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ABSTRACT

Field-induced quantum beats observed in beam-foil
studies of Lyman-o radiation are obtained in a conventional .
mqtastéble hydrogen quenching experiments. A monoenergetic
beaﬁ of metasfable hydrogen atoms of velocities ~ib8cm/sec
enters a static electric field perpendicular to the beam
axis. The quenching cell consists of a parélle1~p1gte
capacitor whose fringing field has been greatly reduced by
means of a resistively coated end-plate. The fiqld”is in
effect switched-on sufficiently fast to'fegolve the Tapid
fine structure oscillation (~10969MHz) in the beaf pattern.
The resultant radiation is observed in the direction parallel
to the §ield since structure in this radiation is most .
pronounced. The results are in good agreement with the non-
perturbative theory of Drake and Grimley, without  the use of
adjustable parameters for the initial state amplitudes. The
present experiments are the first to separate quantitatively

some of the hyperfine structure transitions between the

281/2 - 2P1/2 states and also.between the 281/, - 2p3/2 states.
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CHAPTER I

INTRODUCTION

Quantum beats or beat'phénomena resulting fram
interference effects of atomic states haYe received much
attention in the last two decades, particuiarly through
studies, in beam-foil spectroscopy (for a review, see
André, 1974). Here a fast beam of atomic particles is made
to traverse a thin foil a few tens of nanametqrs thick.
Because of the violent interaction between the beam particles
and the foil practically any exgited stéte of the'érojectile,
regardless of its charge state,_can be exc&ted. Qnce a
state is excited, it_can be studied in flight with high time
Tesolution of the order of iO'g 10-10 sec, by taking ,
advantage of the high speed (--108 cm/sec) of the beam
particles. Another advantage of beamffoil‘sﬁectroscopy is
the very short exéitatioﬁ pulse of ~10';4 sec, which will
_coherently excite the sﬁblpvels of a given state, Coherent
excitation één usually occur when atoms ekperience a sudden
change in théir Hamiltonian. This fact can be understood if
we consider two time regions; the atoms are in'a wefl defined
state described by the Hamiltonian H, at t<Q, and?they enter
a region in space where thg Hamiltopian is H1 att =0. If
thé trgnsition is suddeﬁ, the excited state can be expanded
.iﬁ termg of a coherent superposition of eigenstates of Hl’
Interference effects can be observed when componéhtg_of the

superposition state decay to a common ground state. The

1



L4

resulting oscillatory variations in the photon emission rate
along the beam axis, downstream of the foiltare referred F? as
.quantum beats. In beam-foil spectroscopy H2 is the Hamiltonian
in the foil and hl is the Hamiltonian for thé emerging
particleg. If there is no field behind the foil Hi is"the‘
field-free Hamiltonian and zero-field quantum beats can be

observed. In the presence of an electric or magnetic field,\
H, includes field interactions. |

In the experiments described in the p?esent.diésertation
H, is the field-free Hamiltonian and Hy 1s the Hamiltonian
for a static electric field. The experiments are carried out
with a beam of metastable hydrogénigtoms H(2s) whose field
free lifetime is very long (~0.14 sec). The beam trayels at
ground potential and is suddenly subjected to a static
electric field. The external fiéld, by mi?ing in the
radiative 2p states, strongly decreases the effective lifetime
and radiative transitions to the g}ound state.take place wifh
the emission of Lyman-c photoﬂs, The destruction of |
metastables by an external field is called quenching and thé‘
resulting radiation is called the quench radiation.

One of the great advantages~of beam-foil spectroscopy
is tbat the particles emerge from the f&il'in an initial non- .
statistical sublevel population, which is a requirement for
the generation of quantum beats. The great disadvantage,
however, is that these populations cannot be accurately ‘

predicted (Alguard and Drake, 1973; Andra et al. 1973) and the

initial state amplitudes are usually taken as adjustable
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parameters to fit the data. A precision experiment of the n=2
levels of hydrogen would in principle require

% (22+1)(25+1)(21+1) =16 adjustable parameters. Since this

makes a comparlson with theory somewhat™arbitrary, Andra (1974)

studied n=2 Stark—beats for hydrogen without foil excitation.
Coherent excitation was échieved by suddenly switching on a
static electric field onto a clean beam of metastable hydrogen
atoms in wﬂich the initial state amplitudes were known. In the
experiment the beam passes through a small hole in the center
of a metal plate, which is kept at greund poeential and forms the
first electrode of a pgfallel plate capacitor. The beam then
travels parallel to the direction of the applied electric field
and leaves the field threugh.a hole in the second plate.
Because of the geometry Andr; was only able to study the quench
radiation emitted ‘perpendicular to the field direction.
Although Andri observed a strong beat pattern at the Stark-
shifted 281/2-2P1/2.Lamb-shift frequency, no numericai results
wére teported. Furthermore our calculations (Section II.4)
show that the quench radiation emitted parallel to the field
direction confains much more information than the
perpenditulag\intensity.

In addition to the Stark-shifted Lamb-shift frequency

the. intensity should also. exhibit fine structure beats at

much higher frequency corresponding to the ZPS/Z—ZS * and

1/2

ZPS/Z’ 2P1/2 fine structure splittings. The ZPS/Z—ZPI/2 fine

structure beats have been observed (Andra et al. 1973) in a

=
motional electric field, ﬁ=va/c, after beam-foil excitation.



The exper&ments have not been precise enough to resolve
these oscillations from the 2P3/2 - 2'51/2 beat. The
disadvantage of a motional electric field rather than a static
electric field is that it involves additional complications
arising from Zeeman splitting. |

In our experimeﬁt the beat pattern for metastable
h&drogen.is studied with a static electric field and with high‘
spatial resoclution along;Ehe beam axis. The quenching theory
is described in Chapte{_iIﬁ The novel way (see Chapter I11)
in which tﬁe quenching fieéld is applied transverse to the beam
direction has enabled us to observe the quench radiation
parallel to the electric field direction. . The osg&llations'in

the beat pattern of this radiation (Chapter IV) are sufficiently

strong that a Fourier analysis (Chébter V) has resolvéd several

transitions amongst the hyperfine structure states in the n=2
!

system of hydrogen.




CHAPTER 11
THEORY

I1.1 The n=2 System for Hydrégen

-

The various hyperfine structure states for the n=2
system of hydrogen ;re shown in Fig. 1. The lévels lie about
10.2§VLabove the 151/2 ground state. The degeneracy between
the ZPl/Z‘and ZPS/z states is removed by the relgtivistic
variation of electronic mass 'with velocity and by the spin-
orbit coupling. 'Although Dirac predicted an exact degeneracy
for the'281/2 and ZPI/Z states, Lamb and Retherford (1947)
found a small energy difference oé 1058MHz between these
states. This so-called Lamb shift arises from quantum
eléctrodynamical effects. Experimental values (Lundeen and
Pinkin, 1975; Robiscoe and Shyn, 1970) with six significant
figures are in good agreement with theory (Erickson, 1971;°
Mohr, 1975). ’

The average value of the measured energy difference
between the 2P3/2 and 281/2 state is 9911MHz (Kaﬁfman et al.
1871; Shyn et al. 1971; Cosens and Vogfurger, 1970). When
thié value is combined with the Lamb shift’ measurement the
fine structure splitting of the 2P state becomes 10969MHz,
which is in good agreement with the calculated value of
10969.0542MHz (Brodsky and Parsons, 1967). ‘

Since the nuclear spin of the hydrogen atom is I=1/2,

the 281/2, 2P1/2 and 2P3/2 states consist of four, four and

5 :

eight,hyperfine substates, respectively. The measured value
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Fig. 1 Energy-level diagram for -the n = 2 system of hydrogen.
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of the hyperfine splitting of the 281/2 states is 177MHz

(Heberle et al. 1956) and that of 2P state is S59MHz

1/2
(Lundeen et al. 1975).

