm uniform stray field. -We 

feel that any stray field larger than 50V/cm would be observable in the 

oscillations produced; a 50V/cm field would provide for a 1.1% correc

tion to the decay rate.

The earth's magnetic field and other stray magnetic fields pro

duce motional fields given by
' e h =r k h  H / c (73)
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Fig. 25. Quasi-free decay. The effects of a stray field upon 

a. typical free-decay curve is shown.
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where

k = 299.776Volts/G-cm. (74)

The stray magnetic fields were always less than IGauss. With beam ve

locities of 4X108cm/s the motional electric fields would be 4V/cm which 

is totally ignorable. We may therfore eliminate the possibility of 

stray fields entirely. Not only do they change the decay rate in the 

wrong way if we wish to explain our observations, but they would man

ifest themselves in the form of oscillations which are not observed.

This does not mean the the free-decay data are free from dif

ficulties. An unexplained excessively large standard deviation is 

found in the sets of free-decay data for any run. For example, in Run 

T22 six sets of free-decay data are taken. The standard deviation of 

the six values for the slope m is 1.37%. During the analysis of data 

set 3E in run T22 we perform a simulation and find that the expected 

error in the inferred decay rate should be 0.8%. For the six similar 

sets the standard deviation of the means would be 0.33% (a = a /Zn'). 

The observed standard deviation is over four times larger. We feel 

that this unexpected error arrises from the detector positioning device 

and is not indicative of a more subtle systematic correction which we 

have neglected.

A possible solution to the discrepancy is seen to arise in spe

cifying the fields for the QB data— the uniform field region.. In the
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high-frequency approximation the beam velocity is given by Eq. (69)

U = W  V  I' + 4-6%7 S , (75)

and Y is obtained from the free-decay data as y = ml). Reducing the 

velocity would lower the inferred decay rate. If the electric field 

within the uniform field region were smaller we would infer a smaller 

velocity. In this approximation the electric field is related to the 

velocity by

E - (E0/2.)

If we assume the free-decay results for run T23 are correct and that 

Y = 6.27xio8s-1 the beam velocity is 4.5780x10®cm/s. Using the profile 

fit value for 6 we find that the voltage applied to the plates would 

be V =  95.49V which is 5% lower than the 100V used (plate separation 

is 0.1213in or 0.3081cm). If the plates were oxidized and if this ox

ide layer— or oil layer from oil diffusion.pump, although it was cold 

trapped with LN^ except during warm up, and the plates were cleaned 

prior to Run T23— could hold a small charge the fields could be reduced 

by beam-ion charge neutralization. We calculate the capacitance of the ' 

uniform field plates (10.16cm x 2.54cm; C = Ae0/d) to be = 7.-4pfd.

A four volt change in the field could be produced by a surfance charge 

accumulation of 2.97xl0~11C. We measure a beam-ion current to these 

plates of 46pA per plate. At such a current it would take on the order 

of one second to charge the surface, .and switching the polarity of the

(76)
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plates would not show the charging, time constant in the Lyman-a counts 

since counting times are always of. the order of minutes.

Although the earth's magnetic field produces motional quenching 

fields near 4V/cm, the motional field is for the most part perpendic

ular to the uniform field's direction. For this reason we may ignor 

the contribution from the earth's magnetic field (or other stray mag

netic fields).

Having explored the possibilities for systematic errors we con

clude this chapter with several suggestions which would serve to reduce 

or eliminate the problems associated with this measurement. We feel 

that record precisions could be provided by rebuilding the machine with 

the following changes:

1. ) Better vacuums: Because beam-ion production and charging

have been an observed problem it would be reduced greatly by decreasing 

the experimental chamber's pressures. This would also reduce the 

background counts. A stainless steel experimental chamber with ion 

pumps is recommended.

2. ) Shielding all insulating surfaces that are in direct view 

of the beam is recommended— even the thin plastic .spacers separating 

electrodes and ground plates.

3. ) A new CEM cart positioning device which would essentially 

eliminate the positioning error should be included. In the data simu
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lation associated with the fit of free-decay data E3 of Run T22 we as

sume that the positioning precision is 0.OOOSlin and the simulated 

precision of y is 0.8%. If we reduce the error associated with the 

position to zero the precision of y decreases to 0.7%.

