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Abstract:
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metastable atoms are obtained from proton impact on a gas target. Information obtained from
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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 22P12 state in hydrogen by moni-
toring the Lyman-o radiation produced from the decay of the p-state
atoms in a fast beam of hydrogen atoms (v100keV). The p atoms are pro-
duced from metastable ZZSlﬂz 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.

-




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 ZZP% (or 2p) state in hyarogen which decays to the
ground state (128% or ls) emitting ultraviolet, Lyman-o. radiation.

Measurements of atomic lifetimes began with Wien 1 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 ffom the diécov—
ery of the beam—foil light source by Kay and further development by
Bashkin. > Beam-foil spectroscopy has since become one of the most im-
portant branches of atomic physics as it provides a means of exciting
many differeﬁt atomic states. When a beam of atoms, molecules, or iomns
pass through a thin foil (usually carbon) the emergent beam‘ponsists of
atoms which have eésentially been'coﬂerently 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. 1In 1966
Bickel and Goodman reported a measurement of the radiative mean iives
of both: the 2p and 2p levels in hydrogen by using beam—foil methods.4
They quote a value for the 2p lifetime of T = (1.600+0.004)x10°%s.
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 fdf the
2p, 3p levels in hydrogen also using beam—foil methods.> Théy 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)x107°s (%0.625%) which represents the
weighted standard deviation of five runs. Their paper contains a his-
tory of lifetime measurements for m > 2 levels in hydrogen as well.
All these results agree Witﬁ the theoretical value of T = 1.5961ns as
calculated in appepdix 1.

Oﬁr interest in this lifetime wmeasurement is twofold: 1.) 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 peculiaritieslof 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
fundamentél 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 radiationm. Alfhough semiclassical theo-
ies avoid the problem of vacuum-field fluctuations they don't provide
decay from a pure state.6 More often, the -vacuum fluctuations are con-
sidered to be the mechanism for triggering the emission of radiaﬁion.7
Thus by careful observation of the 2p decay radiation we peer at some
of the simplest manifestations of these Qacuum 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.8 In our case we examine the field-free and Stark-coupled

4




2p-2s system and the resulting decay of the 2p state.

Probably the simplest way to make a lifetimé 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 distan;e from the
poiﬁt of excitation. In Fig. 1 we show a beam of hydrogen metastables
which enters a short electric field region converting some of the meta-

stables (228, or 2s) to 2p atoms via Stark coupling. Upon leaving the

N

field region the remaining p-state atoms exponentially decay emitting
Lyman-c¢ radiation. The observed radiation profile exhibits the same

exponential decay (neglecting background)
-Mnz
o =1e"", m=vy/v=Vvr. . W

Here the position z is related to the time after excitation by t = z/v
where VU 1is the beam velocity. 1In this way the tempofal evolution is
observed a; a spatial profile. Thg quantity 1/T 1is known as the de-
cay rate Y. The natural logarithm of this profile will be a straight
line

W Ty =T, —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




Fig. 1. TFree decay of excited atom. An electric field pro-
vided by the conversion electrodes converts metastable st to H2p' The

HZp atoms decay to the ground state emitting Lyman-o 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 thé 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-—
racy of less than 0.3%.9_

In Fig. 2 we show the effects of sending a beam of metastable
hydrogén 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 6bserved in the radiation profile as long as the beam
remains in the uniform field.'l-0 In the theory describing sucﬁ modulat;
ed decay the beam velocity Vv 1is fouﬁd to occur always in the ratio
Y/U--the same ratio found in the description of the free-decay data—-—
while the decay rate 7Y 1is found parametrically in combination with
other factors describing the QB profile. We can use the ratio Y/v
obtained from the ,free-decay data to eliminate the velocity dependence
in the QB theory and then by adjusting Y £it the QB theory to the
data. The observation of field-induced QB will siﬁilarly 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




Fig. 2. Field-induced quantum beats. Under the application of

a uniform electric field the Lyman—0 radiation from the decay of the 2p

state exhibits a modulated decay.
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measured directly.

Our hahdling 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.