Both the metastable (2S ) and the ground state
~ 1/2
(1Si/2) of hydrogen are of even parity and accordingly

transitions between these states are dipole forbidden.

However, the electron can decay to the ground state via the

ission of two photons (Drake et al. 1969). Since this is a
A | P .

very Wnlikely process, the field free lifefime of the 281/2

stateLZs 0.14 sec, This extraordinary large value can be

exploitted to obtain a neutral beam of hydfbgen with the 28

1/2
state as the only excited state. -

The interaction of metastable hydrogen with an external

field results in the mixing of the sixteen n=2 substates (the four

© 25 states and the twelve 2P states). Since the lifetime of the 2P

states is very short .(~1.6 nsec) radiative transition with thé
emission of Lyman-o« photons ( ~121.6 nm) to'the 181/2 ground
state take place. When the external field is switched on
suddenly, the decay rate has an oscillating behavior with
various beat frequencies. The field dependence of the
quenching rate is'described in Section II.4. 1In the next
section we describe how electric-field induced beats arise

for a simple two state system consisting of a single metastable
25 level and a single radiative 2P level.

I11.2 Two-state Problem

The time evolution of an initial pure state after an

electric field is suddenly switched on can be solved in closed



form (Baylis) for a system of two states. The Hamiltonian

can be denoted by

H:{'H°’ £ee

(2.1)
H + ezF, t>o .
[e] .

where Fz is ,the electric field and H, is the field-free

Hamiltonian. Let |$> and [p;> be ‘the eigenstates of the system
: . . : - RO - O _inw

with corresponding eigenvalues ES ES énq Ep Ep 1rp/2,

for t<o. Pp is the level width for the lp;) state, The

eigenstates for t>o can be represented by

> = | A, ¥ |p;> B+ ] (2.2)
The corresponding eigenvalues he, - ir,/2 satisfy

H(t>0) |2 = (na, - ir,/2)|5 (2.3)

which, in matrix notation becomes

ES PVSp Ai Ai
= (he, - ir,/2)| (2.4)
vas Ep B, B_
where Vps = VSp = <S|e?|ﬁ>

Thus ha,_ - iri/z are given by the roots 8, of the

secular equation

2 2 2
BT - (ES+EP]Bk EsEp - F vsp = 0 (2.5)

oT



w
1l

I+

1’19+- iI‘i/Z

2 2 2 '
0 0 - 0.0 .
{E_ + Ep - 1rp[2 tf(ES Ep + 1rp/2) + 4F Vsp}/Z.

. (2.6)
From (2.4), it follows that

ESAt + FVSth = (o, - iri/Z)At
which yields

G, = Bi/A;

= {-E_ + (hn, - ir,/2) }/FVg,. (2.7)

From (2.5) and (2.7) one obtains

e, o = -1. (2.8)

The normalization condition <+| +> = <<|=> =1 gives

lAzlz B SR

+ ]

which can be written as
2y-1/2 |
ALl = @+ e 1) (2.9)

Substitution of (2.9) into (2.2) and using the definition of

¥

o, yields
1 = @rle,|” )7 V2 (19 + [p)> ay). (2.10)

The general non-stationary state can be written as

a linear combination of [+> ,

S0, t-7,t/2h -iQ_t-r.t/2h

1D =c, > te|>e

(2.11)
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If the system consists of a pure state initially,
l[t=0> = [$> . | (2.12)

Using (2.10) and (2.11),(2.12)becomes

c c CLoy C_a

( r————) [>+( ) [p > .
2 2 2 2 (2.13)
+la, [ ji+fe_| Trfas]® [1+]a_|

The values of c,-are then given by

+

c c
— + — =1 -
feten? Jaea)?
(2.14)
C,u C.o_
+% . -0
/1 4]0, |" Jl *la_|?
The solution of Equations (2.14) gives
“;J1+[“t|2

£

= (2.15)

CL:F‘CL_,_

Substitution of (2.15) into (2.11), using (2.8), yields

1 P .
|§>=_______{l€>(a_e—ln+t-r+t/Zhia+e-1n_t—r_t/2h)
a_—a
- +
_|pﬁ>Ee—in+t—r+t/Zh_e-in_t~r_t/2h)}_ (2.16)
Z

If the |$> state is metastable and the system only radiates
from the |p;> state, then the emission rate is proportional to

the probability of finding-the system in the Ip;> state. This

probability is
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1 —iq,t-r,t/2h —ig t-r_t/Zh 2
15,117 = ———]e Tome

o, |2

Substitution of (Z.6) gives

2,2 '
F*V -r.t/h -r t/h

2 .
|<p, 151" = 5P = (e * + e

—(r *r_Jt/2n
-2e cos (g, -g7)t}

where,from (2.6),

2, = (Bg+ E; g, ) / 2h

with g, and g_given by

p

. . 2 :
g, +ig = j( Eg - Eg'+1rp/2 3° O+ 4F2Vsp

or, to be more explicit,

g+=~/{jf2+(Eg-E;)?Tgtf}/2

where

: 2 2 2.2
f = ( E® - E° - To/4
(EQ - BS )7 - rp/4 v 4FV,

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
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It can be seen from (2.18) that an oscillatory behavior
is superimposed on the exponential decay with an angular'
frequency q,-2_ equal to the energy difference between the
Stark-shifted states (cf. Eq. 2.3 ), .

An intuitive interpretation for quantum beat phenomena
can now be obtained as follows. From (2.18) it can be seen
thét the probability of finding the system in the radiative
lp> state oscillates in time. It is obvious that |<3]ﬁ>|2
pscillates wifh the same frequency. Whenever‘the probability,
for the system to be <in the |3 state is large, the probability
of it to be in the ]p;> state is small and vicé versa. Since
fhe radiative decay rate from the |S> state vanishes and that
from the |p;> state is high; the intensity of light emission
will be modulated with a frequency precisely equal to that of
the transition probability.

An exact treatment of the quenching procéss for H(Zs)
thaf takes the sixteen n=2 states into account ig described
in the next two sections. Even though the quench radiation
contains several beat frequencies, the intuitive picture

.developed above will still be valid.

IT.3 Non-perturbative Theory

In this section the non-ferturbative theory of Drake
and Grimley(1975), applied to the n=2 system of hydrogen atom,

is summarized.

The time-dependent Schrddinger equation is

ca -+ . RS -+
1hgzw(r,t) = { Ho + V(r,t) ty{(r,t) - (2.23)
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Where H, is the field-free atomic Hamiltonian, including the
fine structure and the hyperfine structure interactions. The

field-free states v, satisfy the eigenequation

_ o0
Hown En Y

n (2.24)

The level width I, corresponding to the energy level

Eg is introduced phenomenologically by

- o _ :
E,= Eg - ir /2 . ‘ (2.25)

The interaction potential due to the external field is

represented by

FV(T)e ,» t>0
{ (2.26)

0 y t<D

where F is the field strength and ¢ is any complex number with
a positive real part.

-~

The evolution of the state is given by
e(tl-tz)lyn(?’l,tl)—“-‘th""(l;Z)?n(?z,tz)di"z (2.27)

where, for t,<0,
-iE_t,/h
?n(?z,tz)'= wn(fz)e n-2 (2.28)
is one of the field-free states and‘e(tl—tz) is the unit step
function, |
| Drake and Grimley(1975)‘show that for t2<0, t,>0 fhe

retarded Green's function can be written in the form
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1 o .
+ ~ > >
67 (132) = ——f duy e Tyt pleeE) (229

where w(?l) is a column vector of eigenstates wn(?l) and

+ - o o .
¥ (fz,tzj is the Hermitian conjugate row vector of states

-iE. t, /h .