4.) In attempts to eliminate all surface, charging, all elec

trode and grounded surfaces which are near the beam should be gold 

plated.

6.) A serious source of error is the spacing between the plates 

of the uniform field region. The precision for y is only as good as 

the accuracy of this spacing. ■ Accurate spacing must be provided, how

ever, without exposing insulating surfaces to the beam.

A comment is in order concerning the fitting. It would have 

been a great benefit in carefully fitting such nonlinear curves to have 

each parameter's size controlled in a continuously variable manner as 

input to the computer (using an analog-to-digital conversion).. Such 

a feature would aid in establishing initial values of parameters which 

are unknown, and if the fits could be continuously displayed on a video 

monitor against the data one could quickly develop a feel for the fit 

and the function.



CHAPTER V

CONCLUSION ■

In the foregoing analysis we measure the lifetime of the 2p 

state in hydrogen by carefully analyzing spontaneous radiation in a 

field-free region and in an electric field region. The field-free 

decay (PD) exhibits simple exponential structure; whereas the decay 

radiation is modulated while in the uniform electric-field region 

giving rise to quantum beats (QB). The QB data are employed in two 

ways to give similar results for the lifetime. We first use the infor

mation from the FD curves to allow us to adjust the decay rate value so 

that the QB theory fits the data. We obtain (6.415±0.112)x108s 1 as 
the decay rate from this method. Secondly we determine the frequency 

of the QB oscillations whereby we infer the beam velocity. Then by 

using the FD results we determine the decay rate to be (6.444±0.051) 

xIO8S 1. Averaging these results we obtain Y = (6.429±0.087)x108s 1 
for the decay rate of the 2p state where the standard deviation obtains 
from the average variance a2 = %(a2 +.O2). The corresponding lifetime 

is

T = (I.555±0.021)ns

which is 2.5% shorter than our calculated value of 1.596ns and exhibits 

a standard deviation of 1.35%.
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In obtaining this result we not only account for the hyperfine 

structure of the 22 and Z2P^ levels as well as the effects of the 
Z2Pgy^ level, but we also take care to account for the fringe field of 
the uniform field region. With such attention it is rather surprising 

to find a 2.5% discrepancy between our result and both theory and pre

vious experiment. There -is only one possible experimental condition 

which could serve to explain such a variance— that of beam-ion charging 

of the uniform-fieId-region plates thereby reducing the effective field 

applied by the plates. However, since such charging mechanisms must 

also modify the background radiation in ways which are not observed, 

we have no recourse but to trust our result.

It is doubtful that previous experiment and theory could be in 

error in that they have failed to provide an accurate value for the 

lifetime. Objections may be raised against the beam-foil experiments 

since they do not analyze a detailed theory involving cascade effects 

and state preparation but are simple fits involving two exponential 

functions or an exponential plus a constant. However, because the Zp 

decay is noticeably distinct from the 3p decay such objections may have 

little weight. Even so, the calculation .of the Zp lifetime seems to be 

sound enough so that any difficulties there would certainly manifest 

themselves in other realms of atomic measurement. For these reasons 

our attention and suspicion turns to the two-level theory.
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Recall that the two-level theory which we employ— the Bethe- 

Lamb theory— assumes that the decay of the p state is accurately pro

vided for by the inclusion of a damping term in the amplitude equation 

for the p state. The probability of the n = 2 level is' not conserved 

and the I2S^ ground state serves only as a graveyard for the p-state 
atoms which decay. As Keller and Robiscoe point out, such assumptions 

fail to account for any effects which arise from Stark coupling, of the 

p state with the ground state. Such ground-state coupling may 

become important when the matrix elements are no longer small compared 

to the natural level width 6y/2 as in this experiment ( -hy/2 -
3xl0~19ergs whereas V - 4X10 18ergs). Thus, a full analysis of thesp
three-level problem will provide a more accurate picture and may 

resolve the differences between our result and those obtained pre

viously.