Thg theoretical details are discussed in the ﬁext chapter;~
There we develop the two-level problem with phenomenolégical 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 aiso 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 wiph a presentation of
the final data. Chapter 4 gives the details of the analysis 6f these
data. It is in the anaiysis section that we attempt to specify all
factors which could affect the QB éurves. They inclu&e fringe-field
effects, demodulation from a detector window, influence of other excit-
ed states, and beam velocity dispersioﬁ. 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 improveméﬁt in accu-

racy. Finally we discuss possible implications of our result,
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CHAPTER II
TWO-LEVEL THEORY

Measurement of the ZZP% lifetime begins with a beam of metasta-—
ble hydrogen atoms. This metastable or 228% state of hydrogen has a
lifetime of TS=O.126S.11 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. ﬁpon the
application of an electric field the s state couples to the p state
(ZZP%) via an electric dipole (o? 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 &= h®w. In our case this level sep-
aration is known as the n=2 Lamb shift in hydrogen having the value

v=1057.893(20)MHz.8 The electronic states of the unperturbed atom are
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described by Schrodinger's equation

HE=1hoT/ot | o , (3)
where H = H, is the unperturbed atomic Hamiltonian. The stationary s

A

and p states associated with the unperturbed atom are denoted by

D= e B,= € (4)

Here ms and wp represent the energy levels of the unperturbed_s and p
" states respectively in units of angular frequgncy (wi=5;/h)._

In the manner of timé—dependent perturbation theory we consider
the application of an electric field to this two~level system. The
Hamiltonian now becomes

H=H,+Hs ' (5)
where

He=¢er-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

b= stHd + pt) T, . ' @

Normally, we would write the system wa%éfunction as a linear superpo-
sition of all the stationary state wavefunctions. - If Wé assﬁme that
only the s state is occupied upon entry.into the fringe field then to

first order the amplitude of any other state m will be given by12

t . ’
asm(t)=(l/ih)j<s [Hglmy e @m¥qp (8).
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The matrix elements which couple the s state to other states are not

necessarily small when compared to the 22P;—2281‘coupling. For example,
. ] ]

the 22P3/2— 223 coupling has the same magnitude and the 3P - 2S cou-

[\

pling is roughly 0.6 times as strong.13 However, the integral is non-—

P is of

trivial only when the period characterizing the interaction ws;
the same Qrder 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 22?% state are nontrivial-—the inter-
action is essentially adiabatic for all other transitions. The period
associated with wy is about 2 x 10 %5 while thg-period’associated

with W32 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 ZZPI/2 stages. The transition probability in the sudden approxima-
tion is given by14 .
Trsm = I<SIHS’ m>lz/h2w§m . (9)
Since the energy séparation between the 228% and 22Py2 levels is
roughly ten times the 2281/2 - 22P1/2 separation the transition probability
to this next nearest level (22P§[9 is roughly 1% of that to the ZZP%
level. This is mnot to séy that the effects of the 22P3/zstate may be
completely ignored. We will later develop corrections in the theory

to account for the presence of the 22P3/2state. For now, however, it

is sufficient to consider only the ZZP; - 2238, two-level system.
2

%
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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 '

ihs = V*P e’

t‘hé _ys et © o 10)
where w‘ishthe (unperturbed) state separation in angular.frequency
units and V = <¢@iH5[qg> represents the dipole matrix elemerit which
couples the 'states. H 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 '

ihp=Vse™ — ih(w2)p , 1)
where Y is the decay rate of the p state (y=1/T). 1In the absence of
coupling the p state will now decay exponentially |p|2 < e VB4
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 (Ys~83_1) compared to the p state (YP~6X108S—1): This addi-
tion of phenomenological, radiative damping amounts to adding a non-—

Hermetian decay Hamiltonian ¥, to the total Hamiltomian

D

H=H,+Hs + H, (12)
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whose only nonzero matrix element is <Q$!HD\Q§>==-w1Y/2 . With such
an inclusion we no longer have conservation of probability Hﬂz+wﬂz< |
Phenomenological damping was first introduced by Weisskopf and Wigner15
and has been successfully tested both experimentally and theoretical-
lyl6 and found to be an excellent approximation for atomig beam work of

this type. In fact, it is exact for hydrogen.17

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 solﬁed 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 thaf the beém
is purely metastable