4 (;2)e no2t ~The square matrix function g(ul) is the
n 2

particular solution to the differential equation

. o0 +
(a(uy) - }lEFEF + FV) g(ml,F) = } (2.30)

where A(ml) is a square diagonal matrix with diagonal elements

A =E +hw1 and V is the interaction matrix with elements
n n .-

v = T vV (r T 2.31
. < (7] | Vo) Loy (7> . (2.31)
L Y ‘ .
In the limit F+0, the solution to (2.30) 1is

golug) =2 "1(m1) . - (2.32)

Substitution of the previous expression into (2.29) gives.the

free-particle propagator

1

x
o imtl‘i’(r)‘?(r)iﬁt/h :
G;(1;2)= f du,e 171 p- 17 n 27 ""n72 (2.33)
- 271l - n En + hml

In the limit &+0, the solution for finite field strength

is

g(ml,f:) = { aley) + F\f y 1, (2.34)

;
)
M
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In the electric dipole approximation, the interaction

matrix V has the off-diagonal structure

0 .V __y
Vo= ( y 65p) C (2.35)
~-DS

in the subspace containing Ns s-states and N_ p-states. Thus

P
g is the inverse of the matrix

r

-

bss Flsp

Fos  opp

where Ass and ppp are the diagonal submatrices of 5 (wqy).

The inversion of the previous matrix gives

-1 en-ly ol
;2 D30\
g = (2.36)
pp-ly 4l pil
_PP_ps_S8S PP
where
- rv__ .oty (2.37)
-~ .55 bss 'splpp'ps .
and
D =, - FV _a Vo . (2.38)
pp pp 'psissisp
The -evaluation of
_ _ep-ly -1 "
8sp = "FPssVsplpp (2.39)

s

is thus reduced to the inversion of NSxNS matrix DSS.
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For the simple case where there is only one s-state and

one p-state involved,

1 A -FV ‘
g(wl) = > PP SP
assapp g F VSprs —FVpS bss

~

If Bl/h and Bz/h are the roots of the equation

¢

2

or,
e E o= 2 2 1/2
“E_-E P {(B-Ep)C 4 4FV Vo)
81;82—
2
then ~———— ﬁib
N 1 | E +hyy -FV
g(wl) = ( P >P
- (hml_sl) (hm1—82) 'FVI‘)S Es+hw1
.//
The Fourier transform of g(ml) is
1 o iwtl
g(tl) = dml e g(wl)
- 271} - Ly - :
ig . t,/h ig,ty/h iR, t./Tt 1B /h
- 171 AS! 1Bt 1Baty
E + e -{(E_+ e - -
o By) ( D 82) | FVSp(e e
ig.t;/h ig,ty/n ig,t,/n i
) 1t 2t1 1%
RV g (e -e ) (E_+g8,)e -(E_+8,)e

The retarded Green's function is

N

) -

thlf
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&
% * \" Wy (ir')
¢t (1;2) = |v (F,,t,) wo(F,,t)) gltd | S 1
& st 2772 Tpr 2ty y_(F,)
i p1 3\
’ \ /
s P N
If the initial state at t2—0 is a pure s-state, then
N + . -iEStz/h
w(rl,tl) =‘IG (1;2) v, (¥5) e 'dfz
1 [ - ) iBltl/h - ithl/h
= - '{"B e - + e ‘ 7

iBltl/h_6182t1/h)w 2 )]
. p 1

—FVSp(e
a3
which is identical to |£> in (2.16) by replacing g, and g, in
the previous expression by -8, and -p_respectively. '

. For the general case, choose the z-axis to lie along
the direction of the electric field. 9 < is thén block
diagonalized according to the magetic quantum number MF_where
T aT+JF is the total angular momentum. For the case of
metastable hydrogen, I = 1/2, J = 1/2 ; hence F = 0 , 1. With

¥ and v denoting the state 2§ (F =0, MF = 0) and 251 (F =1,

1/2 /2
Mg = 0) respectively, ?;i can be written as
al0) ¢ 0
0 %(1) 0 (2.40)
0 o at D |

where d(tl) are 1xl matrices given by /

P
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(m)
am derlipp ). , m=s+1 (2.41)
g

and d(o) is a 2x2 matrix with the elements given by
0)
det(5(0)y Vov_
a0 - 52— s - Fip—vnny (2.42)
-~ _ v
HH nh( B, *a) Bnp
0)
det(3(0)y vy
4(0) _ R, - pzﬂ__lﬂ-ﬂﬂ ) (2.43)
vV h (- gy Jeu) K 8
k 1 np
0)
det (4 (9 V- v
dsg) - G FlpMD NV 4 (2.44)
-~ h _ Tt ’ -
E ( Bk *wl) Anp ‘
and
det (4 (0D Vv
dgg) - ) Flp—YD My y (2.45)
Eh(-ek +m1) n Anp

In the above expressions g(m) 15 the negative of the eigenvalues
of the matrix E + FV in the subspace of s; and‘p-states with
MF'= m, égg; 1s the diagonal submatrix of by, in the subspace
of p-statesiwith MF = m and gnp is the matrix element of

A labelled by the subscript n. Hence g., can be written

in the form
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r ¢ 0
g = -F {0 a1 g v a1l . (2.46)
-SP - ~SP-Dp’
\ 0 0 a(d)
IT.4 Quench Radiation

Tf the radiation field is introduced as a first order
perturbation ( Hicks et al. 1972 ), the induced transition
probability amplitude for the atom-initially in state i at t=0
to be in the final state f together with a photon of frequency
w after a time Tis:given, in the non:relativistic electric

dipole approximation, as

. ’ [ 3
i T * iE t /Tl iu.)t
1 - ! > : £71 | -
c% )(m,t) = - n 0dtljdr1 wf(fl)e e H (fl)w(fl,tl)
(2.47)

where %

Z27h

e
HY (1) = ——( &3
m w Vv +
p is the momentum of the electron.
e

1283 . (2.48)

is the polarization vector of the photon and v is the
normalization volume for the photon. Ef is a real eigenvalue

except for an infinitesimal negative imaginary part. For riw,

(1) _ , . '
cg o) = -z (B g (GEp/me) (2.49)

j J

where the summation is taken over all intermediate states.

The time dependence of the radiation integrated over all



20

frequencies is obtained as (Drake and Grimley, 1975)

(1)

I(t) = 2nh |d
(t) T h | £

2 -
(t)] p(w) (2.50)

where

*
(1) y ‘ 1Eftfh 1Bkt
d. 7 (t) 1§(H )fje ze RGS{gsj(“13}|m1=a
50 . (2.51)

. The corresponding expression for the system of metastable
hydrogen is deduced by Dtrake et al.(1975) Assuming that the
initial state is an incoherent mixture of all four 251/2
hyperfine states with equal statistical weight, then (2.50)

can be written in the form

I 2

- A »
L(t) =27 b o (@) e tp (16-FI2 Aty |2 fexf |2 |ar (23 D)

(2.52)
where
. (M)
|A(t) % = X g lzelgk tReS{BEJMM'(ml)}w =B(M)]2
. F,M,F' 'k | ’ 1 7k
M= M
(2.53)
and
. (M) -
t 2
]Al(t)‘z = Fz 5 Izelsk ReS{BE{MM,(N )y (MH
F,M,F' 'k ’ 1w =By
M= M1 +1
- (2.54)

F, M and F', M' are the quantum numbers for the particular

3
. . . .
281/2 and lsl/z‘states, respectively. Hls,Zp is the radial
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part of the matrix element

<1s l-—( 223 s (2.55)

w v

p(w) is the density of photon states (ha)zv/(thc)3 per unit

energy at the average frequency G=(EZS - Els)/ﬁ. The

F,M -
! b
BF‘,M' s are given by
0.0 det(a(o)) 2 359) @y
B e T o (8,738, ) 1=, (2.56)
’ nh( B, +w1) bhip lnp
1,0 det(A(O)) 2 B(%) o
= PR (4 -3F‘p Doy ;.0 (2.57)
FT’NII Hh('8(0)+w ) T n A . nA
g [} 1 n'p np
and
1)
det(.ﬁ(i )
pl.tl ;2 | (2.58)