Our measurement of the 2p lifetime in hydrogen provides exper

imental evidence that the Bethe-Lamb theory needs modification before 

it can be applied to problems with stronger coupling. This suggests 

that a full, Weisskopf-Wigner treatment of the three-level problem 

should be a next step in our attempts to better understand spon

taneous radiation as it manifests itself in the simplest atomic system



APPENDIX I

CALCULATION OF LIFETIME

One application of time-dependent perturbation theory is in the 

calculation of spontaneous transition probabilities in the dipole ap

proximation. The spontaneous transition probability of a state A de-
2 g

caying to state B may be written

(77)

where a = e2/fic, r I i<B| r IA> and r is the position vector. The

lifetime of state A ( ) may then be written as

7  =  IA A  = (78)

where B^ represents all the final states to which the state A may de

cay. If there are N states comprising a level A then we speak of the 

lifetime of level A as an average of the lifetimes for each state in 

the level. Thus

(79)

assuming an equal population of the initial states A^.

The 2ZP^ fine-structure level is composed of four hyperfine 

states as is. the I2 ground state (the final state). In order to cal

culate the lifetime we must evaluate the transition probabilities for

these hyperfine transitions which leads us first to a calculation of
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2 9Following Sakuri we write

(80)

The initial states A are the hyperfine 22P1 (2p) states and the final

states B are the hyperfine I2S^ (Is) states. In appendix 2 we examine 

the possible couplings between the 2p and the 22S1 (2s) hyperfine sys
tem. The confusions obtained there are applicable to the 2p - Is sys

tem for we are considering the same angular momentum structure in a 

different n level. . We only need to remember that the 2p - Is fine- 

structure splitting (analogous to the Lamb shift) is larger and the 

Is hyperfine splitting is also larger than the corresponding state sep

arations associated with the n = 2 system. The. non-zero matrix, ele

ments in table 20 ■ of appendix 2 arise from orthogonality of spin states 
of the electron and the nucleus. In an analogous manner the matrix 

elements, Eq. (80), associated with the 2p - Is system may be written 

in terms of three elements <1S0 | V |2P >. Using the wavefunction

(81)

where a = aQ(I + me/Mp) and aQ is the Bohr radius, we calculate

Mt = < is* I Cx-HyyvrUP-,)= Wl 
M _  = < IS. l(x-ty)/V3:U.%,> = ^

(82)

as the only nonzero elements for the elementary wavefunctions (not hy-
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perfine wavefunctions). Here

= 28a/35/2 = (0.744935)a. (83)

The hyperfine matrix elements will then be 1//3 times the above ele

ments (see table 20). There will accordingly be three transitions out 

of each hyperfine 2p state. The square of the coupling for each tran

sition is the same having the value

V2 = |rBA|2 = -|(0.554929)a2. (84)

There are three frequencies associated with these transitions

0  "t" (A.Wz/'HWx) — (AW|/q-ŵ )̂
Wj, — I + -(3Awi/4uv)} ' (g5)

30where = 1.5495X1016 s-1 is the fine-structure 2p - Is splitting

and At) , Aco are the hyperfine splittings of the Is and 2p states re- 
l 2

Spectively--Aw = 8.922xl09 s-1 (1420MHz) and Aeo = 3.719xl08s-1 (59.2MHz) . 
I 2

Because the transition level splitting is so large compared to the hy

perfine splittings, these frequencies will be considered to be equal, 

i.e., to better than Ippm we let

W =60 = co, = (o . (86)a a b c
The summations of the transition probabilities will then all be equal

^  w AkBi ~ V 2 COx3Zc2y K- 
i

The lifetime, Eq (79), may then be determined to be

T = I.596lx10“9s.

3

(87)
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A similar result (t = I.596ns) is calculated by Chupp, Dotchin, and .

Pegg. ̂  We note that several approximations have been used to obtain
32this result as pointed out by Bethe and Salpeter I.) we use the

nonrelativistic Schrodinger theory, 2.) only the lowest order terms in 

the expansion for the interaction of the electron with the radiation 

field is used, and 3.) the dipole approximation is employed. All of 

these approximations should be. good for the problem at hand.