Slt=-m)=1, plt=-2)=0. am
The beam atoms pass through the fringe field wheréby the amplitudes
change lSﬁ<l, ”ﬂ2>() and accumulate phases. Eventually theAatoms
reach a region where the field may be considered tolbe 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 amplifude equations for a rectangular field,
i.e., uniform field. We need only specify the amplitudes and not also
their derivatives since Schrodinger's equation is first order in its
time dgrivative. We will investigate two methodéAof estimating the
fringe-field amplitudes after we more fully explore the solution to the
uniform field region with arbitrary initial conditioms.
If we decouple the damped amplitude equations and solve the re-

sulting second order equations subject to the initial conditions

S(O)=Asews , p(o)= Apeie" (14)

the amplitudes for t>0 will be given by

— |+U ~at U=l o—pat
S(t) = S(0)] ‘=— v
) =3 )[ >0 € + 55 € ]

(15a)
+ploy & [t _ e
P( (l-i/C)U e e ]1
= soye w4 [apt _ A
P (‘ e =Y e e :l
—jwt LJ:{_ -/Ult I+ —-/Az'l.' (15b)
+poe e Blle |
where .
P = V0=t (UFUY/4 U=[1—“HqP/(1-ix)2 ] "% |
K=2w/7 q=2V/RY V=1/T . o ase

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 fie}ds to be small we mean g<<1l, however, if
k?>>1 we.could equivalently require g/K to be small. We will later
find that q may be written a;‘q = E/Eo where E = hY/2/3ae = 22.5V/cm
(assuming Y=6.27K1085_1). The amplitudes with arbitrary initial condi-

tions to lowest order in q may be written as

Y b2 - ~YR*(1+1k)t/2 ~ -—ﬂwt
Yt
l+u<, —YQ2(1+ix<.)t/2—iq,t [ _ —Hwt:‘
P(t 1 (o)q_ 7 .
wt 5% +iwt ik ~vaz<t+imt/zl |
+0) & [ -L@*Tae ;
where .

=191*/(k*+ 1), ' (160)

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

p population for p(0)=0

~Vt/z ' ‘

Further clarification of these complicated expressions may be obtained
by considering short and long time behavior starting with a pﬁre s
state initially, s(0)=1, p(0)=0; then

s(t) = exp[-Vq*t/z —iwa’t | (182)
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and
. —iwdt '
plat) = —iq(varz)e (short times, At) (i8b)
pt) = (3A/R=T )exp{—YQ‘t/l+i£9‘0~‘("+<>22)t]} (long times) - (18¢)

where © = tan '(-1/k). TFor zero magnetic field the level splitting
is the fine~-structure (or hyperfine) splitting giving a value for

k = 21 and 8 = -0.043rad which is negligible. Note that there is a
-7/2 phase difference (f?om the s state) introduced in the p state

upon entrance into the field (short times) and that the phase accumu-
lates essentially as wt whereas in the s state the phase more siowly
accumulatgs as wt times the square of tﬁe'applied field’(a slower rate
since q is small). Also note that both states decay as the p-state
decay rafe 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 approximatioﬁ will be found to be useful in estimating

the effects of the 22P3/2state.

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-o
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radiation. We cannot, howéver, claim that the time derivative of the
p-state population is proportional to the Lyman-& 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 mnot spontaneously decay compared with the p state, the only
means that the total population lsl2 + |p|2 can change is by decay to
the ground state throuéh the p state. Referring to the amplitude equa-
tions with p-state damping it is simple to show that

d(1s? + 1p1*)/dt = —Njpi*, (19)

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

Contribution from the 22P3/2 State

We can now use the small-field approximation to estimate the ef-
fects of the 22P3/2 state which have previously been ignofed. The

.228; - 22P3/2 Stark coupling is just as strong as the 225; - 2%p
. 2

coup-
2

%

ling, however, the level separation is larger V = 9911MHz whereas

3/2

Vy = 1058MHz.18 Since the decay rate 7Y 1s essentially .the same for
2 .

both p states we find
K‘l/z / I< 312 En = 0.0167 (20)

with Ki=2mi/Y, K, =21.2 for zero magnetic field. Usually our-electric
2

fields were small ¢=4.5 so that the ratio q/k,, =0.02 (q/k,~0.21) sug-
B 2

3/2

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

the 2°P state. We now have two décaying states both producing .