F' ,M! (* 1)
ﬂh( Bg w, ) Anp

‘where the hyperfine states 2P (F = 0), 2P (F = 1),

1/2 1/2

2P3/2(F = 1} and 2P3/2(F = 2) are labelled by 1, 2, 3 and 4,

respectively. The coefficients « and Qn' are summarized in
Table I and 171, |A(t)|2 gives the intensity contribution for
T-polarized radiation from AMF = 0 transitions whereas IA'(t)[2
represents the intensity for GLpolﬁfized radiation for which

aMp = £1,

If F is chosen to point in the x-direction and ® and ¢

are the spherical angles defining the direction of propagation,
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TABLE I

Values of the coefficients .

in Egs. (2.56), (2.57) and (Z.58)

n = 1 2 3 4
Bg:g 0 1 Nz 0
)-0, 0 1 +1 0
Bi:g 1 0 0 2
§i:31 1 0 0 -1
B'G 0 i +1 0
Bi:él 0 o1 1/2 - -3/2
Bi:fl' 0 1 1/2 3/2
TABLE II

Values of the coefficients Bn'

in Eqs. (2.56) and (2.57)

nt = 1 2 3 4
g (0) 0 1 2 0
sg}) 1 0 0 2
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the total intensity observed experimentally can be obtained
by summing over two mutually perpendicular vectors é, both
perpendicular to the direction of propagation. This is shown

{(Drake et al. 1975) to be

' 2
_ |H15 2 | 2 . 2 2 2
I(6,¢,t) = thp(w)—————LJL—HA(t)] (sin®s + cos“gscosy)
4

+ |A‘(t)|2(1 + sin29¢052¢)} (2.59)

for the specific cases where the observation directions
are parallel(8 = n/2, ¢ = 0) and perpendicular(e = n/2,6 = 7/2)

to the electric field, the intensities are

T(1/2,0,t) = who () |Hjg 5517 1At (t) |2 (2.60)
and
I(n/2,7/2,t) = =hp(w) [His 2p12lA'(t)[2+’A(t)|2 (2.61)
; 2
respectively.

In the experiment a high speed beam of H(2s) particles
travelling in the z direction with a velocity v enters an
electric field at time t=0. The quench radiation along the
beam is observed with a photon ﬁetector with a finite spatial
resclution 4z along the beam axis. Fig. 2 shows .the beat
patterns I”ET(H/Z,O,z/v) and I,=I(n/2,n/2,z/v) for a typical
beam velocity of“4.80x108cm/sec. -Broading effecfs (see

Appendix) due to a finite resolution ;z=0.19mm have been
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folded into the theory. It is noted that the amplitude of
the high frequency fine structure oscillation is much more
pronounced in the radiation emitted parallel to the field
direction than in the perpendicular direction. This is not
surprising. The parallel intensity(Eq. 2.60) arises only
from the |A'(t)|2 term while the perpendicular intensity
(Eq. 2.61) contains two terms,olA'(t)|2 and |A(t)|2, which
are out of phase with each other._

In obtaining the theoretical curves it has been
assumed that the beam entering the quenching field consists
uxgof an incoherent mixture of metastables in which all the
Eiﬁ§£fine substates are équally populated. Thus the ipitial
state amplitudes are precisely known. The- assumption is.
made because the hyperfine interactions are weak and because
‘in the experiment the metastables are not produced in a feil
but by charge exchange in a gas cell at a long distance from

the observation region.



CHAPTER III

EXPERIMENTAL
Y

The apparatus for the production of a monoergetic beam
of H(2s) particles is shown in Fig. 3. Here protons produced
in a gaseous radio-frequency ion source I pass through an
accelerating tube A, beam centering plates C and a magnetic
field M for momentum analysis. The beam then traverses a
differentially pumped gas cell, G.C. Leaving the cell are

particles of all charge states. Since fhe electron capture
cross-section into a state with princiﬁal quantum number n
varies approximately as n-3 (Oppenheimer, 1928), the neutral
beam also contains many excited-states.,6 With the exception of
the 281/2 state, however, all other states have a short
lifetime. Thus a metastable beam can always be obtained by
waiting a sufficiently long time for all other states to decay
to the ground state. To accoﬁplish this the flight distance
from the exit of the gas cell to the entrance of the
observation' region (Fig. ﬁ) is kept large (65cm).

To reduce the nmoise in the observation region charged
particles are deflected out of the beam by a small deflection
field P.Q. (40§/cm), resulting in a beam of neutrals only, rich
in metastable hydrogeﬁ. Since the quench radiation rate varies
as the square of the field strength (see Section II.4), t?e small
prequenching field does not destroy many of the metastable
particles. Deflection of charged particles decreases the intensity

of mepgstablés in the observation region by not more than 10%,

26
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The slit system, S1 and 82 limits the angular divergence
of the beam to 0.7 degrees. The beam entering the quenching
cell (Fig. 4) has a circular cross-section of i.s mm? .

The quenching cell consists essentially of a parallel
plate capacitor mounted into a target chamber, which is pumped

sepérately to a pressure of 4 x 10-7 torr. The quench

radiation (Lyman -a photons, A= 121.6 nm) is observed with a

. .model BX762 Galileo Electro-Optics uv detector. The detection

;L efficiency for Lyman -a photons is about 10% and the dark
Tl bl P
" 'count is less than 0.5 sec” ., The entire photén detection

system, consisting of the uv detector and its slit system,
can be translated with high spatial resolution along the beam
axis. In this manner the intensity of the qﬁench radiation
an_he observed as a function of distance. Sincé the beam
velocity is constant, the observed Lyman-a emission pattern
in effect represents the time evolution of the quenching
process.

After traversing the quenching cell, the beam is made
to impinge onto a brass surface from which the secondary
electron yield is monitored. The output of the neutral beam
detector is fed to a voltage - to - frequency converter to
define an effective counting period, thus normalizing the
signal to a pre?selected time-integrated particle flux.

In the energy range 4-120- keV, the secondary electron
yield was found to be independent of the quenching field
strength. This implies that the secondary electron yield is
the same‘for the metastable particles as for the ground state

N/
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atoms. This feature was exploited in the noise measurement

’

(Section 1I1.4).. -

I171.1 Ion Source and Accelerating System.
F
The ion source (Fig. 5) consists of a pyrex ion bottle

mounted on an aluminum bagém¥9Controlled amounts of hydrogen
gas are leaked into the bottle by means of a palladium leak.
An intense plasma is formed by exciting the gas by means of a
60 MHz radio-frequency field. A positive extraction fotential
drives the positive ions into the exit canal. A small axial
magnetic field (~100 gauss) greatly enhances the probability
for the pl%smalelectrons to ionize neutral hydrogen atoms.
Proton currents as large as 3mA emerge from the exit canal.

In some of our experiments, the required extraction
potential was as large as 5kV. A disadvantage of such an
extraction potential is that it introduces an energy spread
amongst the ions leaving the exit canal. To see this, assume
a uniform potential drop from the extraction electrode to the
exit canal. Then an ion formed near the electrode undergoes
an acceleration by the full extraction potential, whereas an
ion originating near the quartz sleeve experiences negligible
prg—accelerafion. Thus a maximum energy spread AE=5keV would
be predicted. However, we found experimentally that for an
average beam energy of 120keV, AE=1keV. Therefore it appears
that the vast majority of the ions originate from the region
near the quartz sleeve.