APPENDIX 2

HYPERFINE STRUCTURE OF THE N = 2 LEVEL

The elementary wavefunctions of hydrogen are described by three 

quantum numbers (q.n.) n, I , m^. The principle q.n. n determines the 

energy of the level (in cgs units)

< H > =  Ein =  (89)
where a = B2Zftc is called the fine-structure constant and y is the 

reduced mass y = Mym^/(M^ + Hig). The q.n. I describes the total or

bital angular momentum of the electron

(Sf) =  R=JLd-+ n ,  1=1,2, -,n-, (90)

and irig. is the q.n. which specifies the component of the angular momen

tum which may be observed in some particular direction (magnetic q.n.), 

say z direction,

(Lr) = InWji , %  = '")0, I, 2, - - -, I. (91)
Such a formulation of the hydrogen atom neglects the contributions to 

the energy which arise from the spin of both the electron and the nu

cleus, however, the wavefunctions obtained form a basis for generating • 

wavefunctions of the more complete systems. The elementary wavefunc

tions for the n = 2 level will be of interest to us in this calculation; 
so using the notation
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(93 )

where cô  = E^/fi, the spatial parts are given by

= Izs .)=  (1WzrT a3B "f'(Z-P) P -'1 

= I if] > = -(SVrT a*2 y'f>ee/* smS 

= I2P.> = (‘f'/zir O-illJlPQflz UiB 

%_  = I2P-,> = (S V F a ^ r1lOe ^ iV 1O e i(t

where p = 2r/na (n = 2) and a = (me/y)a0 where aQ is the Bohr radius
a0 = -ft2/e2me. The reader is referred to the literature for the other

33hydrogenic wavefunctions.

When placed in an electric field which is sufficiently uniform 

(the spatial variations in the applied field are very small compared to 

atomic dimensions) the proton-electric pair looks like a dipole. The 

energy of such a dipole is W = -p*E where p = -er is the dipole * Inoment3

W =• e r  • E- ■ (94 )

Because of the spherical symmetry of the problem and the specific com- ■ 

plex nature of the wavefunctions, it is useful to write r and E in 

spherical coordinates. The vector product can be written as

T 'E  -  -+ E 4. e  1 **■)-*- CosQ E z. ] ^  (95 )

where

E * = ^ ± ' e !'- (96)

Using the wavefunctions of Eqs. (93) the only nonzero, Stark matrix
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elements coupling the states are straightforwardly calculated to be

<2P,IWIZSo)=
< 2 P . I W l 2 S o ) =  - S s e E z  (97)

<(2?̂  lWl2So) =  - (3s,eAfz) E+

These results will provide the basis for the fine-structure and hyper- 

fine-structure matrix elements. We note the verification of the selec

tion rules AiL = ±1, Am^ = ±1,0 for a dipole transition. We also note 

that if the electric field lies totally along the quantization axis 

(z axis) then the electric field couples only two states and two-level 

theory sufficiently handles the problem. If the electric field lies 

in the plane perpendicular to the quantization axis then three-IeveI 

theory would be needed; for arbitrary electric field we would have a 

four' -level problem.

The fine structure of the hydrogen atom may be explained by con

sidering the contribution to the energy level structure coming from the 

interaction of the electron's spin and orbital angular momentum. With 

the introduction of spin S the actual total angular momentum is

J = L + S. .(98)

We may now find wavefunctions which are eigenfunctions of L2, S2, J2, 

and Jz in terms of products of the elementary n, H , ny wavefunctions 

and spin-state wavefunctions X+ denoting spin up and x_ denoting spin
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down. The transformation relating the n, I , m^ and s, mg wavefunc

tions (s - h, m = ±%) and the n 3, &, s, j, m • wave functions— hereafter 
&  J

referred to as fine-structure wavefunctions— is the Clebsch-Gordan

transformation. The resulting fine-structure wavefunctions for the
35n = 2 level are found to be

Usl/Z>= |2S0>X+^ for mj + 1/2

- ' I

I Zfs/i} —

f |2.P,>X+. , =  f S / Z

I f  12F.>X+ +Vi
V ^ h P - ^ X t + V I '^ X -

v  IZP-,>X- , « i =  -s 'z

; IMj =  + l/Z 

, IMj--IZZ

(99)

Again, we are interested in the Stark coupling bewteen the 

states. Because of the orthogonality of the spin wavefunctions the 

fine-structure.matrix elements are just proportional to the elements 

already calculated. Table 18 summarizes the results.