3/2
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Lyman-o radiaéion rougﬁly proportional to their population sum

R & Ipual®+ [panl® | (21)
Assuming |s(0)| =1, |p(0)| =0 the 22P3/2 population will be given by

o = 12Q1E VTV [1+ & 26" cos wt] | (22)

where we have taken advantage of the fact that for zero magnetic fields

stlz = N*Q7
(Q is in terms of the 225; - ZZP% separation m%). Similarly the s-

2

state population will be given by

Ist)f?= exp (- Y1*Q*t). : (23)
To account for the effects of the 22P3/2 state we will employ the .small-
field approximation to express the ZZP% population as well, only rather

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

22P3/2 state; then the py population will be .

Pl = Q° exp[~(1+rrw@%][l+ e z_éYt[zco_s wt] ) (24)

The total radiation then appears as
2 .
1p1* = {exp[-+n)yart]+ nrexpFyrast] } |
Yt -Yt/2 (25)
X Q* [l+e -2e COS(/Ot]'
This equation is yet incomplete, for we have neglected the hyperfine
contributions. There are twice as many couplings to the hyperfine

states in the 22p3/2 level as in the ZZP; level. Replacing TF by m?
2

accounts for the increased number of decay chanmnels The 22P3/2 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-—
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rection. To the extent Yn2Q2t<<l and Q* is small the simplest cor-
rection made is

Ip1* = | pLv—> vu+r2n»])? | (26)

where the contribution n2Q* has been neglected.

Exact Quantum—Beat Radiation Profile
With no approximatidns 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-0 radiation profile produced by the two level system
with arbitrary initial conditions and under the application of a
uniform field will be given by
lp@))* = (';[A'e—“zqu e’ Ge_azcos(Sz—gé)] , (27)

where

a=v/i2v, a=a(l-%), g=a(+E), s§=al, A=p,-¢,,
£= R-KS, [=kR+S, R=JUC05(G/2), S=+usin(6/2),

:.,/X4-+ yZ, I+4lq'l l KZ 7 y-—_—_ 8‘%[116/(\'1'{,2)2’ ’ (28)

f= tan—((y/x), ((:"—:ZU.)/'Y’ q__—:. ZV/ﬁY, w=ws— Wp,

and

lqi? Ut 1- 2R gl 1, .
A= Ag’ \jl@ A; —F -+ A.sAP T_‘%[(Z—K)COSA%‘(I-Z)SMA]’

; 2
B'=AZ_ 14l _pA;ﬂf_l[:_Z:& AAP

B Bcﬂc)casz\ (HE)SMA]

-—SIWA] (29)

C=2A52“:?_JK? Aéul —'Z.ASAP H'K.
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D= A;S + ZASAP _[HEL‘K,_‘ [ECOSA + I SI‘nA]}
sz, . P =cosT'(C/E).

Here, as before, we've replaced t by its equivalent t=z/v. This some~-
what complicated expression provides a complete déscription of quantum
beat phenomena in a two—level system un&er the application of a uni-
" form electric field. Note the appearance of thé Y/v factor in the ex-
pression for 3 and how the factors which provide for the predominant
decay structure, viz., o,8,8 are proportional to a. Note also how v
enters elsewhere through Kk and q. Such independence provides us with
thé means of using the value of Y/U obtained from the analysis of the
free decay data yet provide remaining f?eedom 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 q)=6,6469><1095_1
and decay rate N{=6.27><10*3s_1 we find k=2w/y=21.2., If we make an ex-
pansion of the p-state probability in terms of 1l/k and keep terms to

order 1/k? (since for zero magnetic fields 1/k*=0.0022 we expect this

approximation to be quite good) we obtain

lp@l*= %([A'e— ipefl - Ge—a_zcos(82—¢)] (30)
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where

u=|+4e?, a=/zv, a=a(l~yz), B=alir{z), s=wia/v,

A ASE +“‘AP (H‘ZE -\/——I)-‘PASA[’EU{_‘ l)C‘OSA-‘-(l- ) hA]:

<
B=Ader 5A$((+2e+.f(7)~A§APe[a +m‘)CosA—([+{.)_KVLAL
C=2A%2€* — 2A7€® — 2AsA € (CosA— si_%\>J (31)

D= *12fb==‘ + ZJ\sAw»e Cﬁiﬁi +—J—-S]WZS>

G=+c*+p*, ¢p=ws'(Cc/G).