The beam leaving the gap lens passes through an
accelerating tube. A high voltage resistor rack supplied the

appropriate potentials to. the electrodes. The total voitage
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across the'accelerating tube is variable from 0 to 150kV and
is measured fb an dccuracy of +2%. The beam leaving the
accelerating column -is steered through a lmm wide slit into
a 15° magnetic sector field by means of the centering plates
é. A stability of at least one part in a thousand in the
magnetic‘field.was maintained by feeding thé electromagnet
with a John Fluke model 407D DC current supply. The magnetic
analyzer reduces the relative energy spread AE/E of the beanm
to a value of less than 1/300. By using a gate valve
(Fig. 3), the ion source region and the magnetic analyzer
section can be pumped separately. The ion source region is
evacuated with a 6" mercury diffusion pump. A mercury punmp
instead of an 0il pump is used to prevént the formation of
insulating coatings on the accelerating electrodes. The
magnetic sector is pumped with a 4”loi1 diffusion pump.
II1.2 Gas Cell

~The gas cell (Fig. 3) consists of a 15 cm long
cylinder 3.8 cm in diameter with rectangular slits
(0.10cm x 0.50cm) at each.end. Gas is introduced th}ough éa
variable leak. For the purpose of differential pumping, the
cell is enclosed in a separate housing, which is pumped by a
6" diffuéion pump. The housing contains slits of the same
dimensions as those of the cell. Beside serving for
collimation of the atomic beam, these slits provide the only
openings between the housing and the other sections of the
'system. With the gas cell in operation the pressure outside

the enclosure could BDe kept below 8x10-° torr. When the
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variable leak to the gés cell was gradually opened the
intensity of the neutral components in the beam first increased,
reaéhed a maximum and then decreased. By measuring the Lyman-o
intensity in the quenching cell, we observed that the metastable
particle currént'wés proportional to the total current of the
neutrals, which included ground stéte atoms. During an
experiment, the leak rate was always adjusted for maximum
metastéble current. The value of this maximum was about five,
times as large with H, gas in the cell as ﬁith Ar. Since the
cross-section for small angle multiple collisions between keV
hydrogen ions and targét.atoms increases rapidly with the
atomic number of the,target'agom'(Lindhard et al, 1963) and
since there is an extraordinary large cross-section for the
destruction of metastables by AT (Krotkov et al. 1972} this
%esult is not surprising. Though the cross-section for
forma;ion of metastable hydrogen decreases (Dahlberg et al.
1968) as the beam energy increases from 10 keV to 130 keV, the
H(2s) beam cﬁrrent was found to increase with increasing
enérgy. Hence a sufficiently strong beam of metastable
hydrogen could be obtained at an energy as high as 120keV.

With a proton current of 10“7A'entering the gas cell an
equivalent current of the order of 10794 of metastablés was
obtainéd. The metastable beam current was estimated from a
measurement of the Lyman -o decay rate (Drake and Grimley,
1973), assuming a Lyman -a detection efficiency of 10%.

ITI.3 Quenching Cell

The quenching cell consists of a parallel plate
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capacitor (Fig. 4). The metal plates were mounted onto a
plexiglas end-plate, the interior surface of which was coated
with a thin but conductive: layer of carbon such that the
resistancé between the plates was a few M. The purpose of
the coating was to greatly reduce the fringing field at the
entrance hole. The electric field lines and the equipotential
curves (solid lines) have been sketched in Fig. 4. With th
potential applied as shown, it can be seen that the
equipotential lines terminate perpendicular to the cafbon
coating. This is so because there is a uﬁiform voltage drop
across the uniformly coated carbon film. Except for a slight
inhomogeneity of\the field near the 1.5mm diameter entrance.
hole in the plexiglas plate, the field is uniform. Thus when
a particle enters the hole, the electric field on it rises
from zero to the full field value in a very short distance.
Since the particles travel at great speed (v72-4x108 cm/sec)
Ithe electric field is in effect switched on in a very shorﬁ
time |

At = Az/v e . ., (3.1)
where Az is the effective fringing field distance. Since
quantum beats can be observed only if the Hamiltonian changes
in a time interval Atg<f'1 where f is -the beat frequency, Wwe
tried to keep 4z as small as possible. -

Nérrow slots (0.558cm wide) wére cut into the

rectangular (9.5cm x 8.89cm) capacitor plate for the

observation of the quench radiation.
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IIT.3.1 End Plate'

Since slight irregularities in the carBon film can
distort the field, great care was taken in the machining -of
the rectangularly shaped (4.57cm x 8.89cm) plexiglas end-
plate (Fig. 6) and in the preparation of the carhon coating.
The end-plate was constructed out of commercially available
plexiglas which has a protective layer-of pabgr over 1its
surface. To prevent scratches or dirt particles.on the
surface from being coated, the paper from it was removed at
the very last step in the machining process. The end-plate
was then washed ‘in clean methanol. -To minimize the fringing
field distance it was found that the thickness t near the .
entrance hole had to be made as small as possible. A t-value
below 0.75mm would distort the shape of the carbon coated
surface.

It was also necessary to coat the entrance side with
a conducting layer {j1) to ensure that the beam travels at
ground potential just before it enters the quenching cell.
For‘this reason the metal entrance slit, defining the beam
diameter (1.3mm), makes electrical contact witﬁ the Al-layer.

Two natrow strips of silver (0.5mm wide) were vacuum-
deposited on the two longer edges of the inner surface. Brass
binding posts were glued into holes at the corners of the
plexiglas end-plate to make contact with.the low resistance
silver strips. Electrical contact between the posts and the
“silver strips was made with silver paint. Next carbon was

vacuum-deposited over the entire surface, including the silver
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strips. The capacitor plates were then,mbunted to.the
ﬁlexiglas end-plate and electrical confact was made with the
binding posts at the back surface. |

Carbon deposition was accomplished by mounting the
plexiglas end-plate above a carbon arc in vacuum. Although
the thicker carbon layers were generally found to be more
uniform, only thinner layers with a high resistance {above
2Ma} could be used. Joule-heating aestroyed the thicker films
when the quenching field was applied.

The field on the beam axis is nearly given by that of
a parallel plate capacitor, F=2V/d (Fig. 4). Deviations from
this value arise because of the presence of the narrow slots
in the capacitor plates and the grounded slits of the photon
detection system. More accurate values of the quenching field
were obtained by solving La Place's equation numerically,
subject to the boundary conditions. The field thus calculated
‘was accurate only to about *1% owing to irregularities in
spacing between the thin capacitor plates. |

I11.4 Photon - detection

III.4,1 Translation of Detector

Fig. 7 shows how the detection system could be
translated with high spatial resolution along the beam axis.
“ The detector and it% slits were rigidly mounted onto a base
plate. The plate was moved by means of a fine threaded
precision screw (20 threads/cm) against the force of strong
springs. Spring loading avoids the normal problems of

backlash. The screw was rotated by means of an adjustable
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metal cable and the position of the detector was read from a
’dial_to a relative accuracy of +5%x10"3cm. The absolute value
of the position z (Fig. 4) -(the distance between the viewing
afis defined by the slit system and the carbon coated
plexiglas surface) was measured with an accuracy of #0.Zmm.
The difficulties in determining this value wi%h precision arose
from reflections of light from the carbon coated surface and
from deviations in its flatness. This surface could not be
machined (See Section III.3.1}. Because of spatial limitations,
the translational movement of the detector was limited to
2.5cm.
I111.4.2 Slits

The slit distances from the beam axis were 3.43cm and
8.38cm for the inner and outer slits respectively. For these
fixed distances, the widths were chosen for optimum spatial
resolution. To fulfill this condition for Lyman-a photon
detection, the slits could not be made narrbwer tﬂan 0.1lmm and
had to be of unequal width otherwise fhe resolution would have
been seriously limited by Fresnel diffracfion; This 1is
discussed in the Appendix. The dimensions of the
rectangularly shaped inner and outer slits were 0.20mm x 15mm

and 0.15mm x 15mm respectively.