In order to account for the spin of the nucleus and its contri

bution to the problem we proceed in a way similar to the fine-structure
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TABLE 18

FINE-STRUCTURE DIPOLE MATRIX ELEMENTS

V - < I e r • E I rjj >

r

2 = P %
^ ^ 3 / 2

. m . J
1/2 -1/2 3/2 1/2 -1/2 -3/2

1
2 I

w
Tm

) >+I V_ VlL +>

I

O

1
2

>' Vivz 0 >' VlL V+

VIi> 2P e r*E I 2S > =■ -3 a e E
z . o. 1 O h Z

VIl> 2P. I e r*E I 2S > = (3//2) a e EI 1 O
v+ = < 2P-1

I -J- ->j e r*E I 2S > =1 O ' -(3//2) a e E
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complication. We. seek to find eigenfunctions of the total angular mo

mentum ■

F = I. + J (100)

where I is the spin angular momentum of the nucleus and J = L + S 

represents the total angular momentum of the electron. Hyperfine 

wavefunctions may now be determined which are "eigenfunctions of L2, 

J 3 F 5 and F^ by considering product wavefunctions of the above elec
tronic fine-structure wavefunctions and nuclear spin-up, n+3 spin-down 

f|_3 wavefunctions. A Clebsch-Gordan transformation may again be made 

to obtain the hyperfine wavefunctions in terms of the fine-structure 

wavefunctions which may then be expressed in terms of the elementary 

wavefunctions. The results may be found in table 19. We may now cal

culate the dipole matrix elements using these hyperfine wavefunctions. 

The results are in table 20.

As explained in the main text, since we choose the electric field 

to be along the quantization axis the hyperfine problem reduces to four 

two-level problems involving the matrix element

V = /3 a e E (101)

where E = V0/d with V0, the applied voltage and d, the plate separation 

of the parallel plates.' Noting that

a = (I + me/Mp)a0,
3

where a0 is the Bohr radius we may calculate
(102)
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TABLE 19

HYPERFINE WAVEFUNCTIONS

V s  = I ĵ f m£ > = I \  I £ V l V 1Vk

I I 0

mI
I ■0 - I 0

m
S

% -h % -k & . -% % -%

£ j f
m.i

mf
%  • -% h -h % -h h -h & -% %  -h % -% %

2 I
I e e C

2 0 g d d g
3 -I C e e
2 -2 i

I I a -h -g
I 0 g d -d -g

-I g h -a
I ■ b -d

I 0 d -g g -d
2 -I d -b

0 0 d -g -g d

I I

I I 0 C C

0 2 -I I
0 0 C -c .

a = /3/4, b = /2/3, c = ZlJli d = /1/3, e - /l/4, g - /1/6, h - /1/12
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TABLE 20

HYPERFINE-STRUCTURE DIPOLE MATRIX ELEMENTS

V = j , f ,mf I e r • E | , j ,f ,mf >

£ I

j 3/2 (22P3/2) 1/2 (Ẑ P̂ .)

f 2 I I 0
z j f Hlf 2 . I 0 -I -2 I 0 -I ' I O -I 0

0 1
2

I

I V_ K 0 0 - K 0 - B z 0 B t

0 0 Jlvz

>+ 0 K 0 0 B t-Jiv2
-I 0 0 J?V_ V+ O JFv- B 2 O Viv- B 2VK

0 0 0 0 0 0 0 A v- B 2 < + B 2 - Y K 0
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/3 a e = 4.404873(52)xi0 18esu-cm. (103)
With the conversion

■ = 299.79250(10) (104)volt•cm L

we find

/3 a e = 1.469307(13)x10-20erg-cm-volt; 
in which case we will want to measure the electric field in units of 

V/cm.

We have yet to specify the energy level separations a)£ associ

ated with the hyperfine system involving the 2s and 2p levels. The hy

per fine energy contribution may be written in terms of a constant times 

the q.n. which specify the state ^

^hfs - %
f(f+l) - i(i+l) - j(j+l) 

j(j+l)(2A+l) (105)

37The hyperfine splitting for the 2s level has been measured to be

Aw = 177.55686(±0.3ppm)MHz. (107)

With the help of Eq. (106) we may then determine the 2p splitting to be 

Aw/3. The two-level hyperfine state separations in angular frequency 

units may now be determined to be

OJ1 = co2 = 2tt(S+A w /6) = 6.832875x109 s~l}
CO3 = 2tt(S'+Aw /2) = 7.204749xl09s"1 , COlt = 2tt(S-5Aw /6) = 5.717252x109 s"\

where §> is the Lamb shift (known to rv20ppm).
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