Here € is a measure of the electric field
e= 191/ =IV/hw - (32)

It will later be shown that V = /§eu)eE where E is the applied field
and where a, and e are the Bohr radius and electronic charge resﬁec-
tively. We can then write

e=%ﬂ, E,=hw/3a.e = 477.345 volts/cm (33)
Typically we use electric fields of about 324volts/cm. Here ® is the
fine-structure splitting.' We include this high frequency approximation
" (1/k?%<<1) because it demonstrates the general features of the radiation
profile. Note that Y appears only in the form Y/uU (in the factor 3 )

which is the ratio proﬁided by the free—debay analysis. The oscil-

latory term may be written as
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cos (zw[+rex/V — ) i . (34)

which, aside from the phase factor ¢, lacks any dependence upon Y,
rather, it exhlblts only a dependence upon the state separation @, the
field strength € and the (unknown) velocity V. What this tells us is
that any dependence upon Y in the exact exfression 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 valués for Y.

Now that we have a means of foliowing the quantum beat (QB) pro-
file when the beam is in the uniform field region.we must provide a
means of establishing the ipitial amplitude magnitudes As, Ap and the
initial phase difference A = ep - GS produced as the beam.travels
through the fringe field. These resﬁlts.must then be extended té’ac—
count for hyperfine structure, the effects of a beam Qelocity dis-
persion, and detector'é 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 tﬁe fringe
field and then provide for a computer integration of'Scheringer's eq-
uvation, i.e.; the amplitudes equations of Egqs. (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 fringg 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. Suach a model first.developed by Rosen and
Zener has recently been extended by Robiscoe to incidde decaying levels
as well as a rotating field.19 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 . "
Wiy=Vsech(rt/T), [ wWetdt =VT,
- 00 (35)
Writing P(t)=P(t)e£Yt/2 the new amplitude equations will be
‘ - : —iat
ihd=wW"ppe' | inP=wwse : (36)

where § = ® + iy/2. Uncoupling these equations and making the trans-
formation
=4}
x(t) =4 [tanh (0t/T) + 1 ] 37)
the uncoupled amplitude equations are each transformed into a hyper-

geometric equation. Subjecting the solution to the initial conditions

IStt=-a) =1 |

Plt—»-»)=0 (38)
the following amplitudes are obtained

pt) = (a/191 x? g 3tz F¢+a , P~a; P+152) (39)
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sty =(ig/191) x? expl- (% +£v—iw)t] F(¢+a,¢~é3¢;z),

where ’ i
a=VT/mh, p=4+(VT/4m)=i(wT/2m), t=2/U, (40)

and F is the hypergeometric function.20

These results provide us with a model for a fringe field of a
parallel plape capacifor 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
Vsech (iz/uT)  for 220
W= (41)
V for 220
The length of the fringe field may be established by its half-width-
half-maximum which is related to T by
Ay = (0-419201) Ty (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
Ex = ExtiEy, | (43)
the dipole matrix elements between hyperfine states may all be written:

in terms of three scalar products involving the elementary n,l,m2 wave-—

functions
V., = (34Z)a.e E_= (2ZPmy=+1)[Hs| 25> (48)
Vi :—(3/1/‘2)@9@ E.=<2Pme=-1)[Hs| 25> (45)
v, =-3ae E, = <2?(m1=0)lelzs> - (46)
The first two V+1’ V_l involve electric fields perpendicular to the

quantization axis while the last one, Ve involves electric fields
parallel to the quantization axis. In table 1 we show the dipole cou-
pling between hyperfine states. Note that thére are two types of
transitions allowed by the coupling, omes for which Amf = %1 and ones

for which Amf = 0. Which transitions occurs depends upon the elec-

tric field orientation

]

Am

£ 0 o-Transitions EZ #0 (EH £0)

Amf =+ 1 m-Transitions Ex’Ey £ 0 (?L #0)

In figure 3 we illustrate the tramsitions which may occur for dipole
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TABLE 1

HYPERFINE DIPOLE MATRIX ELEMENTS

(22Py/2(f, mg)l e P-E 122S/2(f,m;))

2282l | | o
| i /2 -
2%Pir2 f | . O
Mg

i | 1 | o |-t | O

nj—

- | () II@. -58' IIq.

ol o |-m,| = |m| o

52'5 W{E;(3§?E5@‘='“\Jé
Hz=vV92 geEs= Vs
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Fig. 3. Allowed hyperfine transitions. For dipole coupling
O-transitions arise from components of the electric field parallel to
the quantization axis; T-transitions, from E-field components per-

pendicular to the quantization axis.