III.4.3 Electronics and Monitoring System

A block diagram of the electronics is shown in Fig 8.
The output pulses from the uv counter passed through a
preamplifier (Ortec 113) to an amplifier (Ortec 485) which in

turn fed a single channel analyzer (Ortec 406A) to produce the
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logic signal for the scaler (Ortec 434). The digital output
was recorded on paper tape with a teleprinter (Teletype model
33), controlled by a printout control (Ortep 432A). The scaler
~of the counting system wa; gated from the monitoring system.
An accurate observation of the intensity pattern of
the quench radiation required that photon counts at different
positions of the detector could .be determined for precisely
equal numbers of metastables. Since the beam intensity (and
probably also its metastable content) varied in time by as
rmuch as_iz a monltor system was employed to produce an
externél timing reference for the scaler of the detection
system, Fof this purpose another uv detector was used which
viewed the quench radiation perpendicular to the field
direction over a large solid angle (Fig. 4). The viewing
region extended over a region of 6cm of the beam axis,
including the region near the plexiglas eﬁd-plate, thus
ensuring that the counting rate of the monitor was at all times
_proportional to the intenbity of thé metastables. To obtain
‘the large viewing dist&nce on the beam axis, the counter was
positioned at an angle 6f about 60° to the beam path. The
output logic pulses from the electronics of the monitor
counter were also fed into a 434 Ortec scaler. The scaler
was modified to obtain an output pulse for five different
values of accumulated counts, each differing by a factor of
ten. The output pulse was employed to trigger the time
switching network of the scaler in the detection system, thus

normalizing the signal counts to a preset number of monitor
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éoUnfs. Since the quenching rate was field dependent, the
normalization was too. .

Since the monitor kept track of the metastables rather
than neutrals, errors arising from possible variation in the
efficiency for electron capture into the 25 states in the gas
cell and from beam current fluctuations were eliminated. A
disadvantage of the uv monitor is that it is field dependent.
Since we were interested in the radiation pattern only at
constant field strengths, this disadvantage did not result in
any serious limitation.

The neutral beam detector could also be used as a
monitoring dévice. A time-integrated particle flux of
neutrals was registered for pre-selected number of counts
from the voltage - to - frequency converter. A disadvantage,
however, was that the secondary electron yield from its brass
surface was slightly time dependent. The coefficient. of
secondary electron emission changed under prolonged ion
bombardment by as much as *10%. The neutral beam detector
had to be used for the detérminatioﬁ of noise.

IIT.S Noise

The signal observed in the presence of a quenching field
must be corrected for noise counts. We defined the background
noise as the counts still obtained with the quenching
field turned off. The correction;requires that the noise
and the signal be determined for an identical beam flux. A

measure of the beam flux which was independent of the

quenching field was obtained by integréting the neutral beam
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detector output over the time interval of each measurement.
This served. to normalize the noise and signal measurements

to the same beam flux, even though these quantities were
determined atldifferent field strengths. Since the efficiency
for the secondary electron emission of the neutral detector
changed slowly with time (see Section III.4.3), the resulting
uncertainty in the noise measurement was as large as 5%

'The measured noise is of the form
A+Be YR/V - (3.2)

where z is the position of the photon detector relative to

the entrance hole of the quenching cell and v=6.2x108sec™ 1,
The first term represents a constant background noise which
presumably arises from the occasional collision between a fast
ground state atom and the residual gas. The second term
originates from the decay of 2P states, which decay at the
rate y. Because of their short lifetime, almost none of the
atoms leaving the gas cell in the 2P states survive the long
distance (65¢m) to the observation region. It appeared that
the 2P components of the noise were created along the beam

by collisions between metastables and thermal gas atoms before
the beam entered the quenching cell. 1In the raﬁge of beam
energies (46-120keV) investigated, the dominant contribution
to the noise arose from the second term in expression (3.2).
Since B decreased rapidly with increasing energy while A
increased slowly, the noise count was much lower at high beam

energies. Although the energy dependence of B is not understood,



44

it is likely that its behavior is correlated with multiple
~small-angle collisions, the probability of which decreases
rapidly with increasing energy (Lindhard et al. 1963). Thus
it seems that at lower energies some of the small angle coIlisions
amongst the particles in the beam itself result in the production
of atoms in the 2P states.

The noise measurements for the 46keV and 1é0keV beams
are shown in Figs., 9 ﬁnd 10, respectively, where the solid
curves are given by (3.2). Tor the 46keV beam the values of
A and B are 0.00170x0.00058 and 0.040820.0013 respectively.
For the 120keV beam the corresponding values are

A=0.00506+0.00087 and B=0.0034x0.00054.
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CHAPTER IV

RESULTS

Since the photon‘detection system could only be
transiated over a distance of 2. 5cm, experiments were cafried
out ét two beam velocities, v= 2.97x108cm/sec (46keV) and
v=4.98x108cm/sec (120keV)} At the lower velocity a relatively
long time ihferval for observation falls within the range of
the detector, whereas at higher velocity, the intensity pattern
on the beam axis 1s spread out over a greater distance, whereby
the time resolution 1is 1ncreased -

v.1 Quantum Beats-at Lower Velbcy_z

The 46keV data have been ummarized in Figs. 11, 12,
and 13 for various values of quendhing fields. Each
experimental point, corrected for noise, contains at least
2000 counts obtainéd in an average time interval of 100 sec.
The maximum statlstlcal error is roughly the size of the points.
The dashed curves are theoretlcal and assume that the field 1s
switched on infinitely fast. The s1it function, which
inc?udes an allowance for Fresnel diffraction effects, 1s
folded into the theoretical calculation. In all three figures,
the only adjustable parameters are an overall vertical scaling
factor and a small horizontal shift az=0.10mm. Although this
shift may be relatg% to the finite switch-on-time of the
quenching field, its value is consistent with the uncertainty
in the absolute location of the beam entrance hole along the

beam axis. The main oscillations at about"lo3 MHz correspond

47 t



48

‘WO/A §7E8 FJO PISTF 3uTyouanb ® pu® D9S/WOg(0Tx.6°7 FO AITD0[8A WEaq ® Hom.chouuma
‘814

1eaq (S9121TD2) IelusuTiadxa pue (SAIND paysep) [ed>T38108Yy3l 8yl JFo uostieduwo)
s

(Ww) FONVLSIQ

T1

o2 sz 02 S o S 0
S R B S N N E D A R H B B SO BN SR S N B HRD B B B B RON B O O 14
L 1
bl
[
[d
,3
_
. “ _
| % 4 |
o mo A Ao P
022200092, o0~ e % T n: 7 Py el
o™ AWQ%\ M m Vo H Iy f ol i _._
A S A
& ,ﬁ\ SR NAVEEEEE
v\ - /_m L\ ﬂ & __ ! n_, |
, 1% 5 v \vle Ly
ﬂo d |/ _ & | “
W 1
M R
00 M h d _
.o fv _ I
R I
Wo/N 1568 = 4 M n# Ak
\ I —8
" 0
s oy

ALISNILNI

(siun  "quy)

P —p— . e e e o



49

*wd/A §7ZT Fo prery Suryousnb e pue D85 /WDaQTxL6°C FO A311050T9A weaq ® 10 uxaized
3eaq (say21I2) Teiuswriadxe pue (8Adnd paysep) [eDTIAI08Y] Y3l JO uostiedwon ZT 814

(Ww)  3ONVLSId _

N

o¢ G2 02 G o), S S,
___________M__m_____m—___.____—___
1
j
: f
N | |
\ o2
; %, ﬁ _ h 2 m
S A AT £ ot T E
auowo\o\ﬂ ] d \ ° I 3
\ g Mw Jo 4 o
Yo & | \y AU L] <
mmm \ \d R P Lo
CERS AU AR s
w J /\ #m’_ .=
Y- A R U _ >
SRR
o ,
AN N -
de 1] by L
Vool
a» _ |
bl
Wo/A 26T = 4 e
R
4] | o
. #__‘lm
)
o -0}

A a3 i




50

‘wa/p £L9T Fo PreT3 Surtyousnb e pue Das/wipQrx/6'Z7 FO AITDOTSA WEIQ ®B 107 wxazied
1e0q (SaT9112) Tejuswrzadxe pue (9AIND paysep) TEedT13109Y3 2@yl Jo uostriedwony €7 ‘814

: . (ww)  3JONVLSIC

. 08 c2 02 S o0 s 9
~_ I i I 1 — LI ! I _ 1 LI I H.—.—_ 1 — 1.1 _ ___
I
“_
i _
: IRAR
Q¢ 3 \ :_
g AR NoA I
o 1902 U A S S T . f [
of A d 8 L T4y N R —
f Le )b TR fooly 1% T2
I& T_. Vg | \_ ___ mvﬂ ﬂ._ ! | —
- :u _.w.._ o | 1 \ | [ _ m
. % 7 Vv ] o 9 o | O B =
B R T A T S S O S A P1oTa W
! YR A T
& NS &) [
®© Lp e Ty s
° c/ ! ! _ _ =
A b1 oo &
- o° 1] | _ ! Hb
° o _ c
bl =
: oo |l “l @
SR
- ) |
Wo/A 6'99) = ,,,__w ! % 9
b (I
a .__\
. _Lwlw
P , — &
~ _ o)

Ot



51

to the beats at the Stark-shifted Lamb-shift (281/2-2P1/2)
frequencies. The modulation superimposed on the curves has
a frequency of about 180 MHz and arises from interference
between the hyperfine structure of the 281/2 and ZPI/Z states.
The zero-field hyperfine structure splitting of the 281/2
state is 177MHz.

When the field is decreased by a fictor of two from
167 V/em to 83.5 Vicm, the main beat frequency decreases by a
factor of 1.15. Apbarently the agreement between theory and
experiment deteriorates somewhat with decreasing field
strength. This can probably be accounted for by uncertainties
in the measurements. Since the quenching rate is proportional
to the square of the fiéld, the average‘signal-to-noise ratio
decreases at lower field. At 167V/cm the noise éorrections at
the first observed maxlmum and minimum are 7% and 29%
respectively, and the corresponding corrections at 8£\§
are 2% and 59%. Although the relative magnitude of the n ise-
decreases with distance (Eq. 3.2) it remains large, particulariy
for the minima, at low quenching fields %nd errors become
important. 3Because of this and because of the perturbing
effects of stray fields, a comparison between theory and
experiment is most reliable at higher quenching fields, where
the overall agreement is good. It appears that at lower
quenching fields there are discrepanciés between theory and
experiment for the overall decay rate. However, it was found,
using a Fourier analysis, that the various frequencies in the

beat pattern are very insensitive to this decay and large
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errors in it do not significantly affect the final numerical
results.

Iv.2 Quantum Beats at Higher Velocity

It may have been noticed that the predicted. (Section
II.&) rapid 281)2-2P3/2 fine structure oscillation at about
10%MHz was not resolved in Figs. 11, 12 and 13. To improve
the time resolution the,beam energy was increased from 46keV
to 120keV. The results for a quenching field of 167V/cm and
for two new plexiglas end-plates are shown in Fig. 14, where
solid lines have been drawn through the experimental points.
The fine structure oscillations have been clearly resolved,.
To obtain the best overalllagreement with theory (dashed
curves) the experimental points were shifted by 0.4mm, in a
direction downstream of the entrance hole. The statistical
erroTrs on'thg points are similar to those at 46keV, but the
noise counts at 1zpkev are about a factor of three lower
(Section III.5). Af the first observed maximum and minumum
the noise corrections are 2% aﬁd 15% respectively.

V.3 Phase Shift

The most significant difference between theory and
experiment is the phase shift of the rapid oscillations. Even
though the data in Fig. 14 were obtained with entirely
different end-plates, the apparent phase shift is the sgmé.
Thus it appears that spatial variation of the electric field
along the beam axis near the entrance hole has little effect.
The data for Fig. 14(a) were obtained with a plexiglas end-

plate where the periphery of the carbon coated entrance hole
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)

madé electrical contact with the alumipum coate@fﬁgﬁface at
the back. Since contact ensures that the\Eeripéery of the
entrance hole is grounded, there cannot be ;ny overshoot of
the electric field in the hole region. Thus when a particle
enters the quenching cell the electric field on 1t-will
gradually rise from zero to its full field value. ' The data
for Fig.1l4(b) were obtained for.an end-plate in which
electrical contact between the carbon coated periphery and the
aluminum coating at the back had purposely been destroyed with
the aid of sandpaper. In this case the electric field at the
entrance hole is expected to be 1arge£ than the field inside
the quenching cell. Nevertheless we were able to show that
the phase shift can be affected by the end-plate. A new run
with yet another end-plate yielded results (Fig. 15) of much
poorer quality im resolution but with no apparent phase sh¥ft.
Because the various phase shift data seem to be contradictory
no conclusions have been drawn. Since for our particular
geometry, we have not .been able to calculate the field on'.

the beam axis near the entrance hole, no further experimerts

on the phase shift have been carried out.
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CHAPTER V

ANALYSIS AND CONCLUSION

V.1 Analysis of Experimental Data

To find the various frequencies in the observed
quantum beat patterns, a Fourier analysis was performed. . Let
L be the maximum translation of the detection system. It is
convenient to divide L into an even number; 2n, of equal
distance intervals d. The signal intensity I(z), which is
proportional to the radiative emission rate, caﬁ then be

expressed as

n 2rksd . n-1 2rksd
I(z) = I(sd) = ¥ a cos——-— + [ b sin ,
k=0 k L k=1 x L
0g<sgZn (5.1)
1 2n-1 ‘ ‘
a = — L I(sd) : - (5.2)
0 2n s=0
1 Zn-1 _ 27k'sd .
a =— I I(sd) cos , O<k'<s (5.3)
k! n s=0 L
1 2n-1
a = — I I(sd) cos(sm) ' (5.4)
S 2n s=0 .
and
1 2Zn-1 : 27nk'sd
b = — I j(sd) sin , O<k'<s, (5.5)
k! n s=0 L
o
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k is reclated to the frequency f in the beat pattern by

k = fL/v, The Fourier coefficients are calculated with a
WATF1V program which yieids a plot of a3 versus f and the
frequencies are given by the maxima. The criterion for the
existence of such a frequency was that its peak height should
be at least thrice the overall background. A polynomial
interpolation was used to determine the precise value of the
maxima.

To estimate the error 'in the frequency that arises
from the statistical error in the intensity measurements,
error bars were drawh on each point of the beat patterns in
Figs. 11, 12, 13 and 14.° The values assigned to the data
entering the program for Fourier analysis were then taken to
be altggnatively the upper and lower limits of the error bar
of neighboring points. In this manner it is found that the
statistical error in the frequency measurements is below

¥

+0,3%,
L]
V.2 Fourier Transform of Quench Radiation

To compare the experimental frequencies with theory,
the theoreticai beat patterns are Fourier analyzed as well.
Since in our experiments the radiation is observed parallel
to the applied field, only the I(x/2,0,t)(Eq. 2.60) need§ to
be considered. The Fourier transform of I(%/2,0,t) is

proportional to

it

J:lA'(t)IZ e dt ) (5.6)
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Using equation (2.54) the previous expression becomes

M
2 ® 1(8( ) 319;”*“)1'— F,M
F T I I e Res{B . '( 1)} (M)
F,M,F' k,k' ’o FoM ©1=8
x Res {B F M , (w l]} _ (M)dt
The integrated result is
2 1 F,M
F z ) Res {Brys (w, )}
FOM,F' k, k' (M) (M) FOM 51 Ty = M)
¢ -. +w
k k!
F,M * '
x Res{B M'(ml)}m]_-:B(M) , (5.8)
k!