. - ™ T
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coupling. Depending upon how the orientétion 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 quantizatién 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 ®1,...,y4)

IP(Z)12= #EZlP(wnz)l“r lplws;)|* + tp(wqu)lzj (47)

where the w, are the hyperfine level separatioms (w =w2=6.832875X1098—1

1

©4=7.204749x10°s™" , and w,=5.71725x10%s '),

Contributions from Window

Up to now the expressions for lp(z)l-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 suéh 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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- | w/z , )
lptz)|* = WLW!Z lp(z+z)) dz’y, . (48)
where w is assumed to be small compared to the detector-beam separation
so that 1/r® effécts may be neglected in this approximétion. 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)
poi*=g[AeT* +BEH _Ge M F(sz-9)] (49)

where

A= (2A’/wg<) Sinh (wa/2) , B= (26’/\/«/5) stnh (wgrz),

F(52-¢) = X cos(82-4) - Ysin(sz-4),
Y = 2[asinh(aw/2)Cos (8w/2)+ § cosh(awra) sl‘h(gw/zﬂ /W(az_‘. §2) (50)

Y =2 [8 Sih (Bw/2) cos (Sw/z) — a cosh(awsz) s (SW{l)] / w(a*+§*),

The remaining factors may be found defined in Egs. (31)
It is now a simple matter to account for a velocity dispersion,
Av/uv # 0. Upon entering the fringe field, a length A% of the radiating

beam spreads according to

Az = AL + %QZ . . (51)

We can therefore account for a velocity dispersion by including a z-de-
pendent increase in the window

W —> W+ éUHZ . ‘ (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 IIT
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 Generatér modified as a proton source). Two alignment
magnets are placed at the output of the accelerator allowing precise
vértical and horizontal positioning of the beam (see Fig. 4).. The
pressures at the accelerator's output are maintained from 5uT to 7.5uT
(luT = lxlo_smmHg) 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 thg non-proton components (like H+, OT O;, NT
etc.) and is deflected approximately 20° from its original direction.
Because alignment of this protonm 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 indispensible
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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 iikely to acquire an electron via
collisions with the background gas.21 This chérge exchange region is
enclosed by two adjustable, circular apertures; The upstream (#1) ap-
erture's diameter is 1:083id.002mm and downstream (#2), 0.980%0.003mm.
The pressures -within the charge exchange cell are maintained by a
Granville-Phillips léak from 30mT to 45mT (depending upon the run) to
within less than 1% as monitored by:an MKS Baratron pressuremeter
(type 77).

Upon leaving the charge exchaﬁge cell the beam is combosed 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 groﬁnd state
or one of the other longer lived s-sta?es such as 225%, 328%, etc. and,
therefare, 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 228; metastables and, therefore, act as a source of stray
. 2

electric fields. Removal of the protons is .accomplished by a magnetic
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field which benés 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 ?eplaced by an external magnet.
This proton sweep field serves another purpose. The n > 2 s

states are also metastable (328} and 4°S, states have lifetimes of
2 -

3
160ns and 230ns respectively 22), With beam velocities of over 1% the
speed of light this corresponds to distances of almost a meter and
these states would surViQe to the experimental chamber if they were not
quenched by the sweep field. Roughly 50% of the 228% 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 timgs the square of the 2s - Zb
dipole coﬁpling;23 we may therefore be assured that upon entering the
expe;imental chamber all states other tham the 225; state have been

2

depopulated and we have remaining an essentially pure beam of 2%s

[Sad

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 228, level..

e
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" Expérimental 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 aiignment the beam current on each plate can
be monitored.

Within the experimental chambe; are placed four électrode 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 gll 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 :
1.5kV.)

Next the decay induction sandwich provides ‘a spatially short
electric fiels to the beam thereby allowing conversion of a fraction of
the 228% metastables to the 2219;E atoms in a small distance. The field-
free decay of the new 22Plﬁ 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-

proximately 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 tﬁe 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 radiatiom profile,
therefore ground plates are added to shorten the fringé 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 entér 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 intenéity of the hydrogen beam. 650V
assures that no protons enter the Faraday cup; 1lkV is used.