The physical significance of the Fourier transform
will be' more transparent' if the following approximations are
taken. To a first approximation, —BﬁMJ and -8{M) are
approx1mate1y equal to Ek Ek iy /2 and Ek'-EO 1Tk,/2

respectively. For values of w=E2-EQ,, typical terms in the
k Tk Yp

coswt and sinwt Fourier transforms are approximately given.

by

Re(a,ap+) Tiypi/2 .
) (o o) T .
(EQ-EQ -u)? + £ /4 -
k' kk| (5.9)
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(s) Re(a,a 1) (Ek EQ ¢ - (5.10)
P (0)= — k® k
kk' 2
. (B9 -, -w)? 1)y /4
- » \/
with
=T, -T
k™ Tk T Tk
} :
and
- (gF»M
2 Res SBpig (0 gy
F,M
= R B
aq es { F'M'( 1)} _
17k
(5.9) is more useful than (5.10) because it contains a peak
at w =E§fﬁi"WiFh a Lorentzian 1ine-shap§ whereas Fﬁi?
vanishes at this frequency. The actual Fourier transform
contains several overlapping peaks with some mixing of Féi?
and F{S) shapés dué to the imaginary parts of the coefficient

k! » ‘
Ay However the cosine transform curve is still easier to’

interpret,

V.3 Comparison of Theory and Experiment

A comparison of theory and experiment is given in

" Table III. The calculated energy differences for the cross-

terms contributing to the beat pattern are shown in column
two. The peak positions in the theoretical and experimental

cosine transforms are compared (column three and four). The
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TABLE T11.
Comparison of peak positions (in MHz) in

the cosine Fourier transform of the theoretical
and experimental time-dependent intensities

transition*. BE oo, (Peak) . (Peak)exp

(1):
(2a):
- (2b):

(1):
(2a):
{2b):

(1):
(2a):
(2b):
(3a):
(3b):
(3c):

(4):
(5a):
(5b):
(5¢c):

v
et

(5d):

F = 83.5 V/cm

28, ,,(00) - 2P/, (10) 976 985 990430
(11) - 2P_,.(11) 1142
®172 1/2 } 1160  1150£30
28, /,(10) - 2P, . (00) 1198
»
F = 125 V/cm -4
251/2(00) - 2p1/2(1o) 1052 1063 990430
(11) - (11) =~ - 1207
%172 172 } 1227 1187430
25,,,(10) - 2P, , (00) 1259

F = 167 V/cm

281 ,(00) - 2pi/2(10) 1150 1162 112730
217200 - 2P1/2(11) 12?1} 1314 1303430
zsllzglo) 5 1/2(00) © 1340

287 ,,(11) - 2P3,,(11) 9768

28y ,,(11) - ZPSXZ(ZI) 9812 9785 . 9740%150
25, ,,(10) - 2Py, (20) 9821 o
251/2(00) - 293/2(103 9950 10031 10134£150
2Py ,,(11) - 2Py, (11) 11059

172000 7 25, 010 %1100 11{072 11025%150
2P1/,(11) - 2P3,,(21) 11103 . .
2P172(00) - 2P5,,(20) 11161

*The numbers in brackets denote the hyperflne quantum mumbers
(FMEg) .
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theoretical intensities include an allowance for instrumental
broading. This, together with the above interference effects,

accounts for the differences between AEt and (Peak)

heo theo.
in the table. Many of.the peaks are within a line width of
each other and are therefore not resolvable in either the
theoretical or experimental transforms. The five virtual
transitions that have been resolved are shown in Fig. 16
where they are labelled in accordance with the nétation of
‘Table I1I. Since the quantization axis has been chosen
parallel to the electric fiéla direction only the aMy = 6
transitions are aliowed.

For the low frequencies (~103MHz), uncertainties
in the field strength (-x2%), beém velocity (~+1%) and time
origin for switching on the field, each contribute an
uncertainty of about :10HMz in the peak position relative ‘to
the theoretical value. The uncertainty arising from counting ’
statistics is negligible (<1MHz). For the high frequencies

(-10%

MHz) the error is dominated by the beam velocity
uncertainty (~+100MHz) with smaller contribution from.the
statistical uncertainty (-+30MHz) and time-origin uncertainty
(-+20MHz). The maximum uncertainties quoted -in Table III are
thus about £30MHz and :150MHz, respectively. Except for the
‘two results at F = 125 V/cm, all the peak positions agree within

these error limits.

V.4 Conclusion

The only previous measurements of comparable accuracy

are the Beam-foil quantum beat results of Andra (1970), and

. -
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9900MHz 69 G Gp| “

A I

's|.l
<

1100MHz .- a

AY

Fig. 16 Virtual transitions between hyperfine levels of
the n=2 state of hydrogen relevant to the observed quantum
beats. Labels correspond to those used in Table III.



63

LY

~% the level crossing results of Kollath and Kleinpoppen (1974).

by

‘e

We observe several additional frequencies and our results are
the first to separate quantitatively some of the individual
hyperfine structure contributions.

Furthermore we believe our experiment to be the first
in which all three effecfs, the Lamb-shift oscillations
(~1058MHz), the hyperfine structure modulation (~177MHz) aﬁd
and the fine structure oscillations (~10969 HMz), have been
observed simult;ﬁeously. This raises the interesting
possibilitx?of finding accurate values for frequency ratios

from a siéfle experiment fof hydrogen and deuterium.



APPENDIX

OPTIMIZATION OF RESOLUTION
A

To detect high frequency quantum beats, high spatial
resolution on the beam axis was required. To accomplish this,
the two slits of the photon detection system (Fig. 4) were
made very narrow. (0.1mm) and given the same width. Since with
Lyman-o photons P\/d~10-3 is small it was erroneously believed
that diffraction effects could be neglected. However, after
we found that a higher resolution could be obtained by
opening the slits, it was realized that Fresnel diffraction
was impdrtaﬁt, even for slit widths as large as 0.lmm.

To reduce the limitations resulting from the Fresnel
diffraction we calculated the width'ratfo for slits §; and S,
that would give optimum resolution. In Fig. 17 the radiating
beam of atoms along the z axis .is considered as a series of
incoherent point sources. The sources are incoherent because
the quenching process is of a statisfical nature and the
atoms radiate cémpletely independently of each other. First
we consider an arbitrary point source S on the beam axis and
calculate the intensity at an arbitrary point.P insiae the
opening of slit S,. Light emitting from S makes an optical
disturbance at an area element centered about peoint C inside
slit S;. This in turn generates an optical disturbance at
poiﬁt P. For small slit widths, when SC+CP=SP, the optical

disturbance at P can be written as (see, for example, Klein,

64
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1970)
. —ik|SP| le inuz/z _Vz 1TFV2/2
E = .iﬁg_______.j e du ] e dv

where A is the amplitude of the disturbance at the source
S and u and v are related to the coordinates x and Y,

respecti&ely, of the point C on .the plane of the slit,Sl~by

where

- 1/r = 1/S80 + 1/PO.
Since the slits of our detection system are very long, the

integral over v can be replaced by

.2, -
® inv©/2 in/4
.[ e dv = JZ e /

and Ep becomes '

\

a

1 ~i(k|SP|-3%/4) U2 jpy2
Bo= e pe T ERISP )j ATt/ 2,

P2 |sp) Y1

Thus the opticél intensity at P arisihg from a point

source S is given by

1

Y SO 2, ) 2
- ZISPIZA\EC(uZ) Clup)3® + {S(uy) - S(u)]

FRJ
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where C(u) and S(u) are the Fresnel integrals given by

C (u) =JZ cos (ﬂuz/z) du
o v
) S (u) =J“'sin (ru?/2) qu
0

The total optical intensity from theypoint source at

z arriving at slit S, is
©
I1(z) = prds2

where the integration extends over the qymige area of slit

SZ‘ |
F&gt 18 'shows the # dependence of I(z) for various

widths of slit S, for our opticalggystem where Sl=0;20mm.

The different curves have been calculated for point soﬁrces

with the same brightness. The I-value at z=0 represents the

intensity from a point source located at the viewing axis of

the uv detector. (

It can be noticed that the half-widths of the various
curves are approximately the same. Because of this, the best
spatial resolution on the beam axis is given by the curves
that weigh the I-values mnear z=0 most heavily. This occurs
for those curves that'are-mostvsharply;peaked. We - have

chosen a'value of 5,=0.15nm and have experimentally verified

that S2 values of 0.18mm and 0.12mm gave poorer resolution,
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