When a fast beam of protons of hydrogep 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 pfoduced provides a
measure of the hydrogen beam intensity.

The Lyman-0 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




43

Fig. 6. Faraday éup-is biased to measure the secondary electron
current produced by the hydrogen beam thereby indicating its intensity.
A quartz target is provided fof direct viewing of the beam when.the
metal shield is rotated from the beam's path. A switéhing circuit is
provided (not shown) to monitor either the proton current, or secon~

dary electron current prbduced 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 Weiéhts which hang down
into the throat of the diffusion pump beneath thé 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 df the counting electroéomics. If
the beam never changed its intensity we would have been able to reéord
the CEM counts (proportional to the Lyman-o. intensity) for a preset
time then change the ;art'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 in%o 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 ganberra 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-q 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 detéction.
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Counting electromnics.
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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 150nA to 950nA as measured in the Faraday cup by the electro-
méter. The -1V full-scale-deflection outpuf of the electrometer cor-
responds to a VFC output from 3kHz to 5kHz (the higher frequency was
used in the earlier runs). Provided the eléctrometer is zeroed fo?

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

"homemade." It has a 741 operatiomal 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
auadio monitor is valuable for'aiignment purposes and for keeping con-
stant cheék on thé running of the.machine; for we are no longer
"glued" to a meter and cdn. concentrate on other adjustments while
"listening'" to the beam.

For both the free-decay tFD) and quantﬁm 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 coﬁponent. Tt 1s 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
timeé 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 obseived 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 frontof the plates. Because of the uniformity of the backgrbund
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 elgctrode 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 producéd 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. 1In time the charges are neutralized by the continued
beam-ion production. These characteristics were fiﬁally 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-
vious experiment wi£h apparent success they were never suspeci:ed.24
The problem was difficult to locate since the time constant'aésociated
with the charging was about 1 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 chémber.

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 observa#ions. 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 CEM. Covering all holes and cracks in the cart sti;l didn't com-
pletely solve the problem of a spurious signal, however. It was neces-
sary to negativelybias the mouth of the CEM to repel all electrbns
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 tha£ the beam velocity was too high. A de-
tailed investiggtion ultimately revealed that Lyman-a radiation from
upstream was feflecting off the beveled edge of the downstream brass
slit directly into the CEM. The slits were replaced with 0.00lin 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 éf 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 ﬁould 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 atfempt 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 fhe 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 pressufe is impor-
tant, but fortunately we always operated in a plaéeau region and were
able to maintain the pressures to within 1% of the starting pressure;
so, we anticipate that there will be no measurable erro£ introduced by
the cell (see Fig. 9).

The applied voltages must be known accurately and held constant.
A Data Precision (Model 2440, 4% 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 thg
course of a run, in comparing its readings to a Fluke DC Differentiél
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 thé metastable content of the

beam is the magnetic field produced by the sweep-field magnet. 1In Fig.
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Fig. 9. Counts vs charge-exchange—cell pressure. The charge—
exchange-cell pressure is selected mear the middle of the Lyman-0 count
plateau. The plateau region doesn't change its position significantly

for beam energies from 80kV to 120kV.
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10 we show the metastable signal as a function of the sweep-field-mag-
net current. To esséntially 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 refle?ted by
the metastable content of the beam. The measured standard deviation of
the magnet current during a run is 2.3x10 *A (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—
da?d deviation assoéiated with Poisson statistics. |

Having eliminated all obvious difficulties in the apparatus and
;ssured 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 fieid 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 0.3in or further
downstream. The natural logarithm of one of the decay curves shown in
Fig. 12 verifieg these conclusions.

The Lyman-0 signal as a function of sandwich voltage is shown in
Fig. 13. The operation ;oltage is usﬁally 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 80kV to 120kV are used sincg the accelergtbr 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 ﬁith a linear regression

performed upon the log of the net signal

%(N—Nb>=MNo~mz . (53)
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Fig. 12. Verification of field-free region. Sample data show-

Data at z = 0.25in and be-

ing excessive size of signal at z = 0.2in.
‘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 squafes-fit-

to the natural log of data past 0.2in. Assuming- Y = 6.27x10%s" ! we

obtain 65kV as accelerating voltage (meter on accelerator indicated

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

the graph.









































































































































































































































































